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Abstract

Background: Multiple active vaccination approaches have proven ineffective in reducing the 

significant morbidity and mortality caused by respiratory syncytial virus (RSV) in infants and the 

elderly. A vaccine conferring a substantial and sustainable boost in neutralizing activity is likely 

required to protect against severe RSV disease.
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Methods: In a randomized open-label phase 1 clinical trial, the stabilized prefusion F vaccine 

DS-Cav1 was evaluated for dose, safety, tolerability, and immunogenicity in healthy adults at a 

single US site. Participants were randomized at a 1:1 ratio (with or without aluminum hydroxide 

per dose group) to receive escalating doses of 50 mcg, 150 mcg, or 500 mcg DS-Cav1 at weeks 0 

and 12. A subset of subjects received only a single vaccination at week 0. The primary objectives 

evaluated the safety and tolerability at every dose level, and neutralizing activity and RSV F­

binding antibodies were evaluated through week 44 as secondary and exploratory objectives. The 

trial is registered with ClinicalTrials.gov, NCT03049488, and is complete and no longer recruiting.

Findings: Between February 2017 and November 2018, 244 participants were screened for 

eligibility and 95 were enrolled to receive DS-Cav1 at the 50 mcg (n=30), 150 (n=35), or 500 

mcg (n=30) dose level. DS-Cav1 was safe and well-tolerated and no serious vaccine-associated 

adverse events deemed related to the vaccine were identified. DS-Cav1 vaccination elicited robust 

neutralizing activity and binding antibodies after a single dose. At week 44, F-specific antibody 

levels and neutralizing activity were significantly increased compared to baseline in all groups. 

While a higher vaccine dose or second immunization elicited a transient advantage compared to 

lower doses or a single immunization, neither significantly impacted long-term neutralization.

Interpretation: DS-Cav1 vaccination elicited a robust boost in RSV F-specific antibodies and 

neutralizing activity that was sustained above baseline for at least ten months. There was no 

long-term impact of dose, number of vaccinations, or adjuvant on neutralizing activity, indicating 

that a single low-dose of pre-F immunization of antigen-experienced individuals may confer 

protection that extends through an entire RSV season.

Funding: This work was supported with intramural funding from the National Institutes of 

Allergy and Infectious Diseases.

Trial Registration Number: NCT03049488

Introduction

Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract infection 

in infants and older adults. Globally, RSV causes an estimated 33·1 million acute lower 

respiratory tract infections and 3·2 million hospitalizations in children under five years 

of age annually.1 In older adults, RSV contributed to 14·5% of hospital admissions 

in industrialized countries and caused 8% of lower respiratory-related deaths in US 

hospitals.2,3 Despite decades of effort, there is no licensed vaccine for RSV, and vaccine 

development has encountered several obstacles. In the 1960s, administration of formalin­

inactivated RSV to antigen-naïve children resulted in vaccine-enhanced respiratory disease 

upon subsequent RSV infection.4–7 There is no defined correlate of protection from 

severe disease, complicating efforts to evaluate vaccine efficacy. RSV F exists in two 

major conformations: the active prefusion (pre-F), and the inactive postfusion (post-F) 

conformation adopted after triggering and rearrangement. While several post-F-based 

vaccines have been shown to be immunogenic, they failed to demonstrate efficacy in phase 

2 and 3 clinical trials.8 The DS-Cav1 subunit vaccine, which is stabilized in the pre-F 

conformation, maintains several neutralization-sensitive antigenic sites on the trimer apex 

and elicits unprecedented levels of neutralizing activity.9,10
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A randomized, open-label dose-escalation phase 1 clinical trial was conducted to evaluate 

the safety and immunogenicity of two DS-Cav1 immunizations in healthy adults aged 18 

to 50. We previously reported interim data from 40 subjects through 12 weeks following a 

single vaccination with 50 or 150 mcg of DS-Cav1 with or without alum, demonstrating that 

DS-Cav1 elicited robust neutralizing activity and antibodies targeting the pre-F exclusive 

antigenic sites and sites present on both conformations of the F protein.10 Here, we report 

the responses of all subjects enrolled in the trial through completion of the study at week 44, 

demonstrating that vaccination with DS-Cav1 is safe, well-tolerated, and capable of eliciting 

sustained, high-potency neutralizing activity against RSV.

Methods

Study Design and Participants

VRC 317 was a phase 1, open-label, randomized, domestic single site clinical trial to 

evaluate dose, safety, tolerability and immunogenicity of an investigational stabilized 

prefusion RSV F subunit protein vaccine, DS-Cav1, alone or with aluminum hydroxide 

adjuvant. Eligible participants were healthy adults aged 18 to 50 years. Participants were 

recruited from the Washington, D.C., metropolitan area. The trial was conducted by 

investigators at the Vaccine Research Center (VRC) of the National Institute of Allergy 

and Infectious Diseases (NIAID) at the National Institutes of Health (NIH) in Bethesda, 

MD, US. The study was reviewed and approved by the institutional review board at 

NIAID. The protocol was subsequently amended to give subjects the option to forgo the 

second immunization with DS-Cav1 and complete the scheduled study visits in order to 

further assess immunogenicity of a single vaccine dose. The Department of Health and 

Human Services Guidelines for the protection of human research subjects were followed. 

All participants provided written informed consent before enrollment. VRC investigators 

developed the vaccine, and the VRC Clinical Trials Program conducted the study.

Vaccine

The prefusion subunit vaccine VRC-RSVRGP084–00-VP (DS-Cav1) was manufactured 

under cGMP conditions at the VRC Pilot Plant, in contract with the Vaccine Clinical 

Material Program, Leidos Biomedical Research. DS-Cav1 is a sterile, aqueous, buffered 

solution that contains the RSV A2 fusion glycoprotein ectodomain assembled as a 

prefusion-stabilized trimer as described previously.10 The vaccine is supplied in single 

dose vials. The adjuvant is an aluminum hydroxide suspension (alum) with GMP-grade 

Alhydrogel 2% (CRODA, Frederikssund Denmark), in a sterile, pyrogen-free suspension 

at a 5 ± 1 mg/ml concentration. To prepare the adjuvanted dose, DS-Cav1 was 

contemporaneously mixed with the alum before administration.

Study Procedures

Study procedures were followed as previously described.10 Under the VRC 317 study 

protocol, participants were randomized at a 1:1 ratio (with or without alum per dose group) 

to receive escalating doses of 50 mcg, 150 mcg, or 500 mcg DS-Cav1. A single unmasked 

injection of the assigned DS-Cav1 vaccine was administered in the deltoid muscle by 

needle and syringe at weeks 0 and 12, except participants who declined the optional second 
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dose. All second immunizations given at week 12 were administered at the same dose as 

the first. Subjects were observed for at least 60 minutes following vaccination. Prior to 

discharge from the clinic, vital signs were recorded, and the injection site was inspected 

for evidence of local reaction. Safety endpoints were obtained by subject reports, targeted 

physical exam and medical history review, and monitoring of hematological and chemical 

parameters. Subjects recorded solicited reactogenicity for 7 days after each vaccination. The 

solicited parameters included local events at the injection site of pain/tenderness, redness, 

and swelling, as well as systemic events of malaise, myalgia, headache, chills, nausea, and 

temperature. Adverse events were recorded through 28 days after each vaccination and 

were graded according to the Toxicity Grading Scale for Healthy Adult and Adolescent 

Volunteers Enrolled in Preventive Vaccine Clinical Trials (modified from FDA Guidance, 

September 2007). Severe adverse events (SAEs) and new chronic medical conditions were 

recorded for the duration of the study (week 44). A nasopharyngeal PCR swab was collected 

if subjects experienced any symptoms of RSV infection while in study. All participants were 

followed through week 44.

Statistical Analysis

Methods for assessment of RSV neutralizing activity and F-specific antibody readouts 

are included in the supplementary appendix. Lognormal immunology assay results 

were log2 transformed for analysis, and all analyses were performed using R (Version 

3·4·4) or GraphPad Prism (Version 7·0). For the primary endpoints, adverse event rates 

were summarized using proportions and Clopper-Pearson confidence intervals. Secondary 

analysis focused on the antigen-specific antibody response using paired t-tests to compare 

levels before and after doses, and linear regression to determine the significance of dose, 

adjuvant, and number of vaccinations in predicting the antibody level at week 4. Exploratory 

analysis repeated these investigations at weeks 16 and 44, supplemented by a longitudinal 

mixed model assuming random effects for participants, with fixed effects for dose, boosting, 

adjuvant and baseline covariates as appropriate. Exploratory analyses were not pre-specified 

and do not include adjustments for multiple comparisons, so we consider these results to 

be hypothesis generating, with those yielding p-values of <0·1 taken as the most promising. 

All pairwise correlations are based on Spearman’s correlation coefficient. Analyses were 

performed by intention to treat, with assessment of safety in all subjects that received at 

least one dose of DS-Cav1; secondary and exploratory immunogenicity analysis include all 

participants with available data at a given visit.

Sample Size

The sample size was limited for this phase 1 dose escalation study to a total of 95 subjects 

receiving a DS-Cav1 vaccine, with 20 subjects in the adjuvanted 150 mcg group and 15 

subjects in all other arms. A total of 35 subjects are in the 150 mcg dose group, and the 50 

mcg and 150 mcg dose group both include 30 subjects each. This was selected as adequate 

and reasonable for an initial review of the safety profile, with approximately 80% chance 

of seeing one or more adverse event in a dose group size of n=30 if the true rate is at 

last 5%. Immunogenicity analyses were secondary, but we estimated from previous data 

that the standard deviation of ELISA and neutralization results might be approximately 0·5 

on a log10 scale, and if that held, then we would have at least 90% power to detect a 
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difference between arms of 0·45 log10 with n=15 in each arm. Subjects were randomized 1:1 

between arms within dose levels, using permuted block randomization. Participants were not 

randomized between doses, due to the dose-escalation design.

This study is registered with ClinicalTrials.gov, NCT03049488

Role of Funding Source

This work was supported with intramural funding from the National Institute of Allergy 

and Infectious Diseases. The funding source has no involvement with the study design, 

execution, or preparation of the manuscript. All authors full access to all of the data and the 

final responsibility to submit for publication.

Results

In total, 95 subjects were enrolled and vaccinated from February 21st, 2017 through 

November 29th, 2018, and the final study visit occurred October 3rd, 2019 (figure 1). The 

study population was composed of 49 women and 46 men, with ages ranging from 18 to 50 

(mean age of 31) (table 1). Sixty-two subjects were vaccinated with DS-Cav1 at both weeks 

0 and 12. The remaining 33 subjects received a single vaccination at week 0. In group 3 (150 

mcg with no alum), five additional subjects were enrolled who agreed to undergo apheresis 

under protocol VRC 200 (A Multicenter Specimen Collection Protocol to Obtain Human 

Biological Samples for Research Studies, NCT00067054) for a total of 20 subjects in this 

group. Eighty-seven of the 95 subjects completed the study. Of the eight subjects who did 

not complete the protocol visits as scheduled, three moved from the area, two were lost to 

follow-up, two withdrew due to the required time commitment, and one became pregnant.

When present, reactogenicity was usually mild to moderate and most commonly consisted 

of local injection site pain or swelling, or systemic headache, malaise, or myalgias. There 

was no effect of antigen dose, number of immunizations, or adjuvant with respect to local 

reactogenicity. There was a trend toward greater systemic reactogenicity after the first 

vaccine dose and in subjects who received alum adjuvant. (table S1, S2).

There were no SAEs reported. Eighteen adverse events (AEs) were deemed as possibly 

or probably related to the study product, and all resolved without residual effects. Mild 

related AEs included one episode each of headache, vivid dreams, leukocytosis, lymph node 

enlargement, elevated creatinine, lymphopenia, leukopenia, chest wall pain, and muscle 

spasm, three episodes of neutropenia and two episodes of dizziness. Moderate related 

AEs included three episodes of neutropenia and one episode of presyncope. There was 

no evidence of a dose, number of immunizations, or adjuvant effect with respect to AEs.

One case of RSV was diagnosed during the trial. The subject displayed symptoms shortly 

after receiving the first dose of vaccine and tested positive for RSV from a nasal swab on 

day 5. The secondary objective of the study was to measure the increase in neutralizing 

activity elicited by DS-Cav1 vaccination. At week four (W4) after the first vaccination, 

there was a robust increase in neutralizing activity to both RSV subtypes A and B in all 

dose groups (p<0·001, figure 2A, B, table S3, S4), with no effect of alum adjuvant within 
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each dose (figure S1). RSV A neutralizing activity waned between weeks 4 and 44, but 

remained 3·1-, 3·8-, and 4·5-fold above baseline activity in the 50, 150, and 500 mcg 

groups, respectively (p<0·001); our modeling suggested that it would take more than a year 

after the second immunization for neutralizing activity to return to the level measured at 

baseline (table S4). A similar pattern was evident for RSV B neutralizing activity which 

remained 2·8-fold (50 mcg), 3·4-fold (150 mcg), and 3·7-fold (500 mcg) higher at W44 

than neutralizing activity at baseline (p<0·001) (figure 2B, table S5). At W4, neutralizing 

activity against RSV A was marginally higher in the 150 mcg dose group compared to the 

50 mcg dose group (p=0·016, mean fold-change 10·5 and 7·5, respectively) and highest in 

subjects immunized with 500 mcg of DS-Cav1 (mean fold-change 12·6, p=0·002 compared 

to the 50 mcg dose group) (figure 2C). By week 44 week (W44), there was no significant 

difference in RSV A neutralization between groups immunized with 50 mcg and 150 mcg, 

and only a marginal increase in RSV A neutralization for the 500 mcg dose compared 

to the 50 mcg dose group (p=0·016, figure 2C). At W4, RSV B neutralizing activity was 

significantly higher in 500 mcg (p<0·001) and 150 mcg dose recipients (p=0·003) compared 

to the 50 mcg dose recipients (mean fold-changes of 9·8, 8·4, and 6·4, respectively) (figure 

2D). Similar to RSV A neutralizing activity, only the 500 mcg dose group had marginally 

higher RSV B neutralizing activity than the 50 mcg dose group at W44 (p=0·028, figure 

2D). Neutralizing activity against RSV A was directed towards pre-F-exclusive sites as well 

sites shared by the pre-F and post-F protein (figure S2A, B).

To address whether the second immunization with DS-Cav1 at W12 significantly affected 

neutralizing activity, we compared the fold-change in neutralizing activity between W12 to 

W16 in subjects that received both immunizations with DS-Cav1 (n=59) to those that only 

received a single immunization (n=28). Neutralizing activity against RSV A and RSV B 

was marginally greater at W16 in subjects that received the second immunization (mean 

fold-change= 1·0 for RSV A, 0·82 for RSV B) at W12 compared to those that received 

only a single immunization (mean fold-change= 0·91, and 0·71 for RSV B, p=0·031 for 

RSV A and p=0·01 for RSV B) (figure 2E, F). By W44, there was no significant difference 

in neutralizing activity between subjects receiving two or one vaccinations, suggesting that 

durable neutralizing activity is not affected by a second immunization with DS-Cav1 (figure 

2E, F).

Mirroring neutralizing activity, the first immunization with DS-Cav1 elicited a robust boost 

in serum IgG and IgA binding to subtype A pre-F (p<0·001, figure 3A, C). A significant 

increase in antibodies targeting pre-F-exclusive epitopes was confirmed by measurement 

of post-F-competed pre-F-binding IgG (figure 3B). Pre-F-binding IgG waned between 

W4 and W44 but remained significantly above baseline at W44 (p=0·0001, 3·2-fold at 

50 mcg, 3·4-fold at 150 mcg, and 4·0-fold at 500 mcg). The 500 mcg dose group had 

significantly higher pre-F-binding IgG at W4 than the 50 mcg group (p<0·001), but there 

was no significant difference by W44 suggesting only a transient dose effect (figure S2C). 

Compared to baseline, pre-F-binding serum IgA remained 4·1-fold (50 mcg), 4·3-fold (150 

mcg) and 4·8-fold (500 mcg) higher at W44 (p<0·001). Vaccine dose had no effect on pre-F­

binding IgA at either W4 or W44 (figure S2D). To further characterize serum antibody, we 

quantified D25-competing antibodies that bind the apex of pre-F, and antibodies targeting 

surfaces shared by both conformations of F (palivizumab-competing, side-binding).11 Apex- 

Ruckwardt et al. Page 6

Lancet Respir Med. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and side-binding antibodies were strongly induced by W4 after vaccination (p<0·001) and 

remained significantly above baseline at W44 (p<0·001) (figure 3C, D), demonstrating that 

DS-Cav1 vaccination elicited robust and durable antibody responses targeting both the apex 

and the side of the F protein.

A second DS-Cav1 immunization mitigated antibody waning between W12 and W16 as 

measured by pre-F binding IgG (p<0·001) and IgA (p=0·004) and levels of D25- or 

palivizumab-competing antibody (p<0·001) (figure S3A-D). However, the difference in 

these measures was abrogated between W12 and W44 among subjects receiving one or 

two immunizations, suggesting that a second immunization of DS-Cav1 did not have an 

impact on long-term antibody levels (figure S3A-D).

We performed a correlates analysis to identify assays that could serve as a surrogate for 

neutralization in large, advanced stage clinical trials. At W4 and W44, RSV A neutralization 

was highly correlated with post-F-competed RSV A neutralization (R=0·81 at W4, R=0·84 

at W44) and RSV B neutralization (R=0·79 at W4, R=0·73 at W44) (all p<0·001) (figure 

S4A). Pre-F-binding IgG, post-F-competed pre-F-binding IgG, and D25-competing antibody 

measures were highly correlated with RSV A neutralization at W4 (R>0·7, p<0·001) (figure 

S4A). At W44, D25-competing antibody remained highly correlated with neutralizing 

activity (R=0·76, p<0·001) (figure S4B). Post-F-binding IgG and palivizumab-competing 

antibody were less correlated with RSV A neutralization (R=0·54 at W4 and R=0·51 at 

W44) (figure S4A, B), suggesting that these readouts may not serve as reliable surrogates for 

neutralization.

As mucosal surfaces are the first line of defense against RSV, and mucosal F-specific 

antibodies have been correlated with protection from infection,12–16 we quantified pre-F­

specific IgG and IgA in nasopharyngeal fluid obtained at W0 and W14 (two weeks after the 

second immunization). Pre-F-specific IgG was detectable in NP samples from 65 subjects at 

both timepoints, and pre-F-specific IgA was detectable from 64 subjects at both timepoints. 

At W14, DS-Cav1 vaccination significantly boosted mucosal pre-F-specific IgG (p<0·001), 

with a more modest increase in mucosal pre-F-specific IgA (p<0·001) (figure 3G, H, 

S5A, B). The fold-change in mucosal pre-F-specific IgG was similar to the fold-change 

in pre-F-specific IgG in the serum (figure S5C). However, the fold-change in pre-F-specific 

IgA was greater in the serum than in the mucosa (figure S5D). In summary, intramuscular 

immunization with DS-Cav1 not only increased serum F-specific antibody and neutralizing 

activity, but also significantly increased pre-F-binding IgG and IgA at the site of RSV 

infection.

Discussion

Analysis of all 95 subjects in the VRC 317 Phase 1 study through 44 weeks post-vaccination 

determined that the DS-Cav1 subunit vaccine was safe and well-tolerated up to doses as 

high as 500 mcg. One vaccination with subtype A protein was capable of eliciting a robust 

increase in neutralizing activity against both RSV A and B subtypes that exceeds the 

increase seen after RSV infection of people in a similar age category.12 A modest, transient 

advantage of increasing antigen dose or providing a second vaccination at 12 weeks was 
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observed, but the impact of each of these on long-term neutralizing activity was marginal 

and unlikely to be clinically or biologically meaningful in an efficacy trial. Importantly, the 

impact of a single dose on neutralizing activity proved durable through completion of the 

trial at 44 weeks, suggesting the possibility that protective immunity could be improved for 

more than one RSV season.

In contrast to other trials comparing adjuvanted to unadjuvanted RSV F subunit protein 

in the post-F conformation, we observed no significant impact of alum adjuvant on 

immunogenicity.17-19 This could be the result of age differences of vaccinated subjects 

(60 and older in previous studies vs. 18–50 in this study) or the relatively small number of 

subjects in each dose group, but it is more likely due to the overall higher immunogenicity 

of pre-F, which preserves and elicits potent antibody to pre-F exclusive sites not present on 

previous antigens. It is possible that a different adjuvant may impact neutralizing activity.20 

As evidenced by the similar induction and maintenance of antibodies to both the apex and 

side of the pre-F, antibodies are generated to pre-F exclusive and shared antigenic sites, 

and we did not observe a preferential elicitation or decay of antibodies of either specificity. 

The boost in polyclonal antibody to all neutralization-sensitive epitopes offers an advantage 

over post-F, which presents fewer epitopes, and approaches such as prophylactic monoclonal 

antibody, for which efficacy may be susceptible to minor antigenic drift in selected RSV F 

epitopes.8,21–23

The greatest limitation of our study is that it is a relatively small phase 1 study, where 

responses to vaccine were tested only in 15–20 healthy adults per study arm. The major 

target populations for a pre-F subunit protein vaccine are pregnant women and the elderly. 

For maternal immunization, the goal of vaccination is to extend the window in which 

placentally-transferred antibody confers protection. Together with studies demonstrating a 

near 1:1 mother to child transfer ratio for RSV-specific IgG, these data suggest that a single 

vaccination during the second or third trimester could result in neutralizing activity in infants 

at birth that exceeds typical levels by 10-fold.24 Maternal immunization with an unstabilized 

F vaccine that boosted neutralizing activity two- to three-fold afforded partial protection of 

infants up to 90 days of life.25 While our study did not involve pregnant women, a 10-fold 

rise in neutralizing activity in infants could extend protection through the first six months 

of life, when an increase in airway size and maturation of the immune response improve 

clinical outcomes of RSV infection.25–29 The robust antibody response in the absence of 

adjuvant is promising for maternal populations where adjuvant use may be contraindicated. 

While there was no advantage for alum adjuvant in the young, healthy VRC 317 cohort, 

our study did not involve any older adults, and does not offer insight into whether adjuvant 

effects could counteract the waning immunity and comorbidities that increase risk of severe 

disease in the elderly. Vectored vaccine platforms are also being explored to deliver pre-F for 

this high risk group.30

Mucosal IgA and IgG have been associated with protection from RSV infection and 

severe disease.12–16 Intramuscular immunization with a pre-F vaccine elicited a similar 

fold-increase in mucosal IgG in the nasopharynx/upper respiratory tract as in the sera. We 

would anticipate similar levels in the lower respiratory tract, where IgG could prevent the 

manifestation of severe disease.24,26,31,32 There was also a modest increase of IgA in the 
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mucosa which was not proportional to the more dramatic increase in serum IgA. This is not 

surprising, since intramuscular immunization is not expected to induce anti-RSV secretory 

IgA compared to intranasal antigen delivery.12

In summary, DS-Cav1 offers a marked improvement over previous RSV vaccines based on 

post-F or structurally undefined F antigens. A single dose of unadjuvanted pre-F was able to 

induce robust and durable neutralizing activity that exceeded that of RSV infection. While 

we cannot evaluate efficacy in this small phase 1 trial in a low-risk population, a sustained 

increase in neutralizing activity in high-risk cohorts following DS-Cav1 immunization 

or perinatal antibody transfer from vaccinated mothers may protect against severe lower 

respiratory tract disease caused by RSV infection, and consequently, possible long-term 

sequelae on lung development and function. Various vaccine approaches based on stabilized 

RSV pre-F antigens have advanced into clinical evaluation, and efficacy studies in both 

maternal and elderly populations are ongoing. After decades of RSV vaccine development 

efforts, a structure-guided approach to precision antigen design has yielded an effective 

immunogen and engendered hope that an RSV vaccine is on the near horizon. Furthermore, 

these findings have implications for vaccines against other enveloped viruses, such as the 

SARS-CoV-2 spike protein as a COVID-19 vaccine, demonstrating the value of structure­

based vaccine design and advantages of stabilizing immunogens based on trimeric class I 

fusion proteins in the prefusion conformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context

Evidence before this study

Respiratory syncytial virus (RSV) remains a significant cause of global morbidity and 

mortality, and there is currently no licensed vaccine. Several vaccines based on the 

concept of stabilizing the F protein in the prefusion conformation (pre-F) to retain 

the most neutralization-sensitive antigenic sites are currently in clinical evaluation. The 

pre-F subunit vaccine DS-Cav1 potently boosted neutralizing activity in healthy adults 

at doses of 50 and 150 mcg with and without alum adjuvant, yet the benefits of further 

increasing antigen dose and inclusion of alum adjuvant are unknown. More critically, 

the durability of DS-Cav1-boosted immunity and the impact of the dose and adjuvant on 

longitudinal RSV neutralizing activity have not been determined. We searched Pubmed 

and Google Scholar on January 2, 2021 for clinical trial reports addressing the durability 

of immune responses to stabilized pre-F subunit vaccines using the following search 

strategy: RSV AND clinical trial AND Pre-F subunit AND durability. We found no 

primary data reporting the durability of neutralizing activity elicited by a structurally­

defined, stabilized pre-F subunit vaccine in humans.

Added value of this study

In this study, we delineate the immunogenicity of the DS-Cav1 subunit vaccine at 

doses up to 500 mcg, as well as the acute and longitudinal impact of altering dose, 

inclusion of the alum adjuvant, and administration of a second immunization at week 

12. We demonstrate sustained neutralizing activity following DS-Cav1 vaccination and 

determine that, while increases in dose or a second immunization have a modest transient 

effect, they do not further improve the maintenance of serum neutralizing activity. 

Finally, we show increased levels of F-specific antibody in the mucosa of the upper 

respiratory tract after DS-Cav1 immunization, indicating more RSV-specific immunity at 

the site of infection.

Implications of all the available evidence

We provide timely results anticipating the outcome of ongoing efficacy trials in the 

rapidly evolving field of RSV vaccines. Particularly for the vaccination of healthy 

pregnant women, our findings predict that the use of higher doses of antigen and adjuvant 

are not necessary to provide sustained neutralizing activity conferred by optimized, pre-F 

stabilized immunogens.
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Figure 1. 
Consort Diagram
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Figure 2. 
DS-Cav1 elicits potent and durable neutralizing activity through 44 weeks post-vaccination.

Panels A and B show neutralizing activity in the serum against a reporter RSV A2 virus 

(RSV A) and RSV B18537 virus (RSV B), respectively at weeks 0, 2, 4, 12, 14, 16, 

24 and 44 for subjects immunized with 50, 150, or 500 mcg of DS-Cav1. Significance 

determined by Student’s t-test (at specific timepoints) without adjustment for multiple 

comparisons. Panels C and D show neutralizing activity in the serum against RSV A and 

RSV B, respectively, for each subject vaccinated with 50, 150, or 500 mcg of DS-Cav1 
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at baseline (W0) and weeks 4 and 44. Significance between dose groups determined by 

linear regression. Panel E and F show the fold-change in neutralizing activity against RSV 

A and B, respectively, between W12 and W16 in subjects that received 2 or 1 vaccinations 

and between W12 and W44 in these groups. Dotted line represents a fold-change of 1. 

Significance determined by linear regression without adjustment for multiple comparisons. 

Significance indicated as ***p<0·001, **p<0·01, *p<0·05.
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Figure 3. 
DS-Cav1 elicits robust and durable pre-F-binding antibodies that recognize the apex and 

side of the F protein.

Pre-F-binding IgG (Panel A) and IgA (Panel C) measured by ELISA and pre-F binding IgG 

in the presence of excess post-F (Panel B) which competes for post-F exclusive and dual­

binding antibodies, demonstrating that binding antibodies are directed to the pre-F-exclusive 

and shared surfaces of pre-F and post-F. Panel E shows the level of pre-F-binding antibodies 

that compete with binding of the D25 antibody (apex-binding) and Panel F shows the level 
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post-F-binding antibodies that competed with palivizumab antibody (side-binding). Panels G 

and H show levels of pre-F-binding IgG (Panel G) and IgA (Panel H) in mucosal samples. 

Statistical differences comparing weeks 0, 4, and 44 are determined by linear regression with 

no adjustment for multiple comparisons. Significance indicated as ***p<0·001.
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Table 1.

Characteristics of the Participants at Enrollment.

Characteristics
Group 1 50 
mcg (N=15)

Group 2 50 
mcg + Alum 

(N=15)

Group 3 
150 mcg 
(N=20)

Group 4 150 
mcg + Alum 

(N=15)

Group 5 
500 mcg 
(N=15)

Group 6 500 
mcg + Alum 

(N=15)

Overall 
(N=95)

Sex - no. (%)

   Male 6 (40) 9 (60) 11 (55) 7 (46·7) 6 (40) 7 (46·7) 46 (48·4)

   Female 9 (60) 6 (40) 9 (45) 8 (53·3) 9 (60) 8 (53·3) 49 (51·6)

Age - yr 32·4 ± 5·8 32·9 ± 9·3 32·2 ± 9·6 31·8 ± 9·3 31·5 ± 8·5 27·6 ± 7·6 31·4 ± 8·5

Race - no. (%)

   Asian 4 (26·7) 1 (6·7) 4 (20) 0 (0) 3 (20) 3 (20) 15 (15·8)

   Black or African 
American

1 (6·7) 3 (20) 1 (5) 4 (26·7) 0 (0) 0 (0) 9 (9·5)

   White 10 (66·7) 11 (73·3) 13 (65) 9 (60) 12 (80) 10 (66·7) 65 (68·4)

   Multiracial 0 (0) 0 (0) 2 (10) 2 (13·3) 0 (0) 2 (13·3) 6 (6·3)

Hispanic or Latino 
ethnic group - no. (%) 0 (0) 1 (6·7) 2 (10) 0 (0) 4 (26·7) 1 (6·7) 8 (8·4)

Body-mass index 26·0 ± 3·5 28·1 ± 6 26·7 ± 4·1 27 ± 4·2 25·8 ± 3·3 26·2 ± 3·5 26·6 ± 4·1

College or higher 
educational level – no. 
(%)

13 (86·7) 13 (86·7) 19 (95) 14 (93·3) 15 (100) 15 (100) 89 (93·7)
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