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Abstract

Human respiratory syncytial virus (hRSV) and human metapneumovirus (hMPV) are major causes
of illness among children, the elderly, and the immunocompromised. No vaccine has been

licensed for protection against either of these viruses. We tested the ability of two Venezuelan
equine encephalitis virus-based viral replicon particle (VEE-VRP) vaccines that express the hRSV
or hMPV fusion (F) protein to confer protection against hRSV or hMPV in African green
monkeys. Animals immunized with VEE-VRP vaccines developed RSV or MPV F-specific
antibodies and serum neutralizing activity. Compared to control animals, immunized animals were
better able to control viral load in the respiratory mucosa following challenge and had lower levels
of viral genome in nasopharyngeal and bronchoalveolar lavage fluids. The high level of
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immunogenicity and protective efficacy induced by these vaccine candidates in nonhuman
primates suggest that they hold promise for further development.

INTRODUCTION

Human respiratory syncytial virus (hRSV) and human metapneumovirus (hMPV) are
negative-sense RNA viruses and members of the family Paramyxoviridae [1]. Each virus is
a significant cause of severe lower respiratory tract infection [2-5]. The very young, the
elderly, and immunocompromised populations are particularly at risk, although symptomatic
infection also occurs in the healthy adult population [6].

Infection with hRSV [7, 8] or hMPV does not confer sterilizing immunity, and an effective
vaccine has not yet been licensed for either virus. Trials conducted in the 1960s of a
formalin-inactivated RSV vaccine resulted in significantly enhanced respiratory disease
among vaccinees [9-12] and in the death of two trial participants upon natural infection
[10]. Similar effects of immunization with formalin-inactivated RSV have since been
observed in animal studies [13, 14]. Preclinical studies with many non-replicating RSV
vaccine candidates have stalled because of concerns about enhanced disease in animal
models.

Immunization with live attenuated RSV strains or with other viruses that express RSV
antigens does not result in enhanced disease in NHP [15], although in some instances,
immunization of mice with chimeric viruses that express RSV antigens can result in
enhanced disease [16]. However, no live vaccine has been approved for RSV or MPV. Two
important differences between immunization with live vaccines and inactivated or subunit
vaccines are the in vivo production of native antigen and the activation of the intracellular
innate immune response by live virus infection. Notably, both of these differences are
thought to contribute to the failure of the formalin-inactivated RSV vaccine. We have
previously developed and tested virus replicon particle (VRP) vaccines against hMPV and
hRSV in mice and cotton rats [17, 18]. Others have demonstrated the ability to elicit RSV-
neutralizing antibodies with VRP in macaques [19], but their protective efficacy has never
been tested in nonhuman primates. Like live vaccines, the VRP vaccines activate innate
immune pathways [20, 21] and elicit adaptive immune responses to glycoprotein antigens
expressed in vivo [22]. Parenteral injection of VRP vaccines also stimulates a mucosal
immune response [22, 23]. Here we extend our previous work in rodents and show that
VRP-based RSV and MPV vaccines are also effective at stimulating protective mucosal
immunity in non-human primates.

2. MATERIALS AND METHODS

2.1 VEE replicon constructs and generation of virus replicon particles (VRPs) containing
genes encoding hRSV F or hMPV F

Venezuelan equine encephalitis VRPs encoding hRSV F (designated VRP-RSV.F) or hMPV
F (VRP-MPV.F) proteins were produced, as previously described [22]. Briefly, the hRSV or
hMPV F genes were inserted into a VEE-based replicon cDNA, pVR21, which was derived

from mutagenesis of a cDNA clone of the Trinidad donkey strain of VEE. The heterologous
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genes were cloned into pVR21 downstream of the subgenomic 26S promoter via a two-step
PCR and ligation process. For generation of VRPs, capped RNA transcripts of pVR21
containing hRSV or hMPV F genes were generated in vitro with the mMESSAGE
MMACHINE T7 kit (Ambion, Austin, TX). Similarly, helper transcripts that encoded the
VEE capsid and glycoproteins genes were generated in vitro. Baby hamster kidney (BHK)
cells then were co-transfected by electroporation with the p\VVR21 and helper RNAs and
culture supernatants were harvested at 30 hours after transfection. VRPs were partially
purified and concentrated by pelleting through 20% (w/v) sucrose in phosphate-buffered
saline (PBS), then re-suspended in endotoxin-free PBS.

2.2 VRP titration

Serial dilutions of VRP-RSV.F or VRP-MPV.F were used to inoculate BHK cells in eight-
chamber slides (Nunc) for 20 hours at 37 °C. Infected BHK cells were fixed and

immunostained for VEE nonstructural proteins. Infectious units then were calculated from
the number of stained cells per dilution and converted to infectious units (1U) per milliliter.

2.3 Vaccination and challenge of African green monkeys

African green monkeys aged 9 months to 2 years that tested seronegative for exposure to
hRSV and hMPV were purchased from the Wake Forest Primate Facility (Winston-Salem,
NC) and transferred to the Wisconsin National Primate Research Center (Madison, WI),
where all experiments were conducted. Animals were segregated into groups as shown in
Table 1. On day 0, animals were anesthetized and vaccinated intradermally in both arms
with 108 infectious units (1U) of VRP-RSV.F or VRP-MPV.F. Animals were boosted with a
second dose of the same vaccine and dose on day 28. Blood was drawn to provide samples
for serology on days 0, 28, 36, 56 and 84. On day 56, animals were anesthetized and
intubated before simultaneous inoculation by the intranasal and intratracheal routes with a 1
mL inoculum per site containing 10% PFU of hMPV strain A2 or hRSV strain A2 in Opti-
MEM | medium (Invitrogen). Nasopharyngeal swabs and bronchoalveolar lavages were
performed before challenge on day 56 and then every other day until day 68. Swabs and
bronchoalveolar lavage fluids were frozen at stored at =80 °C until analyzed for viral titer.
All experiments were conducted after receiving approval of the Wisconsin National Primate
Research Center Institutional Animal Care and Use Committee.

2.4 ELISA of virus-specific serum IgG

Recombinant soluble trimeric forms of hRSV [24] or hMPVF [25, 26] proteins were
produced in 293F cells and purified by FPLC as described previously. 384-well plates
(Nunc) were coated with 2 pg/mL of recombinant hRSV F or hMPV F protein and incubated
overnight at 4 °C. The plate was washed 3x, incubated with blocking buffer for 1 h at room
temperature, and washed once more. Serum samples were diluted serially in blocking buffer
and applied to the plate in triplicate. Following overnight incubation at 4 °C, the plate was
washed 4x. A 1:4,000 dilution of alkaline phosphatase-conjugated anti-monkey 1gG
(Fitzgerald Industries, Acton, MA) was applied to the plate and incubated for one hour at
room temperature. The plate was washed 4x and then incubated with 4-nitrophenyl
phosphate disodium salt hexahydrate substrate solution (Sigma) for thirty minutes.
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Absorbance was measured at 405 nm using a BioTek Power Wave HT plate reader. All
washes were performed using a BioTek EL406 plate washer. Antigen-specific titer was
determined by calculating the maximum inverse dilution that resulted in an absorbance of
0.2 greater than pre-immunization sera at the same dilution.

2.5 Neutralization of hRSV by antibodies in serum

The RSV neutralizing activity of antibodies in sera harvested from animals immunized with
VRP was measured by a plaque reduction assay using HEp-2 cell culture and the wild-type
hRSV strain A2. Diluted RSV strain A2 suspended to yield 50 plaques per well was mixed
with 1:4 dilutions of sera, and incubated at 37 °C for 1 hr. Cell monolayers in 24-well tissue
culture plates at 80-90% confluency were inoculated in duplicate by replacing the medium
in each well with 75 pL of virus-serum mixture. After incubation at 37 °C for 1 hr, virus
solution was aspirated from the wells, and cell monolayers then were overlaid with 0.75%
methylcellulose in Opti-MEM I (Invitrogen) supplemented with 2% FBS, 320 pg/mL I-
glutamine, 2.7 pg/mL amphotericin B, and 45 pg/mL gentamicin. Cultures were incubated
for 4 days at 37 °C in 5% CO», after which the overlay was removed and the monolayers
were fixed in 80% cold methanol. Plaques were stained and quantified by an
immunoperoxidase staining procedure, as described [14]. Plaques for each sera dilution were
counted, duplicate values averaged, and sera dilution versus plaque number plotted. The
activity of serum was calculated as the inverse dilution that resulted in 60% reduction in the
number of plaques. The 60% plaque reduction neutralizing activity was determined by
regression curve analysis.

2.6 Neutralization of hMPV by antibodies in serum

MPV neutralization was performed as previously described [18, 27]. Briefly, a suspension of
live hMPV was diluted to yield 50 plaques per well and mixed with 1:1 with dilutions of
sera, and incubated at room temperature for one hour. Virus-serum mixtures or mock treated
control virus were inoculated onto LLC-MK2 cell culture monolayers, adsorbed for 1 hour
at room temperature, overlaid with 0.75% methylcellulose in Opti-MEM | medium with 5
ug/mL trypsin-EDTA, and incubated at 37°C with 5% CO, for 4 days. Cell culture
monolayers were fixed and stained by immunoperoxidase using hMPV-specific antibodies
to identify plaques. Calculation of the serum neutralizing activity for h(MPV was the same as
described above for RSV.

2.7 RSV titer in the respiratory tract following live virus challenge

RSV titer in lavage fluid and fluid recovered from nasal swabs was measured by directly
plating on HEp-2 cell monolayer cultures. Clindamycin and levofloxacin were added to the
overlay to prevent bacterial contamination of the culture by flora in the respiratory tract
samples. HEp-2 cell cultures were grown and developed, and plaques were stained and
quantified as described above.

2.8 RT-PCR assay to quantitate hRSV or hMPV titer in respiratory tract samples

Samples were thawed and RNA was extracted using the MagMax-96 Viral Isolation kit
(Applied Biosystems) and stored at —80 °C until further use. Real-time RT-PCR was
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performed in 25 pL reaction mixtures containing 5 pL of extracted RNA on an ABI
StepOnePlus Real-Time PCR System (Life Technologies/Applied Biosystems) using the
AgPath-ID One-Step RT-PCR kit (Applied Biosystems/Ambion). Primers and probe
targeting the hRSV matrix (M) gene [28] or hMPV N gene [29] were used, as previously
described. Cycling conditions were 50 °C for 30 min, followed by an activation step at 95
°C for 10 min and then 45 cycles of 15 sec at 95 °C and 30 sec at 60 °C. Samples with cycle
threshold (Ct) values less than 40 were considered positive.

3.1 Serum RSV F- and MPV F-specific IgG

We have shown previously that immunization of mice and cotton rats with VRP-RSV.F and
VRP-MPV.F vaccine constructs results in a protective immune response against hRSV and
hMPV [17, 18]. To determine if similar levels of protection could be achieved in non-human
primates, we immunized 16 African green monkeys with VRP encoding hRSV F (Table 1)
or hMPV F (Table 2) and measured F-specific antibodies at four time points following
immunization. Immunization with VRP-RSV.F resulted in significant levels of RSV F
binding antibodies by day 28 following immunization, prior to boost. The titer in serum
from each animal in the VRP-RSV.F group increased slightly in the eight days following
boost, but titers on day 45 were not significantly different from titers on day 28. Sera from
animals immunized with VRP-MPV.F or with media did not contain detectable levels of
RSV F-specific 1gG on day 28. Serum collected on day 36 (eight days following boost)
contained low levels of RSV F-specific antibodies, though the titer in these animals waned
by day 45. Control animals that were not immunized with VRP-RSV.F seroconverted
following challenge on day 56.

The response to immunization was similar among animals immunized with VRP-MPV.F.
All animals immunized with VRP-MPV.F had significant levels of MPV F-specific serum
1gG 28 days following primary immunization and prior to boost. The boost immunization
stimulated an increase in MPV F-specific 1gG, and challenge with MPV stimulated a further
increase. MPV F-specific antibodies were not detected in serum from control animals until
after challenge on day 56.

3.2 Serum RSV and MPV neutralizing activity

Virus-neutralizing antibodies in serum have been identified as an important correlate of
protection against acute LRI by RSV [30-32]. To determine if immunization with VRP-
RSV.F stimulated the production of virus neutralizing antibodies, we measured the RSV
virus neutralizing activity of serum from AGM immediately prior to immunization and at
several time points following immunization (Table 3). Sera collected immediately prior to
immunization did not contain detectable virus neutralizing activity. However, 28 days
following immunization, sera from three of four animals immunized with VRP-RSV.F
contained RSV-neutralizing activity. Following boost, neutralizing titers increased in all
four animals. Challenge with RSV on day 56 resulted in a further increase in serum
neutralizing antibodies by day 84 in three of four animals in the VRP-RSV.F group.
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Immunization with VRP-MPV.F stimulated the production of serum MPV-neutralizing
antibodies by 28 days following the primary immunization (Table 4). The boost
immunization and challenge with virus stimulated increases in the level of MPV-
neutralizing activity in serum in all animals in the VRP-MPV.F group. Virus neutralizing
activity was not detected in serum from the control groups from either arm of the study until
after challenge with virus.

3.3 Challenge RSV titer in BAL and nostril

On day 56 following primary immunization, animals were challenged via intranasal and
intratracheal routes with a 1 mL inoculum per site containing 108 PFU of hMPV strain A2
or hRSV strain A2 in Opti-MEM | medium. BAL fluid and nostril swab samples were
collected on day 58 before challenge and every other day until day 68. The numbers of RSV
PFU in samples from the RSV arm of the study were measured by direct plaque assay of
samples on HEp-2 monolayers. RSV plaques were developed by immunoperoxidase
staining. Immunization with VRP-RSV.F was effective in limiting RSV levels in BAL and
nasal samples (Fig 1A). The levels of RSV detected in the VRP-RSV.F group were lower
than levels in the control groups and were cleared sooner. RSV PFU/ml for all data points
when RSV was detected in the VRP-RSV.F samples ranged from five to 65. One animal in
the VRP-RSV.F group did not have detectable RSV in BAL at any time point following
challenge. All animals in the negative control groups had detectable virus in BAL following
challenge, and the number of PFU/mL ranged from 20 to 7850 PFU for all data points when
virus was detected. RSV in the BAL from animals in the negative control groups persisted
past the time point when virus was no longer detectable in the any animal from the VRP-
RSV.F group.

Animals immunized with VRP-RSV.F were also better able to control RSV in upper
respiratory track (Fig 1B). RSV was detected in a nostril swab sample at only one time point
from one animal in the VRP-RSV.F group. RSV was detected in three out of four of the
animals in the two negative control groups at three time points.

3.4 RT-PCR detection of virus

In addition to measuring live virus in BAL fluid and nostril swab samples, we also measured
viral genome in the samples using RT-PCR. In this assay, detection of PCR product at a low
cycle number indicates relatively more viral genome than detection of PCR product at a
higher cycle number. Detection of product below 40 cycles is considered positive, and
failure to detect product by 45 cycles is considered negative. Cycle thresholds between 40
and 45 cycles are ambiguous.

The protective effects of immunization with VRP-RSV.F as measured by levels viral
genome were generally similar to the outcome based on levels of live virus. The average
cycle threshold for BAL samples from the VRP-RSV.F group was 31.6 for all time points
when virus was detected compared with an average cycle threshold 28.6 for samples from
the negative control groups (Fig 2A). Additionally, animals in the VRP-RSV.F group had
detectable viral genome on an average of three days following challenge compared with an
average of six days for animals in the negative control groups. Results from nostril swab
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samples were similar. The average cycle threshold of all time points at which virus was
detected in samples from the VRP-RSV.F group was 34.3 compared with 30.0 for samples
from the negative control groups. VRP-RSV.F immunized animals had detectable viral
genome in nostril swab samples on average of two days compared with an average of four
days for samples from animals in the negative control groups (Fig 2B).

MPV genome was present at lower levels in BAL fluid and nostril swab samples from VRP-
MPV.F immunized animals than in samples from negative control animals. The average
cycle threshold in BAL samples from VRP-MPV.F immunized animals was 28.5 and viral
genome in those samples was detected on three days, compared with an average cycle
threshold of 26.4 and presence of genome on six days for samples from animals in the
control groups (Fig 3A). MPV genome was similarly reduced in nostril swab samples (Fig
3B). Samples from VRP-MPV.F animals had an average cycle threshold of 28.7 for all time
points at which viral genome was detected compared with an average cycle threshold of 25.4
for nostril swab samples from control groups. Viral genome was detected in nostril swab
samples from animals in the VRP-MPV.F group on an average of five days compared with
an average of six days for samples from animals in the negative control groups.

DISCUSSION

We showed here that VEE VRP vaccines that encode hRSV or hMPV F proteins can elicit
neutralizing antibodies and limit the magnitude and duration of virus shedding in infected
nonhuman primates. VRP-based vaccines have been shown to be effective at stimulating a
potent adaptive immune response in other experimental systems [21, 22, 33].

We observed that animals immunized with VRP-RSV.F produced low levels of MPV F-
specific serum following immunization (Table 1). Monoclonal antibodies that recognize
conserved epitopes on hRSV and hMPV have been reported [27, 34], suggesting there is
some minimal antigenic similarity in the F proteins. Epitopes that are capable of eliciting
cross-reactive, neutralizing antibody responses are particularly attractive candidates for
vaccine antigens. Recent advances in the computational design of antigens have
demonstrated that neutralizing antibodies can be elicited in NHP following immunization
with de novo designed antigen [35]. While epitopes that can elicit responses specific for
multiple pathogens are of great interest to computational scientists, our observation of MPV
F-specific antibodies following immunization with VRP-RSV.F raises the possibility that
immunization with native antigen in the right context also might elicit cross-reactive,
neutralizing antibodies.

The elicitation of cross-reactive neutralzing antibodies as a vaccine design goal is desirable,
but the relevance of cross reactive, non-neutralizing antibodies is less certain. Altered ratios
of RSV binding and neutralizing antibodies have been noted in previous studies of
inactivated RSV vaccines, and indeed some antibodies of this non-neutralziing type enhance
disease following certain viral infections [36, 37]. We observed the highest levels of RSV
virus in BAL in animals that were immunized with the VRP-MPV.F vaccine. The small
group sizes in this study did not allow for a high level of statistical power to detect
significant differences, so we cannot confidently say if this difference is significant. These
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animals cleared the virus and did not exhibit any obvious clinical differences compared to
other control animals. Nevertheless, the possibility of antibody-enhanced disease in animals
immunized with VRP-MPV.F should not be overlooked.

Generation of neutralizing antibodies is an accepted correlate of immunity for the many viral
infections [38], although other immune mechanisms could contribute to protection. The
protective effect of palivizumab, an RSV-neutralizing humanized murine monoclonal
antibody administered to at-risk infants, demonstrates that neutralizing antibodies are
sufficient to mediate at least partial protection against RSV disease [39]. Furthermore,
antibody-mediated neutralization of RSV correlates with the association rate of the antibody
[40, 41]. VRPs have been demonstrated previously to induce serum neutralizing antibodies
to RSV [19], but here we also show that they induce protection against challenge with live
virus and they do so for either RSV or MPV. Interestingly, animals immunized with VRP-
RSV.F had lower viral titers in BAL and nostril and lower titers of serum neutralizing
antibodies. This observation is consistent with T cell mediated control of RSV or with the
occurrence of virus-specific sIgA that could limit the infection. The VRP vaccine platform
has been shown previously to stimulate a virus specific CD8+ T cell response and virus-
specific IgA in the respiratory mucosa of rodents [17]. These effector mechanisms also
likely contribute to viral control in NHPs.

Unlike many pathogens, infection with hRSV [7, 8] or hMPV does not confer durable,
protective immunity against recurrent infection. Consequently, the immune response to a
successful hRSV or hMPV vaccine likely will differ significantly from the response to
natural infection. Human RSV and hMPV have evolved mechanisms to suppress key
components of the innate immune response. RSV has been shown to inhibit activation of
interferon pathways [42-47], STAT pathways [47], SOCS pathways [43], and activation of
NF-kB [44]. Although less well-studied, hMPV also has been shown to inhibit activation of
Type | interferon signaling pathways [48, 49]. These mechanisms of immune evasion
prevent maturation and activation of pulmonary dendritic cells [50, 51] and are likely factors
in the ability of hRSV and hMPV to infect without stimulating a protective immune
response.

Numerous live attenuated hRSV and hMPV vaccine candidates have been tested.
Historically these vaccines have been developed by cold passaging the virus and
subsequently identifying attenuating mutations by sequencing, although more recently
reverse genetic techniques have enabled a greater degree of rational design [52, 53].
Recently Meng and colleagues generated a hRSV live vaccine candidate in which the NS1
and NS2 genes were codon-deoptimized [54]. Codon-deoptimization of these genes resulted
in significantly lower levels of protein translation and consequently reduced immune
evasion and enhanced neutralizing antibody titer in mice. Similarly, the efficacy of the VEE-
VREP likely rests on the ability of these vectors to present the native F antigens in a context
that differs from the immune evasion milieu stimulated by wild-type pneumovirus infection.
The presentation of structurally correct viral antigen to the immune system in combination
with activation of Type | interferon pathways [55, 56] and DC maturation [57] by the VEE-
VRP vaccine platform appear to induce an immune response that is superior to that elicited
by inactivated virus and possibly conventional live attenuated viruses. The level of efficacy
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that we observed following immunization with VRP vaccines might be increased by
inserting genes for additional adjuvant components into the replicon particle.

The existence of pre- and post-fusion forms of RSV F has complicated the development of
an RSV F based subunit vaccine for RSV. Recent advances in understanding the structural
biology of RSV F [58, 59] and the computational design of a scaffold antigen that elicits
RSV neutralizing antibodies [35] have increased the potential for success with RSV subunit
vaccines. However, any successful subunit vaccine will need to include an effective
adjuvant. Currently alum is the only adjuvant that is approved for widespread use in the
United States. Additionally, subunit vaccines are typically inefficient at stimulating MHC
Class I-restricted CD8+ T cell responses. The intrinsic adjuvant activity of VRP particles
and their ability to stimulate a potent CD8+ T cell response [60, 61] are significant strengths
of the VRP-platform and likely contribute to their effectiveness in stimulating an effective
immune response in NHPs against hRSV and hMPV.

Acknowledgments

We thank the Wisconsin National Primate Research Center Scientific Protocol Implementation unit for performing
the monkey experiments; and the support of the Wisconsin National Primate Research Center, P51 RR000167/P51
OD011106.

This study was supported by NIAID, NIH through an ARRA administrative award for supplemental funding to U54
Al 057157, the Region IV Southeast Regional Center of Excellence in Emerging Infections and Biodefense and by
NIH grant RO1 Al088250.

References

1. Collins, PLaC; JE. Field’s Virology. 5. 2007. Respiratory Syncytial Virus and Human
Metapneumovirus; p. 1601-46.

2. Edwards KM, Zhu Y, Griffin MR, Weinberg GA, Hall CB, Szilagyi PG, et al. Burden of human
metapneumovirus infection in young children. N Engl J Med. 2013; 368:633-43. [PubMed:
23406028]

3. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA, Singleton RJ, et al. Global burden of acute
lower respiratory infections due to respiratory syncytial virus in young children: a systematic review
and meta-analysis. Lancet. 2010; 375:1545-55. [PubMed: 20399493]

4. Williams JV, Harris PA, Tollefson SJ, Halburnt-Rush LL, Pingsterhaus JM, Edwards KM, et al.
Human metapneumovirus and lower respiratory tract disease in otherwise healthy infants and
children. N Engl J Med. 2004; 350:443-50. [PubMed: 14749452]

5. Robertson SE, Roca A, Alonso P, Simoes EA, Kartasasmita CB, Olaleye DO, et al. Respiratory
syncytial virus infection: denominator-based studies in Indonesia, Mozambique, Nigeria and South
Africa. Bulletin of the World Health Organization. 2004; 82:914-22. [PubMed: 15654405]

6. Widmer K, Griffin MR, Zhu Y, Williams JV, Talbot HK. Respiratory syncytial virus- and human
metapneumovirus-associated emergency department and hospital burden in adults. Influenza and
other respiratory viruses. 2014; 8:347-52. [PubMed: 24512531]

7. Wagner DK, Muelenaer P, Henderson FW, Snyder MH, Reimer CB, Walsh EE, et al. Serum
immunoglobulin G antibody subclass response to respiratory syncytial virus F and G glycoproteins
after first, second, and third infections. Journal of clinical microbiology. 1989; 27:589-92.
[PubMed: 2715331]

8. Hall CB, Walsh EE, Long CE, Schnabel KC. Immunity to and frequency of reinfection with
respiratory syncytial virus. J Infect Dis. 1991; 163:693-8. [PubMed: 2010624]

9. Kapikian AZ, Mitchell RH, Chanock RM, Shvedoff RA, Stewart CE. An epidemiologic study of
altered clinical reactivity to respiratory syncytial (RS) virus infection in children previously

Vaccine. Author manuscript; available in PMC 2017 February 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bates et al.

Page 10

vaccinated with an inactivated RS virus vaccine. American journal of epidemiology. 1969; 89:405—
21. [PubMed: 4305197]
10. Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM, Jensen K, et al. Respiratory syncytial
virus disease in infants despite prior administration of antigenic inactivated vaccine. American
journal of epidemiology. 1969; 89:422-34. [PubMed: 4305198]

11. Chin J, Magoffin RL, Shearer LA, Schieble JH, Lennette EH. Field evaluation of a respiratory
syncytial virus vaccine and a trivalent parainfluenza virus vaccine in a pediatric population.
American journal of epidemiology. 1969; 89:449-63. [PubMed: 4305200]

12. Fulginiti VA, Eller JJ, Sieber OF, Joyner JW, Minamitani M, Meiklejohn G. Respiratory virus
immunization. I. A field trial of two inactivated respiratory virus vaccines; an aqueous trivalent
parainfluenza virus vaccine and an alum-precipitated respiratory syncytial virus vaccine. American
journal of epidemiology. 1969; 89:435-48. [PubMed: 4305199]

13. Prince GA, Jenson AB, Hemming VG, Murphy BR, Walsh EE, Horswood RL, et al. Enhancement
of respiratory syncytial virus pulmonary pathology in cotton rats by prior intramuscular
inoculation of formalin-inactiva ted virus. J Virol. 1986; 57:721-8. [PubMed: 2419587]

14. Murphy BR, Sotnikov AV, Lawrence LA, Banks SM, Prince GA. Enhanced pulmonary
histopathology is observed in cotton rats immunized with formalin-inactivated respiratory
syncytial virus (RSV) or purified F glycoprotein and challenged with RSV 3-6 months after
immunization. Vaccine. 1990; 8:497-502. [PubMed: 2251875]

15. Crowe JE Jr, Collins PL, London WT, Chanock RM, Murphy BR. A comparison in chimpanzees
of the immunogenicity and efficacy of live attenuated respiratory syncytial virus (RSV)
temperature-sensitive mutant vaccines and vaccinia virus recombinants that express the surface
glycoproteins of RSV. Vaccine. 1993; 11:1395-404. [PubMed: 8310760]

16. Johnson TR, Varga SM, Braciale TJ, Graham BS. Vbetal4(+) T cells mediate the vaccine-
enhanced disease induced by immunization with respiratory syncytial virus (RSV) G glycoprotein
but not with formalin-inactivated RSV. J Virol. 2004; 78:8753-60. [PubMed: 15280483]

17. Mok H, Lee S, Utley TJ, Shepherd BE, Polosukhin V'V, Collier ML, et al. Venezuelan equine
encephalitis virus replicon particles encoding respiratory syncytial virus surface glycoproteins
induce protective mucosal responses in mice and cotton rats. J Virol. 2007; 81:13710-22.
[PubMed: 17928349]

18. Mok H, Tollefson SJ, Podsiad AB, Shepherd BE, Polosukhin VVV, Johnston RE, et al. An
alphavirus replicon-based human metapneumovirus vaccine is immunogenic and protective in
mice and cotton rats. J Virol. 2008; 82:11410-8. [PubMed: 18786987]

19. Elliott MB, Chen T, Terio NB, Chong SY, Abdullah R, Luckay A, et al. Alphavirus replicon
particles encoding the fusion or attachment glycoproteins of respiratory syncytial virus elicit
protective immune responses in BALB/c mice and functional serum antibodies in rhesus
macaques. Vaccine. 2007; 25:7132-44. [PubMed: 17850933]

20. Tonkin DR, Whitmore A, Johnston RE, Barro M. Infected dendritic cells are sufficient to mediate
the adjuvant activity generated by Venezuelan equine encephalitis virus replicon particles.
Vaccine. 2012; 30:4532-42. [PubMed: 22531556]

21. Konopka JL, Thompson JM, Whitmore AC, Webb DL, Johnston RE. Acute infection with
venezuelan equine encephalitis virus replicon particles catalyzes a systemic antiviral state and
protects from lethal virus challenge. J Virol. 2009; 83:12432-42. [PubMed: 19793821]

22. Pushko P, Parker M, Ludwig GV, Davis NL, Johnston RE, Smith JF. Replicon-helper systems
from attenuated Venezuelan equine encephalitis virus: expression of heterologous genes in vitro
and immunization against heterologous pathogens in vivo. Virology. 1997; 239:389-401.
[PubMed: 9434729]

23. Thompson JM, Nicholson MG, Whitmore AC, Zamora M, West A, Iwasaki A, et al. Nonmucosal
alphavirus vaccination stimulates a mucosal inductive environment in the peripheral draining
lymph node. J Immunol. 2008; 181:574-85. [PubMed: 18566424]

24. Stone JW, Thornburg NJ, Blum DL, Kuhn SJ, Wright DW, Crowe JE Jr . Gold nanorod vaccine
for respiratory syncytial virus. Nanotechnology. 2013; 24:295102. [PubMed: 23799651]

Vaccine. Author manuscript; available in PMC 2017 February 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bates et al.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11

Williams JV, Tollefson SJ, Johnson JE, Crowe JE Jr . The cotton rat (Sigmodon hispidus) is a
permissive small animal model of human metapneumovirus infection, pathogenesis, and protective
immunity. J Virol. 2005; 79:10944-51. [PubMed: 16103146]

Cseke G, Wright DW, Tollefson SJ, Johnson JE, Crowe JE Jr, Williams JV. Human
metapneumovirus fusion protein vaccines that are immunogenic and protective in cotton rats. J
Virol. 2007; 81:698-707. [PubMed: 17050599]

Schuster JE, Cox RG, Hastings AK, Boyd KL, Wadia J, Chen Z, et al. A broadly neutralizing
human monoclonal antibody exhibits in vivo efficacy against both human metapneumovirus and
respiratory syncytial virus. J Infect Dis. 2015; 211:216-25. [PubMed: 24864121]

Kodani M, Yang G, Conklin LM, Travis TC, Whitney CG, Anderson LJ, et al. Application of
TagMan low-density arrays for simultaneous detection of multiple respiratory pathogens. Journal
of clinical microbiology. 2011; 49:2175-82. [PubMed: 21471348]

Klemenc J, Asad Ali S, Johnson M, Tollefson SJ, Talbot HK, Hartert TV, et al. Real-time reverse
transcriptase PCR assay for improved detection of human metapneumovirus. Journal of clinical
virology : the official publication of the Pan American Society for Clinical Virology. 2012;
54:371-5. [PubMed: 22677006]

Sami IR, Piazza FM, Johnson SA, Darnell ME, Ottolini MG, Hemming VG, et al. Systemic
immunoprophylaxis of nasal respiratory syncytial virus infection in cotton rats. J Infect Dis. 1995;
171:440-3. [PubMed: 7844385]

Prince GA, Hemming VG, Horswood RL, Chanock RM. Immunoprophylaxis and immunotherapy
of respiratory syncytial virus infection in the cotton rat. Virus research. 1985; 3:193-206.
[PubMed: 3907188]

Murphy BR, Olmsted RA, Collins PL, Chanock RM, Prince GA. Passive transfer of respiratory
syncytial virus (RSV) antiserum suppresses the immune response to the RSV fusion (F) and large
(G) glycoproteins expressed by recombinant vaccinia viruses. J Virol. 1988; 62:3907-10.
[PubMed: 3047432]

Davis NL, Brown KW, Johnston RE. A viral vaccine vector that expresses foreign genes in lymph
nodes and protects against mucosal challenge. J Virol. 1996; 70:3781-7. [PubMed: 8648713]
Corti D, Bianchi S, Vanzetta F, Minola A, Perez L, Agatic G, et al. Cross-neutralization of four
paramyxoviruses by a human monoclonal antibody. Nature. 2013; 501:439-43. [PubMed:
23955151]

Correia BE, Bates JT, Loomis RJ, Baneyx G, Carrico C, Jardine JG, et al. Proof of principle for
epitope-focused vaccine design. Nature. 2014; 507:201-6. [PubMed: 24499818]

Halstead SB, Mahalingam S, Marovich MA, Ubol S, Mosser DM. Intrinsic antibody-dependent
enhancement of microbial infection in macrophages: disease regulation by immune complexes.
The Lancet Infectious diseases. 2010; 10:712-22. [PubMed: 20883967]

Ubol S, Halstead SB. How innate immune mechanisms contribute to antibody-enhanced viral
infections. Clin Vaccine Immunol. 2010; 17:1829-35. [PubMed: 20876821]

Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine Immunol. 2010;
17:1055-65. [PubMed: 20463105]

Checchia PA, Nalysnyk L, Fernandes AW, Mahadevia PJ, Xu Y, Fahrbach K, et al. Mortality and
morbidity among infants at high risk for severe respiratory syncytial virus infection receiving
prophylaxis with palivizumab: a systematic literature review and meta-analysis. Pediatric critical
care medicine : a journal of the Society of Critical Care Medicine and the World Federation of
Pediatric Intensive and Critical Care Societies. 2011; 12:580-8.

Bates JT, Keefer CJ, Slaughter JC, Kulp DW, Schief WR, Crowe JE Jr . Escape from
neutralization by the respiratory syncytial virus-specific neutralizing monoclonal antibody
palivizumab is driven by changes in on-rate of binding to the fusion protein. Virology. 2014; 454—
455:139-44.

Bates JT, Keefer CJ, Utley TJ, Correia BE, Schief WR, Crowe JE Jr . Reversion of Somatic
Mutations of the Respiratory Syncytial Virus-Specific Human Monoclonal Antibody Fab19
Reveal a Direct Relationship between Association Rate and Neutralizing Potency. J Immunol.
2013; 190:3732-9. [PubMed: 23455501]

Vaccine. Author manuscript; available in PMC 2017 February 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bates et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12

Swedan S, Musiyenko A, Barik S. Respiratory syncytial virus nonstructural proteins decrease
levels of multiple members of the cellular interferon pathways. J Virol. 2009; 83:9682-93.
[PubMed: 19625398]

Oshansky CM, Krunkosky TM, Barber J, Jones LP, Tripp RA. Respiratory syncytial virus proteins
modulate suppressors of cytokine signaling 1 and 3 and the type | interferon response to infection
by a toll-like receptor pathway. Viral immunology. 2009; 22:147-61. [PubMed: 19435411]

Spann KM, Tran KC, Collins PL. Effects of nonstructural proteins NS1 and NS2 of human
respiratory syncytial virus on interferon regulatory factor 3, NF-kappaB, and proinflammatory
cytokines. J Virol. 2005; 79:5353-62. [PubMed: 15827150]

Ramaswamy M, Shi L, Varga SM, Barik S, Behlke MA, Look DC. Respiratory syncytial virus
nonstructural protein 2 specifically inhibits type I interferon signal transduction. Virology. 2006;
344:328-39. [PubMed: 16216295]

Ling Z, Tran KC, Teng MN. Human respiratory syncytial virus nonstructural protein NS2
antagonizes the activation of beta interferon transcription by interacting with RIG-1. J Virol. 2009;
83:3734-42. [PubMed: 19193793]

Lo MS, Brazas RM, Holtzman MJ. Respiratory syncytial virus nonstructural proteins NS1 and NS2
mediate inhibition of Stat2 expression and alpha/beta interferon responsiveness. J Virol. 2005;
79:9315-9. [PubMed: 15994826]

Dinwiddie DL, Harrod KS. Human metapneumovirus inhibits IFN-alpha signaling through
inhibition of STAT1 phosphorylation. American journal of respiratory cell and molecular biology.
2008; 38:661-70. [PubMed: 18218993]

Ren J, Kolli D, Liu T, Xu R, Garofalo RP, Casola A, et al. Human metapneumovirus inhibits IFN-
beta signaling by downregulating Jak1 and Tyk2 cellular levels. PLoS One. 2011; 6:e24496.
[PubMed: 21949722]

Guerrero-Plata A, Kolli D, Hong C, Casola A, Garofalo RP. Subversion of pulmonary dendritic
cell function by paramyxovirus infections. J Immunol. 2009; 182:3072-83. [PubMed: 19234204]
Munir S, Le Nouen C, Luongo C, Buchholz UJ, Collins PL, Bukreyev A. Nonstructural proteins 1
and 2 of respiratory syncytial virus suppress maturation of human dendritic cells. J Virol. 2008;
82:8780-96. [PubMed: 18562519]

Collins PL, Murphy BR. New generation live vaccines against human respiratory syncytial virus
designed by reverse genetics. Proceedings of the American Thoracic Society. 2005; 2:166-73.
[PubMed: 16113487]

Karron RA, Buchholz UJ, Collins PL. Live-attenuated respiratory syncytial virus vaccines. Current
topics in microbiology and immunology. 2013; 372:259-84. [PubMed: 24362694]

Meng J, Lee S, Hotard AL, Moore ML. Refining the balance of attenuation and immunogenicity of
respiratory syncytial virus by targeted codon deoptimization of virulence genes. mBio. 2014;
5:01704-14. [PubMed: 25249281]

Naslund TI, Kostic L, Nordstrom EK, Chen M, Liljestrom P. Role of innate signalling pathways in
the immunogenicity of alphaviral replicon-based vaccines. Virol J. 2011; 8:36. [PubMed:
21261958]

Thompson JM, Whitmore AC, Staats HF, Johnston R. The contribution of type | interferon
signaling to immunity induced by alphavirus replicon vaccines. Vaccine. 2008; 26:4998-5003.
[PubMed: 18656518]

Tonkin DR, Jorquera P, Todd T, Beard CW, Johnston RE, Barro M. Alphavirus replicon-based
enhancement of mucosal and systemic immunity is linked to the innate response generated by
primary immunization. Vaccine. 2010; 28:3238-46. [PubMed: 20184975]

McLellan JS, Chen M, Leung S, Graepel KW, Du X, Yang Y, et al. Structure of RSV fusion
glycoprotein trimer bound to a prefusion-specific neutralizing antibody. Science. 2013; 340:1113—
7. [PubMed: 23618766]

McLellan JS, Chen M, Joyce MG, Sastry M, Stewart-Jones GB, Yang Y, et al. Structure-based
design of a fusion glycoprotein vaccine for respiratory syncytial virus. Science. 2013; 342:592-8.
[PubMed: 24179220]

Velders MP, McElhiney S, Cassetti MC, Eiben GL, Higgins T, Kovacs GR, et al. Eradication of
established tumors by vaccination with VVenezuelan equine encephalitis virus replicon particles

Vaccine. Author manuscript; available in PMC 2017 February 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bates et al.

Page 13

delivering human papillomavirus 16 E7 RNA. Cancer research. 2001; 61:7861-7. [PubMed:
11691804]

61. Thompson JM, Whitmore AC, Staats HF, Johnston RE. Alphavirus replicon particles acting as
adjuvants promote CD8+ T cell responses to co-delivered antigen. Vaccine. 2008; 26:4267-75.
[PubMed: 18582997]

Vaccine. Author manuscript; available in PMC 2017 February 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bates et al.

A. RSV titers in BAL

1044 v

v
) 10°+ Day of virus
hall
% challenge Ay oy
- 2 A
o 1024 A
£ o v
> A o
7 Y o A
X 107 o
e @ W o W

100 T T U T T T T
56 58 60 62 64 66 68

Days post-immunization

B. RSV titers in left nostril

1034 A

A v
- Day of virus o
TEl 1024 challenge v
3
=
- A
z 10" A
@& @ @ @& @G oo @

100 J J J J \ U U
56 58 60 62 64 66 68

Days post-immunization

Figure 1.

Vaccine
O RSV VRP

v MPV VRP
A Medium

Vaccine
O RSV VRP
v MPV VRP
A Medium

Page 14

Detection of hRSV in BAL (A) or nostril (B) following challenge. The level of viable RSV

was measured in each compartment by direct plaque assay of samples on HEp-2 cell
monolayer cultures. Plaques were visualized by immunoperoxidase staining.
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Detection of RSV genome in BAL (A) or nostril (B) following challenge. Primers and probe
targeting the hRSV matrix (M) gene were used to detect hRSV genome. Samples with a
cycle threshold value less than 40 were considered positive.
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Detection of hMPV genome in BAL (A) or nostril (B) following challenge. Primers and
probe targeting the hMPV N gene were used to detect hMPV genome. Samples with a cycle
threshold value less than 40 were considered positive.
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