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Abstract: The global burden of disease caused by respiratory syncytial 
virus (RSV) is increasingly recognized, not only in infants, but also in 
older adults. Advances in knowledge of the structural biology of the RSV 
surface fusion (F) glycoprotein have revolutionized RSV vaccine 
development by providing a new target for preventive interventions. The 
RSV vaccine landscape has rapidly expanded to include 19 vaccine 
candidates and monoclonal antibodies (mAbs) in clinical trials, 
reflecting the urgency of reducing this global health problem and hence 
the prioritization of RSV vaccine development. The candidates include 
mAbs and vaccines using four approaches: (1) particle-based, (2) live-
attenuated/chimeric, (3) subunit, (4) vector-based. Late phase RSV 
vaccine trial failures highlight gaps in knowledge regarding immunologic 
protection and provide lessons for future development. In this review we 
highlight promising new approaches to RSV vaccine design and provide a 
comprehensive overview of RSV vaccine candidates and mAbs currently in 
clinical development to prevent one of the most common and severe 
infectious diseases in young children and older adults worldwide. 
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Abstract (word count: 167/200) 
 
The global burden of disease caused by respiratory syncytial virus (RSV) is 
increasingly recognized, not only in infants, but also in older adults. Advances in 
knowledge of the structural biology of the RSV surface fusion (F) glycoprotein have 
revolutionized RSV vaccine development by providing a new target for preventive 
interventions. The RSV vaccine landscape has rapidly expanded to include 19 
vaccine candidates and monoclonal antibodies (mAbs) in clinical trials, reflecting 
the urgency of reducing this global health problem and hence the prioritization of 
RSV vaccine development. The candidates include mAbs and vaccines using four 
approaches: (1) particle-based, (2) live-attenuated/chimeric, (3) subunit, (4) vector-
based. Late phase RSV vaccine trial failures highlight gaps in knowledge regarding 
immunologic protection and provide lessons for future development. In this review 
we highlight promising new approaches to RSV vaccine design and provide a 
comprehensive overview of RSV vaccine candidates and mAbs currently in clinical 
development to prevent one of the most common and severe infectious diseases in 
young children and older adults worldwide.
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(pre-F) conformation of the RSV F protein provided a new target for vaccines and 59 
mAbs(18,19) as pre-F specific antibodies may be more potent than postfusion (post-60 
F) antibodies in protecting against RSV ALRI. Third, pharmaceutical companies have 61 
recognized the urgent unmet need of RSV prevention and prioritized the 62 
development of RSV vaccines and mAbs.  63 

In 2015, a review of RSV prevention and therapeutic strategies was 64 
conducted which demonstrated that 10 vaccines were in clinical development(20). 65 
An update of that review is necessary in light of the recent failures and new 66 
candidates in the last few years.  In this review, we show that only 50% (5/10) of 67 
candidates from 2015 are currently continuing in clinical trials and 14 additional 68 
new candidates have entered clinical trials [Figure 2]. In the context of RSV as an 69 
increasingly recognized global health problem, these rapid changes and expansion 70 
show the prioritization of RSV vaccine and mAb development.  71 
  72 
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Methods 73 
A data collection template was designed for all vaccines in clinical development 74 
according to the PATH RSV vaccine and mAb Snapshot (updated November 2017 75 
(21)) [Supplementary Table 1]. Gaps in knowledge were identified by searching 76 
PubMed, clinical trial registries, WHO, European Medicines Agency (EMA) and 77 
pharmaceutical websites for each vaccine candidate, with no language restrictions, 78 
through April 3, 2018 (NM, ACL, NH, IR, EP, JS). We did not intend to do a systematic 79 
review of the literature. No inclusion or exclusion criteria were used. Instead, 80 
articles were selected based on relevance to the subheadings used in this review as 81 
well as each vaccine candidate or mAb in clinical development. Furthermore, data 82 
for this review were systematically collected using a data collection template 83 
[Supplemental Table 1] at the RSV Vaccines for the World conference organized by 84 
the Respiratory Syncytial Virus Network (ReSViNET) from November 29 - 85 
December 1, 2017 in Malaga, Spain. The goal of this meeting was to share scientific 86 
data and expertise on RSV vaccine development, and to connect stakeholders 87 
involved in RSV research. During the meeting information was collected (NM, ACL, 88 
NH, IR, EP, JS) from scientific presentations, posters and personal communications. 89 
 We included all vaccine candidates and mAbs in clinical development 90 
according to the PATH RSV vaccine and mAb Snapshot. Vaccines were divided into 91 
four major groups: particle-based, vector-based, live-attenuated/chimeric and 92 
subunit vaccines. Immunoprophylaxis with mAbs was included as a fifth category. 93 
 94 
RSV Vaccine History 95 
RSV vaccine development started shortly after the first identification of the virus in 96 
humans in 1957(22). However, ERD upon natural RSV infection after vaccination 97 
with a formalin-inactivated RSV (FI-RSV) candidate in a series of trials in the 1960s 98 
severely hindered inactivated virus and subunit vaccine development for many 99 
years. In the youngest age group, 20 of 31 of RSV naïve infants were infected with 100 
community-acquired wild-type RSV during the next RSV season and 16 (80%) 101 
required hospitalization including two deaths(4) in whom ERD was documented. 102 
Decades of research have revealed that priming with FI-RSV vaccine triggered a 103 
strong but non-neutralizing antibody response(23), followed by a T-helper 2 (Th2) 104 
skewed immunologic response(24) which led to ERD upon natural RSV infection. 105 
Other aspects of the immune response implicated in ERD include distinct subsets of 106 
CD4 T-cells(25) and memory CD8 T-cells(26). The failure to mount a protective 107 
cytotoxic T-lymphocyte (CTL) response was coupled with excess lung eosinophilia 108 
and neutrophilia, monocytic infiltration, and immune complex deposition in the 109 
lungs(27).  110 

Nevertheless, work continued on development and human testing of live-111 
attenuated RSV vaccine candidates. In the following 60 years, only two products 112 
were licensed for prevention of RSV. The first product was RSV intravenous 113 
immunoglobulin (RSV-IVIG), a polyclonal immunoglobulin preparation with high 114 
titers of anti-RSV neutralizing activity that was approved in the US and Canada and 115 
discontinued after 2003. RSV-IVIG was replaced by the second approved product 116 
palivizumab, a humanized mAb directed against the RSV F glycoprotein(28,29). 117 
Since its initial approval in 1998, palivizumab remains the only licensed preventive 118 







 12 

responses in the vaccine compared to the placebo group in a phase I clinical 211 
trial(47) after safety and improved immunogenicity with an adjuvant was 212 
demonstrated in a first-in-human trial(48). The incidence of RSV-associated 213 
respiratory illness as diagnosed by PCR was 1.7% and 1.6% in the vaccine and 214 
placebo groups respectively, for a vaccine efficacy (VE) of -7.1(47). No efficacy 215 
was found in secondary subset analyses. On day 29, 93% of vaccinees had an 216 
anti-F IgG antibody seroresponse and there was a 4.6 geometric mean fold rise 217 
in anti-F IgG titer at the end of the RSV season in vaccine recipients compared 218 
to the placebo group(47). One proposed explanation for the negative results 219 
may be that the choice of a post-F antigen induced antibodies without 220 
appropriate epitope specificity(49). Upon further analysis, other proposed 221 
explanations include a low incidence of laboratory-confirmed RSV in the study 222 
population, or selection of the study population, which included high-risk and 223 
low-risk older adults. Considerations for the future include selection of an 224 
older study population at higher risk of RSV infection. 225 

 226 
Vaccine antigens 227 
Vaccine antigens included in RSV vaccine candidates are diverse. The majority of 228 
vaccines in clinical trials (11/18) use the F protein, a class I viral fusion protein, as 229 
an antigenic target. The RSV F protein is highly conserved and facilitates viral fusion 230 
with host cells. Understanding the structural differences between pre-F and post-F 231 
conformations, as well as stabilization of the pre-F soluble forms, has resulted in 232 
advances in vaccine antigen design(19,50). Current vaccine candidates use pre-F 233 
and post-F as vaccine antigens [Table 1]. Of note, the predominant conformation 234 
displayed on the FI-RSV vaccine candidate was the post-F conformation(51). It 235 
remains unclear as to whether there is a trigger for the pre-F to post-F 236 
conformational change, but it does occur spontaneously, making it difficult to ensure 237 
that a wild-type F vaccine antigen maintains a pre-F conformation. However, 238 
stabilizing mutations have been identified that can preserve the pre-F-specific 239 
epitopes(50,52). The antigenicity of some stabilized pre-F constructs has not been 240 
rigorously investigated, and it remains an open question as to whether certain 241 
stabilizing mutations affect the conformation of antibody binding sites Assays to 242 
assess antigen conformation are needed. Likewise there is no consensus on cellular 243 
receptors that determine viral tropism(53).  244 
 Other less frequent vaccine antigens, used alone or in combination with other 245 
antigens, include the RSV envelope associated glycoproteins G (1/18) and small 246 
hydrophobic (SH) protein (1/18) as well as internal proteins: nucleocapsid (N) 247 
(3/18), M (1/18), and M2-1 (1/18). Besides the F protein, the G protein is the only 248 
other target for neutralizing antibodies on the viral surface. The G protein is most 249 
important for viral attachment and is less frequently utilized as a vaccine antigen 250 
due to high variability across RSV strains(54), and limited knowledge of its surface 251 
structure(55). The G protein exists as an oligomer on the surface of RSV particles 252 
and as a monomer when secreted from infected cells in soluble form(56). There is 253 
evidence that the soluble form of the G protein can act as a decoy that helps the 254 
virus evade the antibody response(57). Another possible vaccine target, the SH 255 
protein, is not well understood, but data suggest that it plays a role in viral 256 
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conformation(41,80). Antigenic site Ø is located at the apex of the pre-F 349 
conformation, the most variable region of the highly conserved F protein(19). 350 
Antibodies against antigenic site III prefer the pre-F conformation and exhibit high 351 
neutralizing activity(81). Antibodies directed against site II and IV, present on both 352 
pre-F and post-F, exhibit medium to high neutralization potency(80,82). Finally, 353 
antibodies against antigenic site I, present primarily on post-F, show weak or no 354 
neutralization. Escape mutants of these antigenic sites have been identified, but 355 
global RSV genetic data are needed to assess the molecular heterogeneity of RSV 356 
and the subsequent susceptibility or resistance to mAbs targeting RSV among 357 
circulating viruses.  358 
 The mechanisms of protection may differ according to vaccine type, and 359 
therefore, many different immunologic assays are employed in clinical trials. 360 
Neutralizing activity of serum is a frequent immunologic endpoint of vaccine trials. 361 
A measure of functional antibody response can be elucidated by the ratio of fold-362 
increase in RSV-binding antibodies to fold-increase in RSV-neutralizing antibodies 363 
(ELISA-to-neutralization response ratio). A ratio of <1 may be an important 364 
correlate of protection(83). Furthermore, rather than a definitive protective 365 
threshold for antibodies, fold-rise in antibody titer may be a relevant correlate of 366 
protection for live-attenuated vaccines, since that may be the best indicator of B-cell 367 
priming. Recent efforts by PATH, the WHO, and the National Institute for Biological 368 
Standards and Control (NIBSC) examined the variability of RSV neutralization 369 
assays across laboratories and recommended steps for improved standardization 370 
globally(84), resulting in the development of a new WHO International Standard for 371 
Antiserum to RSV with 1000 International Units of RSV subtype A neutralizing 372 
activity per vial now available through the NIBSC(85). Standardization of other 373 
frequently used immunologic assays such as PCA, ELISA and T-cell assays has not 374 
yet taken place. 375 
 Once infection of the lower airways is established, CD8 T-cells play an 376 
important role in viral clearance(86). Th2-biased responses have been associated 377 
with animal models of RSV ERD and measurement of Th1 and Th2 responses are 378 
considered important to predict safety of vaccine candidates other than live-379 
attenuated vaccines in clinical trials in young children.  380 
 Animal models are important for preclinical development of vaccine 381 
candidates and assessing the possibility of enhanced disease. Alveolitis in the cotton 382 
rat and priming of a Th2 response in mice are considered markers to assess possible 383 
ERD; there is no consensus on the ability to reproduce ERD in calves(87).  384 
 Although we discuss several potential immunological correlates of protection 385 
for vaccine trials, we considered cell-mediated immunity beyond the scope of the 386 
manuscript. However, we highlight the different aspects of the expected immune 387 
response for all 19 vaccine candidates and mAbs in clinical development in Table 3. 388 
A definitive threshold for protection against RSV disease remains elusive. So far no 389 
vaccine candidates have been tested in the experimental human infection model, but 390 
the model provides a unique opportunity to test vaccine candidates in the natural 391 
host despite practical and ethical challenges(88).Ultimately, the outcome of large-392 
scale vaccine trials will inform which immunologic measures correspond to 393 
protection from clinical RSV disease. 394 
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 395 
Vaccine strategies 396 
We have divided vaccines in clinical development into four categories in accordance 397 
with the PATH RSV vaccine and mAb snapshot: particle-based, vector-based, subunit 398 
and live-attenuated/chimeric vaccines(21). We have also included mAbs in clinical 399 
development for the prevention of RSV ALRI. In the snapshot there are 43 vaccines 400 
and 4 mAbs in development of which 19 are in clinical stage development. An 401 
important consideration for all vaccines is not only to prevent severe RSV disease, 402 
but also to avoid the risk of priming for RSV ERD. Based on our current 403 
understanding of the underlying mechanisms leading to RSV ERD, caution should be 404 
taken in the use of protein-based vaccines in RSV naïve individuals. Replication 405 
deficient vectors, engineered to induce CD8 T cell responses expressing RSV 406 
antigens intracellularly, are considered more similar to live-attenuated virus 407 
vaccines which have been shown not to cause ERD in this population. In Table 1 we 408 
provide a comprehensive overview and more detailed comparison of all 409 
characteristics of the 19 vaccine candidates and mAbs in clinical development. 410 
 411 
Particle-based vaccines 412 
The RSV F nanoparticle-based vaccine platform is currently being evaluated for 413 
protection of three target populations: (1) infants through maternal vaccination, (2) 414 
children between 6 months and 5 years, and (3) older adults. These vaccine 415 
candidates utilize aggregates of a modified stabilized F protein which exhibits the 416 
post-F morphology(89). The maternal RSV F nanoparticle vaccine candidate is 417 
farthest along in clinical development and the PREPARE trial has entered the third 418 
year of a phase III trial to enroll up to 8,618 pregnant women at 80 sites in 11 419 
countries(43). In January 2018 an informational analysis of the phase III trial was 420 
announced in which the vaccine candidate successfully targeted an efficacy 421 
threshold against the primary endpoint in infants at day 90 of >40%(90). Second in 422 
clinical development is the RSV F nanoparticle vaccine for older adults. Despite lack 423 
of efficacy in a phase III trial (RESOLVE) with a non-adjuvanted vaccine candidate, 424 
development was continued in a phase II roll-over study initiated in January 2017 in 425 
Australia in 300 adults. The aim of this rollover trial is to determine whether 2 dose 426 
regimens with an adjuvant (Matrix-M, a saponin-based adjuvant, or aluminum-427 
phosphate) may increase the magnitude and quality of the immune response in this 428 
population. The results from the RESOLVE trial in older adults suggested vaccine 429 
efficacy in adults with COPD, leading to considerations to initiate a future trial in this 430 
older adult population at high risk for severe RSV infection(43). Finally, the phase I 431 
trial was completed in young children 24-72 months of age in 2016, but no data 432 
have been published yet(91). 433 

SynGEM is a particle-based needle-free vaccine candidate containing the RSV 434 
F protein attached to empty bacterial particles made from Lactococcus lactis. In this 435 
vaccine platform an antigen is presented by a bacterial particle. An influenza vaccine 436 
candidate in clinical trials which uses the same vaccine platform, has shown both 437 
local and systemic antibody responses(92) but needs further optimization for RSV 438 
vaccination. The preliminary results of immunogenicity testing have been reported. 439 
The immunogenicity of this vaccine was evaluated after delivery as a nasal spray to 440 
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healthy adult volunteers. Two intranasal doses of SynGEM were administered 28 441 
days apart at low or high dose in 24 subjects per group (6 subjects in each group 442 
receiving placebo, double blinded). Assays of serum RSV F-specific antibodies, PCA, 443 
and F-specific IgA indicated some immunogenicity, but the results did not reach the 444 
threshold set for continuation to viral challenge and the studies were suspended in 445 
2017 (Openshaw and Chiu, personal communication). 446 
 447 
Vector-based vaccines 448 
There are five vector-based vaccines in clinical development. The first uses a 449 
modified vaccinia virus Ankara (MVA), a replication-defective smallpox viral vector, 450 
and the remaining four vaccine candidates employ an adenovirus vector to display 451 
viral antigens. The MVA vector has been safely used in vaccines for other infectious 452 
diseases(93). This vaccine candidate, MVA-BN-RSV, induces both humoral and cell-453 
mediated responses by displaying four vaccine antigens: F, G, N and M2-1. Phase II 454 
results in healthy older adults from this candidate will soon be announced.  455 
 The second vector-based vaccine candidate, VXA-RSV-f, uses an innovative 456 
platform with an adenovirus 5 based oral tablet that is stable at room temperature. 457 
Using the same oral adenovirus vaccine delivery platform, a phase I trial for 458 
influenza has been conducted, which showed neutralizing antibody responses 459 
against influenza and no interference of pre-existing vector immunity(94). 460 
Preclinical studies for the RSV vaccine candidate in the cotton rat model showed an 461 
increase in anti-F antibodies and protection against RSV challenge(95). In the older 462 
adult population immunosenescence may be characterized by impaired T-cell 463 
responses to RSV(96,97). This vaccine candidate which induces a humoral response 464 
may be a promising intervention in this population.. 465 
 Third and fourth, Ad26.RSV.preF, is a vaccine candidate being developed for 466 
two populations: the older adult and the pediatric population. In this candidate pre-467 
F antigen is expressed in the human adenovirus strain 26, a vector with a favorable 468 
safety profile when used for other infectious diseases(98,99). Previously, the 469 
vaccine candidate vector expressed post-F as antigen (FA2) but has now been 470 
changed to stabilized pre-F conformation. The stabilized pre-F protein has 5 amino 471 
acid changes from wild-type, and is stable at 4C and heat-stable(50). With the 472 
expectation that this vaccine candidate will induce highly neutralizing antibodies 473 
against pre-F, phase II trials will be conducted in RSV-seropositive children. In 474 
December 2017 a phase II trial was initiated comparing concomitant administration 475 
of RSV vaccine and seasonal influenza vaccine versus seasonal influenza vaccine 476 
alone in healthy older adults(100). 477 
 Fifth, ChAd155-RSV, a replication-incompetent chimpanzee adenovirus 155 478 
has been used as a vector for the F, N and M2.1 proteins. The anticipated use for this 479 
pediatric vaccine is to start immunization at two months of age, and to use two 480 
doses alongside the normal pediatric vaccination schedule, instead of 481 
seasonally(101). This vaccine candidate is currently being evaluated in 12-23 month 482 
old RSV seropositive children. In the future, there are plans to conduct clinical trials 483 
in seronegative children sequentially from older to younger ages (12-24 months 484 
followed by 6-12 months and subsequently 2-6 months of age) to ensure safety in 485 
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RSV-naïve populations. Results of phase II trials are expected to be announced in 486 
2020.  487 

In summary, vector-based vaccines are used to display various RSV viral 488 
proteins and three of these vaccine candidates are in phase II trials. 489 
 490 
Subunit vaccines 491 
Due to concerns of ERD associated with protein-based vaccines, subunit vaccines 492 
are only in development for pregnant women and older adult populations. One 493 
subunit vaccine in development is the GSK RSV F vaccine candidate, which uses a 494 
version of soluble secreted F protein empirically engineered to maintain the Pre-F 495 
conformation. Phase I results demonstrated safety and immunogenicity as 496 
evidenced by RSV neutralizing antibody response in healthy men(102). However, a 497 
phase II trial scheduled for 2017 was halted due to instability of the pre-F antigen 498 
during manufacturing. 499 
 Structure-guided stabilization of the pre-F conformation has yielded a 500 
subunit vaccine candidate, DS-Cav1. The stabilization includes a foldon 501 
trimerization domain, the introduction of cysteine residues to form a disulfide bond, 502 
and cavity-filling hydrophobic residues(52). The vaccine is able to preserve 503 
neutralization-sensitive epitopes on a functional pre-F form of the viral surface 504 
protein. In preclinical studies the subunit vaccine induced high levels of RSV-505 
neutralizing antibodies in mice and non-human primates(52). Preliminary results 506 
from the phase I trial, VRC 317, are promising and are expected to be published 507 
soon. 508 
 DPX-RSV is a vaccine candidate with a unique choice of vaccine antigen; the 509 
extracellular domain of the SH protein of RSV(60). The DepoVax technology allows 510 
for a prolonged exposure of antigen and adjuvant, and aims to induce ADCC using a 511 
liposome and oil-based depot(103). The antigen and adjuvant are encapsulated in a 512 
liposome, lyophilized and suspended in oil and the process is expected to produce 513 
vaccines with long shelf-life stability(104). Phase I results on safety and 514 
immunogenicity in the older adult population have been released and are expected 515 
to be published from this investigator-initiated study. 516 
 517 
Live-attenuated and chimeric vaccines 518 
In the context of historical concerns for enhanced RSV disease, live-attenuated 519 
vaccines can be considered safe for RSV naïve infants, based on consistent clinical 520 
study results showing that these candidates do not prime for ERD following 521 
subsequent exposure to wild-type RSV after vaccination(105). Another benefit of 522 
live-attenuated vaccines against RSV in young infants is their ability to replicate in 523 
the respiratory tract despite the presence of maternally-acquired antibodies, and to 524 
elicit a broad humoral and cellular response(106). Live-attenuated vaccines are 525 
likely limited to the pediatric population under two years of age, as pre-existing 526 
immunity in older populations might not permit sufficient replication to generate 527 
protective immune responses. Safety could be a concern for intranasal live-528 
attenuated vaccines, in particular if attenuation is insufficient. However, evaluation 529 
of current vaccines has not shown evidence of increased rates of vaccine-associated 530 
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the response to live virus infection. Both DNA and messenger RNA (mRNA) vaccines 577 
against RSV have shown promising results in preclinical studies(113). Notably, 578 
through a collaboration with the Bill & Melinda Gates Foundation, an mRNA 579 
technology vaccine platform for HIV and rotavirus has also expanded to include RSV. 580 
Another vaccine approach in preclinical development is a whole-inactivated vaccine 581 
to be delivered intranasally via a nanoemulsion technology, for which development 582 
has been supported by the Bill & Melinda Gates Foundation(114). Furthermore, 583 
with the first of the palivizumab patents expiring in October 2015 and the last in 584 
2022, there has been active development to produce a biosimilar in order to provide 585 
a low-cost RSV preventive intervention.. 586 
 587 
Considerations by regulatory agencies and the World Health Organization 588 
The FDA has articulated that differences between high income countries (HICs) and 589 
LMICs are not particularly relevant to regulatory decisions, though a bridging study 590 
in the US must be performed if all clinical trials have been performed outside of the 591 
US(115). The EMA does not require that trials intended to support a regulatory 592 
decision are conducted in the European Union. Other considerations in population 593 
selection for vaccine trials mentioned by EMA include: first testing a vaccine 594 
candidate in a seropositive before testing in a seronegative population, testing a 595 
maternal vaccine in non-pregnant women of child-bearing age before testing in 596 
pregnant women, and including older adults with comorbidities in vaccine trials. No 597 
particular considerations were mentioned for population selection in studies for 598 
mAbs. In October 2017 the EMA released draft guidelines for the clinical evaluation 599 
of RSV prophylactic interventions which included guidance regarding trial design, 600 
assessment of efficacy, and safety(116). The draft guidelines will be revised after a 601 
period of public consultation based on comments and new publications. 602 
 The WHO has recognized the importance of RSV as a global health problem 603 
and has identified the development of RSV vaccines as a priority for the WHO 604 
Initiative for Vaccine Research and for Biological Standardization. WHO recently 605 
developed RSV vaccines preferred product characteristics and research and 606 
development technical roadmap documents(117,118). Further guidance for 607 
development will contribute to adequate policy-making. WHO standardization 608 
activities led to the development and establishment of the first international 609 
standard for antiserum to RSV. Development of guidelines for evaluation of quality, 610 
safety and efficacy of RSV vaccines has been initiated and will be part of consultation 611 
with regulators, manufacturers and academia in 2018 with the aim of finalizing it in 612 
2019. Further discussion on guiding principles for mAbs is needed before 613 
proceeding with the development of the WHO Guidelines. These and other WHO 614 
standards serve as a basis for setting national regulatory requirements as well as 615 
WHO prequalification.  616 

Finally, the WHO is now performing a surveillance pilot study in 14 countries 617 
to test the feasibility of using the Global Influenza Surveillance and Response System 618 
platform for RSV surveillance and it is expected that this pilot will contribute to our 619 
understanding of the RSV disease burden and seasonality in different geographical 620 
regions(119). 621 
 622 
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Discussion   623 
Challenges in RSV vaccine design include concerns of ERD post-vaccination, lack of 624 
definitive immunologic correlates of protection, lack of consensus regarding clinical 625 
endpoints, and limited natural immunity following RSV infection. Despite these 626 
challenges, recent developments such as an understanding of the structural biology 627 
of the RSV fusion protein as well as lessons learned from late-phase vaccine trial 628 
failures have informed the field as it moves forward.  629 

We attempted to collect data regarding expected plans for access to a 630 
preventive intervention in LMICs and expected pricing for all vaccine candidates, 631 
however this information is not publicly available. The only information obtained 632 
regarding expected pricing was for MEDI8897, though a more specific estimate than 633 
vaccine-like pricing was not available. Given that the most severe RSV infection 634 
occurs in LMICs(17), information regarding LMIC target countries and potential 635 
pricing for vaccine candidates will be essential to facilitate access to vaccines 636 
worldwide, especially in areas where the mortality burden is highest. In LMICs the 637 
most important target for vaccine candidates is young children(120). A mechanism 638 
should be introduced to ensure that information regarding expected pricing and 639 
access to interventions is transparent and available in the public domain. RSV 640 
vaccines and mAbs will be considered in the development of the Vaccine Investment 641 
Strategy by GAVI, the Vaccine Alliance in 2018(121).  642 

A vaccine trial may be considered a probe study to determine whether a 643 
causal relationship exists between RSV infection and asthma, a longstanding 644 
question in the field. If long-term follow-up had been undertaken during the pivotal 645 
RSV prevention trials using palivizumab, these trials would now have provided 20 646 
years of follow-up on respiratory morbidity after RSV prevention in high-risk 647 
infants. Lack of long-term surveillance for airway morbidity in vaccine trials are 648 
missed opportunities to provide novel scientific insights important not only to 649 
understand the pathogenesis but also the long-term vaccine efficacy against airway 650 
morbidity following RSV infection. In addition to wheeze, objective outcomes, such 651 
as lung function measurements including demonstration of bronchial 652 
hyperreactivity and IgE measurements will ideally be incorporated in vaccine trials 653 
to fully understand the impact of RSV prevention on asthma development.  654 
 Viral interference, in which RSV inhibits infection by other viruses, is 655 
becoming an increasingly important concept to understand in the context of an 656 
approved RSV vaccine. RSV vaccination may conceivably result in an increased 657 
prevalence of other respiratory viruses. There is evidence supporting viral 658 
interference for influenza vaccination(122,123), for RSV prevention(124,125), and 659 
during the RSV season in the absence of RSV(126). It is important for vaccine trials 660 
to examine this phenomenon by evaluating the incidence of all-cause ALRI, as well 661 
as RSV-specific ALRI, to better understand the implications of viral interference for 662 
an RSV vaccine. 663 
 This review provides an extensive overview of the 19 vaccine candidates and 664 
mAbs in clinical trials to prevent RSV infection.  RSV vaccine development is moving 665 
rapidly and shows promise to address an unmet global health problem. Vaccines for 666 
various target populations are in clinical development. One vaccine candidate and 667 
one mAb are in late phase trials (IIb/III) and aim to prevent the disease burden in 668 
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young infants. Despite some recent failures, RSV vaccine candidates and mAbs in 669 
clinical development hold the promise that a preventive intervention for RSV is on 670 
the horizon. 671 
 672 
  673 
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Legend: N/A: not applicable or not available, IM: intramuscular, ID: intradermal, IN: intranasal, IV: intravenous; ARD: acute 
respiratory disease, PCA: palivizumab-competing antibodies, P: pediatric, M: maternal, O: older adults, SHe: small hydrophobic 
protein ectodomain; RSV ARD: all symptomatic respiratory disease due to RSV; msLRTD: moderate-severe RSV-associated 
lower respiratory tract disease; NIAID: National Institutes of Allergy and Infectious Diseases; VRC: Vaccine Research Center; 
NIH: National Institute of Health, Ab: antibody, aa: amino acid. 
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Figure 1: RSV global burden of disease in children under 5 years of age: key facts and figures   
 

 
Figure 1 Incidence is shown worldwide for children under 5 years of age unless otherwise stated. The hospital admission rate 
of 15.9 hospital admissions per 1000 neonates per year is in developing countries. The RSV ALRI hospitalization 63.9 among 
premature infants <1 year is reported per 1000 children per year globally. Legend: OR: odds ratio; LRTI: lower respiratory 
tract infection, RSV: respiratory syncytial virus, HIC: high income country, *: compared to children who survived RSV 
hospitalization and were mechanically ventilated. References: (a)(1) (b)(78) (c)(147) (d)(148) (e)(149) (f)(150)  
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Figure 2: Overview of Vaccine candidates and monoclonal antibodies in clinical trials per preventive approach including 
candidates for which development was recently halted 

 
Legend: For vaccine candidate names listed in gray development has been halted since the last RSV therapeutics review 
performed in 2015(20). Abbreviations: PH I: phase I; PH II: phase II; PH III: phase III.  
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Abstract (word count: 132167/150200) 
 
The global burden of disease caused by respiratory syncytial virus (RSV) is 
increasingly recognized, not only in infants, but also in older adults. Advances in 
knowledge of the structural biology of the RSV surface fusion (F) glycoprotein have 
revolutionized RSV vaccine development by providing a new target for preventive 
interventions. The RSV vaccine landscape has rapidly expanded to include 19 
vaccine candidates and  and monoclonal antibodies (mAbs) in clinical trials, 
reflecting the urgency of reducing this global health problem and hence the 
prioritization of RSV vaccine development. The candidates include mAbs and 
vaccines using four approaches: (1) particle-based, (2) live-attenuated/chimeric, (3) 
subunit, (4) vector-based. Late phase RSV vaccine trial failures highlight gaps in 
knowledge regarding immunologic protection and provide lessons for future 
development. In this review we highlight promising new approaches to RSV vaccine 
design and provide a comprehensive overview of RSV vaccine candidates and mAbs 
currently in clinical development to prevent one of the most common and severe 
infectious diseases in young children and older adults worldwide.
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mild. Monoclonal antibodies circumvent the problem of transient immunity to RSV 59 
and an immature immune response to vaccination in young infants at risk of severe 60 
disease. An ideal RSV vaccine candidate should prevent severe disease in at risk 61 
populations. Certain vaccines might also lessen person-to-person transmission and 62 
thereby provide secondary benefits in those who cannot benefit directly from 63 
vaccination(15).  64 
 Despite these obstacles, there are several opportunities for RSV vaccine and 65 
mAb  development. First, the RSV disease burden has received increasing attention 66 
from international stakeholders such as the World Health Organization (WHO)(16) 67 
and the Bill & Melinda Gates Foundation based on better estimates of RSV-68 
associated mortality worldwide(17). Second, the discovery and of the structure and 69 
stabilization of the prefusion (pre-F) conformation of the RSV F protein has 70 
advanced the fieldprovided a new target for vaccines and mAbs(18,19) as p by 71 
showing that pre-F specific antibodies may be more potent in protecting against 72 
RSV LRTI than antibodies that also bind the postfusion (post-F) conformation 73 
antibodies in protecting against RSV ALRI.  and by thus providing a new target for 74 
vaccines and mAbs(21,22). Third, pharmaceutical companies have recognized the 75 
urgent unmet need of RSV prevention and prioritized the development of RSV 76 
vaccines and mAbs.  77 

In 2015, a review of new RSV prevention and therapeutic strategies was 78 
conducted which demonstrated that 10 vaccines were in clinical development(20). 79 
An update of that review is necessary in light of the recent failures and new vaccine 80 
candidates in the last several few years.  In this review, we show that only 50% 81 
(5/10) of candidates from 2015 are currently continuing in clinical trials and 14 82 
additional new vaccine candidates have entered clinical trials [Figure 2]. In the 83 
context of RSV as an increasingly recognized global health problem, these rapid 84 
changes and expansion show the prioritization of RSV vaccine and mAb 85 
development.  86 
  87 
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Methods 88 
A data collection template was designed for all vaccines in clinical development 89 
according to the PATH RSV vVaccine and mAb snapshot Snapshot (updated 90 
November 2017 (21)) [Supplementary Table 1]. Gaps in knowledge were identified 91 
by searching PubMed, clinical trial registries, WHO, European Medicines Agency 92 
(EMA) and pharmaceutical websites for each vaccine candidate, with no date or 93 
language restrictions, on January 31, 2018through April 3, 2018 (NM, ACL, NH, IR, 94 
EP, JS). We did not intend to do a systematic review of the literature. No inclusion or 95 
exclusion criteria were used. Instead, we selected articles were selected that were 96 
most relevantbased on relevance to the subheadings used in this review as well as 97 
each vaccine candidate or mAb in clinical development. To supplement the data 98 
collected and the identified gaps in knowledge,Furthermore, data for this review 99 
were systematically collected using athe data collection template [Supplemental 100 
Table 1] at the RSV Vaccines for the World conference organized by the Respiratory 101 
Syncytial Virus Network (ReSViNET) from November 29 - December 1, 2017 in 102 
Malaga, Spain. The goal of this meeting was to share scientific data and expertise on 103 
RSV vaccine development, and to connect stakeholders involved in RSV research. 104 
During the meeting information was collected (NM, ACL, NH, IR, EP, JS) from 105 
scientific presentations, posters and personal communications. 106 
 We included all vaccine candidates and mAbs in clinical development 107 
according to the PATH RSV Vaccine vaccine snapshot and mAb snapshotSnapshot. 108 
Vaccines were divided into four major groups: particle-based, vector-based, live-109 
attenuated/chimeric and subunit vaccines. Immunoprophylaxis with mAbs was 110 
included as a fifth category. 111 
 112 
RSV Vaccine History 113 
RSV vaccine development started shortly after the first identification of the virus in 114 
humans in 1957(22). However, ERD upon natural RSV infection after vaccination 115 
with a formalin-inactivated RSV (FI-RSV) candidate in a series of trials in the 1960s 116 
severely hindered inactivated virus and subunit vaccine development for many 117 
years. In the youngest age cohort of RSV naïve infants,group, 20 of 31 of RSV naïve 118 
infants were infected with community-acquired wild-type RSV during the next RSV 119 
season and 16 (80%) required hospitalization including two deaths(4) in whom 120 
ERD was documented. ERD occurred in RSV-naïve infants who experienced 121 
infection with community-acquired wild-type RSV following receipt of FI-RSV. 122 
Decades of research have revealed that in thesepriming with FI-RSV vaccine primed 123 
infants, natural RSV infection triggered a strong but non-neutralizing antibody 124 
response(23),  followed by a T- helper 2 (Th2) skewed immunologic response(24) 125 
which led to ERD upon natural RSV infection. Other aspects of the immune response 126 
implicated in ERD include distinct subsets of CD4 T-cells(25) and memory CD8 T-127 
cells(26). The failure to mount a protective cytotoxic T- lymphocyte (CTL) response 128 
was coupled with excess lung eosinophilia and neutrophilia, monocytic infiltration, 129 
and immune complex deposition in the lungs(27).  130 

Nevertheless, work continued on development and human testing of live-131 
attenuated RSV vaccine candidates. In the following 60 years, only two products 132 
were licensed for prevention of RSV.: The first product was RSV intravenous 133 
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immunoglobulin (RSV-IVIG), a polyclonal immunoglobulin preparation with high 134 
titers of anti-RSV neutralizing activity , that was approved in the United StatesUS 135 
and Canada and discontinued after 2003. when RSV-IVIG was replaced by the 136 
second approved product palivizumab, a humanized mAb directed against the RSV F 137 
glycoprotein(28,29). Since its initial approval in 1998, palivizumab remains the only 138 
licensed preventive intervention against RSV after demonstrating a reduction of 139 
39% to almost 80% reduction of RSV hospitalizations in preterm infants < 35 weeks 140 
gestational age with and without chronic lung disease respectively(29). Palivizumab 141 
has an excellent safety profile and is indicated for the prevention of severe RSV ALRI 142 
in children born prematurely, with congenital heart disease, for with chronic lung 143 
disease(30).  144 

MotivazumabMotavizumab, a higher affinity variant of palivizumab, was 145 
developed was developed in early 2000 but was withdrawn discontinued in 146 
2010(31). In a non-inferiority head-to-head comparative trial designed to show 147 
non-inferiority to palivizumab, motavizumab recipients had a slightly higher 148 
frequency of mild skin reactions following administration when compared to 149 
palivizumab(32). However, in a placebo-controlled trial, motavizumab was highly 150 
efficacious against inpatient and outpatient RSV LRI in healthy term American 151 
Indian infants (33). Without Nevertheless, without evidence of superiority 152 
compared to palivizumab, for protection from RSV-related hospitalization, evidence 153 
of slightly higher side effects, and no plan for dose reduction or cost-saving, the 154 
product did not attain regulatory approval(34,35). However, in a placebo-controlled 155 
trial, motavizumab was highly efficacious against inpatient and outpatient RSV LRI 156 
in healthy term American Indian infants (35).  157 

With respect to vaccines for active immunization, many approaches targeted 158 
for RSV naïve children were evaluated pre-clinically over the years. Only Llive-159 
attenuated vaccine candidates were considered safe for clinical evaluation in these 160 
children because these vaccines are not expected to cause ERD(36). Over the past 40 161 
years, several biologically derived live-attenuated vaccine candidates with 162 
attenuating temperature sensitivity or cold-passage mutations were evaluated 163 
clinically, including in the pediatric population, but the appropriate balance of 164 
attenuation and immunogenicity, suitable for RSV-naive children and infants, 165 
remained elusive. After reverse genetics techniques became available in the 1990s, 166 
it became possible to design vaccines candidates with the appropriate level of 167 
attenuation, but with increased immunogenicity(37). While pediatric live-168 
attenuated RSV vaccine candidates were under continued evaluation since the 169 
1970s there were relatively few trials of RSV subunit vaccines conducted before 170 
2000, with the exception of the purified F protein (PFP) vaccines(38,39), and an RSV 171 
fusion (F) attachment (G), and matrix (M) subunit vaccine(40).  172 

Over the past 10 years development of preventive interventions for RSV has 173 
rapidly expanded. Currently, 19 vaccine candidates and mAbs for different target 174 
populations are in clinical trials, and many more are in preclinical development(21).  175 

 176 
Lessons from the vaccine and mAb graveyard 177 
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maintains a pre-F conformation. However,, but stabilizing mutations have been 270 
identified that can preserve the pre-F-specific epitopes(50,52). The antigenicity of 271 
some stabilized pre-F constructs has not been rigorously investigated, and it 272 
remains an open question as to whether certain stabilizing mutations affect the 273 
conformation of antibody binding sites Assays to assess antigen conformation are 274 
needed. Likewise there is no consensus on cellular receptors that determine viral 275 
tropism(53).  276 
 Other less frequently utilized vaccine antigens, used alone or in combination 277 
with other antigens in vaccine candidates, include the RSV envelope associated 278 
glycoproteins G (1/18) and small hydrophobic (SH) protein (SH) (1/18) as well as 279 
internal proteins: nucleocapsid (N) (3/18), M (1/18), and M2-1 (1/18). Other 280 
thanBesides the F protein, the G protein is the only other target for neutralizing 281 
antibodies on the viral surface. The G protein is most important for viral attachment 282 
of RSV and is less frequently utilized as a vaccine antigen due to high variability 283 
across RSV strains(54), and limited knowledge of its surface structure(55). The G 284 
protein exists as an oligomer on the surface of RSV particles and as a monomer 285 
when secreted from infected cells as ain soluble form(56). There is evidence that the 286 
soluble form of the G protein can act as a decoy that helps the virus evade the 287 
antibody response(57). Another possible vaccine target, the SH protein, is not well 288 
understood, but has been observeddata suggest that it to plays a role in viral 289 
replication in vivo(53) and inflammasome activation(58). The SH protein contains a 290 
transmembrane and extracellular domains(59); the latter has been used as a 291 
vaccine antigen(60). Internal proteins are particularly relevant to induce T cell-292 
mediated immunity(55). As such, three non-membrane RSV proteins have been 293 
included in RSV vaccine design. The N protein is the major nucleocapsid protein that 294 
encapsidates the RNA genome of the virus(61). The M2-1 and M2-2 proteins are 295 
specific to RSV and other Pneumoviridae. M2-1 is an essential protein for viral 296 
transcription (62), and deletion of M2-2 deletion is utilized in live vaccine 297 
candidates for viral attenuation. Finally, the M protein is a membrane-associated 298 
protein which is important for formation of the viral envelopethat gives virions their 299 
filamentous shape(63,64). In summary, different viral proteins are being employed 300 
as antigens in RSV vaccine design. Viral surface glycoproteins such as F and G are 301 
known to induce antibodies with differing neutralization capacity. The SH protein 302 
may be important for induction of antibody dependent cell-mediated cytotoxicity 303 
(ADCC), whereas non-membrane proteins are especially important to induce a 304 
robust T- cell response(55). 305 
 306 
Target populations 307 
RSV prophylactic interventions are designed to protect at least two populations 308 
most vulnerable to severe RSV disease: RSV-naïve young infants and children, and 309 
older adults, although other important high-risk populations are important to 310 
consider. It is estimated that 45% of hospital admissions and in-hospital deaths due 311 
to RSV-ALRI occur in infants younger than 6 months of age(1), an age at which 312 
vaccines are generally less immunogenic. Older adults and adults with chronic 313 
cardiopulmonary conditions have emerged as an important target for RSV 314 
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International Standard for Antiserum to RSV with 1000 International Units of RSV 407 
subtype A neutralizing activity per vial now available through the NIBSC(85). For 408 
otherStandardization of other frequently used immunologic assays such as 409 
palivizumab-competing antibodies (PCA), ELISA and T- cell assays such 410 
standardization has not yet taken place. 411 
 Once infection of the lower airways is established, CD8 T- cells play an 412 
important role in viral clearance(86). Th2-biased responses have been associated 413 
with animal models of RSV ERD and measurement of Th1 and Th2 responses are 414 
considered important to predict safety of vaccine candidates other than live-415 
attenuated vaccines in clinical trials in young children.  416 
 Animal models are important for preclinical development of vaccine 417 
candidates and assessing the possibility of enhanced disease. Alveolitis in the cotton 418 
rat and priming of a Th2 response in mice are considered markers to assess possible 419 
ERD; there is no consensus on the ability to reproduce ERD in calves(87).  420 
 Although we discuss several potential immunological correlates of protection 421 
for vaccine trials, we considered cell-mediated immunity beyond the scope of the 422 
manuscript. However, wWe highlight the different aspects of the expected immune 423 
response for all 19 vaccine candidates and mAbs in clinical development in Table 3. 424 
A definitive threshold for protection against RSV disease remains elusive. So far no 425 
vaccine candidates have been tested in the experimental human infection model, but 426 
the model provides a unique opportunity to test vaccine candidates in the natural 427 
host despite practical and ethical challenges(88).Ultimately, the outcome of large-428 
scale vaccine trials will inform which immunologic measures correspond to 429 
protection from clinical RSV disease. 430 
 431 
Vaccine strategies 432 
We have divided vaccines in clinical development into four categories in accordance 433 
with the PATH RSV vaccine and mAb snapshot: particle-based, vector-based, subunit 434 
and live-attenuated/chimeric vaccines(21). We have also included mAbs in clinical 435 
development for the prevention of RSV ALRI. In the snapshot there are 43 vaccines 436 
and 4 mAbs in development of which 19 are in clinical stage development. An 437 
important consideration for all vaccines is not only to prevent severe RSV disease, 438 
but also to avoid the risk of priming for RSV ERD. Based on our current 439 
understanding of the underlying mechanisms leading to RSV ERD, this would 440 
suggest caution should be taken in the use of protein-based vaccines in RSV naïve 441 
infants and childrenindividuals. Replication deficient vectors, engineered to induce 442 
CD8 T cell responses expressing RSV antigens intracellularly, are considered more 443 
similar to live-attenuated virus vaccines which have been shown to be safenot to 444 
cause ERD in this population. In Table 1 we provide a comprehensive overview and 445 
more detailed comparison of all characteristics of the 19 vaccine candidates and 446 
mAbs in clinical development. 447 
 448 
Particle-based vaccines 449 
The RSV F nanoparticle-based vaccine platform is currently being evaluated for 450 
protection of three target populations: (1) infants through maternal vaccination, (2) 451 
children between 6 months and 5 years, and (3) older adults. These vaccine 452 
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candidates utilize aggregates of a modified stabilized F protein which exhibits the 453 
post-F morphology(89). The maternal RSV F nanoparticle vaccine candidate is 454 
farthest along in clinical development and the PREPARE trial has entered the third 455 
year of a phase III trial to enroll up to 8,618 pregnant women at 80 sites in 11 456 
countries(43). In January 2018 an informational analysis of the phase III trial was 457 
announced in which the vaccine candidate successfully targeted an efficacy 458 
threshold against the primary endpoint in infants at day 90 of >40%(90). Second in 459 
clinical development is the RSV F nanoparticle vaccine for older adults. Despite lack 460 
of efficacy in a phase III trial (RESOLVE) with a non-adjuvanted vaccine candidate, 461 
development was continued in a phase II roll-over study initiated in January 2017 in 462 
Australia in 300 adults. The aim of this rollover trial is to determine whether 2 dose 463 
regimens with an adjuvant (Matrix-M, a saponin-based adjuvant, or aluminum-464 
phosphate) may increase the magnitude and quality of the immune response in this 465 
population. The results from the RESOLVE trial in older adults suggested vaccine 466 
efficacy in adults with COPD, leading to considerations to initiate a future trial in this 467 
older adult population at high risk for severe RSV infection(43). Finally, the phase I 468 
trial was completed in young children 24-72 months of age in 2016, but no data 469 
have been published yet(91). 470 

SynGEM is a particle-based needle-free vaccine candidate containing the RSV 471 
F protein attached to empty bacterial particles made from Lactococcus lactis. The In 472 
this vaccine platform an in which an antigen is presented by a bacterial particle. An 473 
influenza vaccine candidate in clinical trials which uses the same vaccine platform, 474 
has shown both local and systemic antibody responses for the influenza candidate in 475 
clinical trials using the same platform(92) but needs further optimization for RSV 476 
vaccination. The preliminary results of immunogenicity testing have been reported. 477 
The immunogenicity of this vaccine was evaluated after delivery as a nasal spray to 478 
healthy adult volunteers. Two intranasal doses of SynGEM were administered 28 479 
days apart at low or high dose in 24 subjects per group (6 subjects in each group 480 
receiving placebo, double blinded). Assays of serum virus neutralization, RSV F-481 
specific antibodies, palivizumab-competing antibodiesPCA, and F-specific IgA 482 
indicated some immunogenicity, but the results did not reach the threshold set for 483 
continuation to viral challenge and the studies were suspended in 2017 (Openshaw 484 
and Chiu, personal communication). 485 
 486 
Vector-based vaccines 487 
There are five vector-based vaccines in clinical development. The first uses a 488 
modified vaccinia virus Ankara (MVA), a replication-defective smallpox viral vector, 489 
and the remaining four vaccine candidates employ an adenovirus vector to display 490 
viral antigens. The MVA vector has been safely used in vaccines for other infectious 491 
diseases(93). This vaccine candidate, MVA-BN-RSV, induces both a humoral and 492 
cell-mediated responses by displaying four vaccine antigens: F, G, N and M2-1. Phase 493 
II results in healthy older adults from this candidate will soon be announced.  494 
 The second vector-based vaccine candidate, VXA-RSV-f, uses an innovative 495 
platform with an adenovirus 5 based oral tablet delivery platform that is stable at 496 
room temperature. Using the same oral adenovirus vaccine delivery platform, a 497 
phase I trial for influenza has been conducted, which showed neutralizing antibody 498 
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responses against influenza and no interference of pre-existing vector 499 
immunity(94). The results from Ppreclinical studies for the RSV vaccine candidate in 500 
the cotton rat model showed that mucosal immunization with the oral vaccine 501 
candidate enhanced mucosal IgA in the upper airwaysan increase in anti-F 502 
antibodies and protection against RSV challenge(95). Given that severe disease iIn 503 
the older adult population  is thought to be mediated by immunosenescence may be 504 
characterized by impaired T- cell responses to RSV(96,97). , Tthis vaccine candidate, 505 
which induces a humoral response, may be a promising intervention in this 506 
population. for the older adult population(98). 507 
 Third and fourth, Ad26.RSV.preF, is a vaccine candidate being developed for 508 
two populations: the older adult and the pediatric population. In thisThe candidate 509 
uses pre-F antigen is expressed in the human adenovirus strain 26, a vector with a 510 
favorable safety profile when used for other infectious diseases(98,99). Previously, 511 
the vaccine candidate vector expressed post-F as antigen (FA2) but has now been 512 
changed to the stabilized pre-F conformation as vaccine antigen. The stabilized pre-513 
F protein has 5 amino acid changes from wild-type, and is stable at 4C and heat-514 
stable(50). With the expectation that this vaccine candidate will induce highly 515 
neutralizing antibodies against pre-F, phase II trials will be initiated conducted in 516 
RSV-seropositive children. In December 2017 a phase II trial has beenwas initiated 517 
comparing concomitant administration of influenza vaccination with RSV vaccine 518 
and seasonal influenza vaccine versus seasonal influenza vaccine alone co-519 
administration in healthy older adults(100). 520 
 Fifth, ChAd155-RSV, a replication-incompetent chimpanzee adenovirus 155 521 
has been used as a vector for the F, N and M2.1 proteins. The anticipated use for this 522 
pediatric vaccine is to start immunization at two months of age, and to use two to 523 
three doses alongside the normal pediatric vaccination schedule, instead of 524 
seasonally(101). This vaccine candidate is currently being evaluated in 12-23 month 525 
old RSV seropositive children. In the future, there are plans to conduct clinical trials 526 
in seronegative children sequentially from older to younger ages (12-24 months 527 
followed by 6-12 months and subsequently 2-6 months of age) to ensure safety in 528 
RSV-naïve populations. Results of phase II trials are expected to be announced in 529 
2020.  530 

In summary, vector-based vaccines are used to display various RSV viral 531 
proteins and three of these vaccine candidates are in phase II trials. 532 
 533 
Subunit vaccines 534 
Due to concerns of ERD associated with protein-based vaccines, subunit vaccines 535 
are only in development for pregnant women and older adult populations. One 536 
subunit vaccine in development is the GSK RSV F vaccine candidate, which uses a 537 
version of soluble secreted F protein empirically engineered to maintain the Pre-F 538 
conformation. Phase I results demonstrated safety and immunogenicity as 539 
evidenced by RSV neutralizing antibody response in healthy men(102). However, a 540 
phase II trial scheduled for 2017 was halted due to instability of the pre-F antigen 541 
during manufacturing. 542 
 Structure-guided stabilization of the pre-F conformation has yielded a 543 
subunit vaccine candidate, DS-Cav1. The stabilization includes a foldon 544 
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The only chimeric vaccine candidate, rBCG-N-hRSV, currently in clinical 591 
development is delivered via a BCG strain. BCG has a safe profile in newborns and 592 
infants, induces a Th1 response(107,108), and allows for combined vaccination 593 
against two major respiratory pathogens: Mycobacterium tuberculosis and RSV. Not 594 
only is the Th1 cellular response important in protecting against lung pathology, 595 
inflammation and viral replication(109) but the candidate also induces a humoral 596 
response. The antigen presented by this vaccine candidate is the RSV N protein(110). 597 
ImportantlyPresently, this candidate is the only vaccine candidate intended for 598 
administration to newborn infants(110). 599 

 600 
Monoclonal antibodies 601 
A promising highly potent monoclonal antibody has emerged as a passive 602 
administration strategy to prevent severe RSV infection. MEDI8897, also known as 603 
nirsevimab, was optimized from the human antibody D25 that targets antigenic site 604 
Ø on the pre-F conformation, which is more neutralization sensitive than the 605 
palivizumab epitope, antigenic site II. Using the YTE technology for extendingwhich 606 
extends antibody half-life as well as modulates ADCC(111), the three-fold increase 607 
in half-life of MEDI8897(112) compared to palivizumab offers the possibility of 608 
passive protection for all infants for an entire season through a single intramuscular 609 
injection. The intended use is for both term and preterm infants entering their first 610 
RSV season. Passive vaccination with an extended half-life antibody offers an 611 
approach to protecting infants that is safe and may be reasonably priced. 612 
Representatives of the pharmaceutical company have indicated that they expect 613 
vaccine-like pricing of for MEDI8897. Given the increased potency, the extended 614 
half-life, and the required dose, it is expected that the cost to protect an infant 615 
during the RSV season can be kept relatively low(66). 616 
 617 
Other approaches not in clinical development 618 
Other emerging approaches not yet in clinical development include nucleic acid-619 
based vaccines(113). Importantly these vaccines induce a T- cell response 620 
mimicking the response to live virus infection. Both DNA and messenger RNA 621 
(mRNA) vaccines against RSV have shown promising results in preclinical 622 
studies(113). Notably, through a collaboration with the Bill & Melinda Gates 623 
Foundation, an mRNA technology vaccine platform for HIV and rotavirus has also 624 
expanded to include RSV. Another vaccine approach in preclinical development is a 625 
whole-inactivated vaccine to be delivered intranasally via a nanoemulsion 626 
technology, for which development has been supported by the Bill & Melinda Gates 627 
Foundation(114). Furthermore, with the first of the palivizumab patents expiring in 628 
October 2015 and the last in 2022, there has been active development to produce a 629 
biosimilar in order to provide a low-cost RSV preventive intervention. . 630 
 631 
Considerations by regulatory agencies and the World Health Organization 632 
The FDA has articulated that differences between high income countries (HICs) and 633 
LMICs are not particularly relevant to regulatory decisions, though a bridging study 634 
in the US must be performed if all clinical trials have been performed outside of the 635 
US(115). The EMA does not require that trials intended to support a regulatory 636 
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decision are conducted in the European Union. Other considerations in population 637 
selection for vaccine trials mentioned by EMA include: first testing a vaccine 638 
candidate in a seropositive before testing in a seronegative population, testing a 639 
maternal vaccine in non-pregnant women of child-bearing age before testing in 640 
pregnant women, and including older adults with comorbidities in vaccine trials. No 641 
particular considerations were mentioned for population selection in studies for 642 
mAbs. In October 2017 the EMA released draft guidelines for the clinical evaluation 643 
of RSV prophylactic interventions which included guidance regarding trial design, 644 
assessment of efficacy, and safety(116). The draft guidelines will be revised after a 645 
period of public consultation based on comments and new publications. 646 
 The WHO has recognized the importance of RSV as a global health problem 647 
and has identified the development of RSV vaccines as a priority for the WHO 648 
Initiative for Vaccine Research and for Biological Standardization. WHO recently 649 
developed RSV vaccines preferred product characteristics and research and 650 
development technical roadmap documents(117,118). Further guidance for 651 
development will contribute to adequate policy-making. WHO standardization 652 
activities led to the development and establishment of the first international 653 
standard for antiserum to RSV. Development of guidelines for evaluation of quality, 654 
safety and efficacy of RSV vaccines has been initiated and will be part of consultation 655 
with regulators, manufacturers and academia in 2018 with the aim of finalizing it in 656 
2019. Further discussion on guiding principles for mAbs is needed before 657 
proceeding with the development of the WHO Guidelines. These and other WHO 658 
standards serve as a basis for setting national regulatory requirements as well as 659 
WHO prequalification.  660 

Finally, the WHO is now performing a surveillance pilot study in 14 countries 661 
to test the feasibility of using the Global Influenza Surveillance and Response System 662 
platform for RSV surveillance and it is expected that this pilot will contribute to our 663 
understanding of the RSV disease burden and seasonality in different geographical 664 
regions(119). 665 
 666 
Discussion   667 
Challenges in RSV vaccine design include concerns of ERD post-vaccination, lack of 668 
definitive immunologic correlates of protection, lack of consensus regarding clinical 669 
endpoints, and limited natural immunity following RSV infection. Despite these 670 
challenges, recent developments such as an understanding of the structural biology 671 
of the RSV fusion protein as well as lessons learned from late-phase vaccine trial 672 
failures have informed the field as it moves forward.  673 

We attempted to collect data regarding expected plans for access to a 674 
preventive intervention in LMICs and expected pricing for all vaccine candidates, 675 
however this information iwas not publicly available. The only information obtained 676 
regarding expected pricing was for MEDI8897, though a more specific estimate than 677 
vaccine-like pricing was not available. Given that the most severe RSV infection 678 
occurs in LMICs(17), information regarding LMIC target countries and potential 679 
pricing for vaccine candidates will be essential to facilitate access to vaccines 680 
worldwide, especially in areas where the mortality burden is highest. In LMICs the 681 
most important target for vaccine candidates is young children(120). A mechanism 682 
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should be introduced to ensure that information regarding expected pricing and 683 
access to interventions is transparent and available in the public domain. RSV 684 
vaccines and mAbs will be considered in the development of the Vaccine Investment 685 
Strategy (VIS) by GAVI, the Vaccine Alliance in 2018(121).  686 

A vaccine trial may be considered a probe study to determine whether a 687 
causal relationship exists between RSV infection and asthma, a longstanding 688 
question in the field. If long-term follow-up had been undertaken during the pivotal 689 
RSV prevention trials using palivizumab, these trials would now have provided 20 690 
years of follow-up on respiratory morbidity after RSV prevention in high-risk 691 
infants. Lack of long-term surveillance for airway morbidity in vaccine trials are 692 
missed opportunities to provide novel scientific insights important not only to 693 
understand the pathophysiology pathogenesis but also the long-term vaccine 694 
efficacy against airway morbidity following RSV infection. In addition to wheeze, 695 
objective outcomes, such as lung function measurements including demonstration 696 
of bronchial hyperreactivity and IgE measurements will ideally be incorporated in 697 
vaccine trials to fully understand the impact of RSV prevention on asthma 698 
development.  699 
 Viral interference, in which RSV inhibits infection by other viruses, is 700 
becoming an increasingly important concept to understand in the context of an 701 
approved RSV vaccine. RSV vaccination may conceivably result in an increased or 702 
decreased prevalence of other respiratory viruses. There is evidence supporting 703 
viral interference for influenza vaccination(122,123), for RSV prevention(124,125), 704 
and during the RSV season in the absence of RSV (126). It is important for vaccine 705 
trials to examine this phenomenon by evaluating the incidence of all-cause ALRI, as 706 
well as RSV-specific ALRI, to better understand the implications of viral interference 707 
for an RSV vaccine. 708 
 This review provides an extensive overview of the 19 vaccine candidates and 709 
mAbs in clinical trials to prevent RSV infection.  RSV vaccine development is moving 710 
rapidly and shows promise to address an unmet global health problem. Vaccines for 711 
various target populations are in clinical development. One vaccine candidate and 712 
one mAb are in late phase trials (IIb/III) and aim to prevent the disease burden in 713 
young infants. Despite some recent failures, RSV vaccine candidates and mAbs, in 714 
clinical development hold the promise that a preventive intervention for RSV is on 715 
the horizon. 716 
 717 
  718 
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ity ; further 
attenuation 

with cp 
mutations 

MONOCLONAL ANTIBODY (mAb) 

MEDI8897 MedImmune In vitro-
optimized 

human mAb 
with YTE 

mutation in Fc 

N/A N/A Antibody 
targeting site 

Ø of the F 
protein of 

RSV with an 
extended 
half-life 

P IV/IM II Cotton 
rats, 

cynomolg
us 

monkeys 
(66) 

Apr 
2014- Jun 

2015 
NCT0211

4268 
(n=342) 

 
Jan 2015- 
Sep 2016 
NCT0229

0340 
(n=151) 

Nov 2016- 
Nov 2018 

NCT028783
30 

(n=1454) 
 

N/A PhI; well-tolerated,, 
Mean half-life 85-117d; 

time to max concentration  
5-9 days; bioavailability 77% 

in healthy adults (n=136) 
(146) 

      
 

        

 
Legend: N/A: not applicable or not available, IM: intramuscular, ID: intradermal, IN: intranasal, IV: intravenous; ARD: acute 
respiratory disease, PCA: palivizumab-competing antibodies, P: pediatric, M: maternal, O: older adults, SHe: small hydrophobic 
protein ectodomiain; RSV ARD: all symptomatic respiratory disease due to RSV; msLRTD: moderate-severe RSV-associated 
lower respiratory tract disease; NIAID: National Institutes of Allergy and Infectious Diseases; VRC: Vaccine Research Center; 
NIH: National Institute of Health, Ab: antibody, aa: amino acid. 
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Figure 1: RSV global burden of disease in children under 5 years of age: key facts and figures   
 

 
Figure 1 Incidence is shown worldwide for children under 5 years of age unless otherwise stated. The hospital admission rate 
of 15.9 hospital admissions per 1000 neonates per year is in developing countries. The RSV ALRI hospitalization 63.9 among 
premature infants <1 year is reported per 1000 children per year globally. Legend: OR: odds ratio; LRTI: lower respiratory 
tract infection, RSV: respiratory syncytial virus, HIC: high income country, *: compared to children who survived RSV 
hospitalization and were mechanically ventilated. References: (a)(1) (b)(78) (c)(147) (d)(148) (e)(149) (f)(150)  
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Figure 2: Overview of Vaccine candidates and monoclonal antibodies in clinical trials per preventive approach including 
candidates for which development was recently halted 
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Legend: For vaccine candidate names listed in gray development has been halted since the last RSV therapeutics review 
performed in 2015(20). Abbreviations: PH I: phase I; PH II: phase II; PH III: phase III.  


































































































































































