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s u m m a r y 

Objectives: Respiratory syncytial virus (RSV) causes respiratory infection across the world, with infants 

and the elderly at particular risk of developing severe disease and death. The replication-defective chim- 

panzee adenovirus (PanAd3-RSV) and modified vaccinia virus Ankara (MVA-RSV) vaccines were shown 

to be safe and immunogenic in young healthy adults. Here we report an extension to this first-in-man 

vaccine trial to include healthy older adults aged 60–75 years. 

Methods: We evaluated the safety and immunogenicity of a single dose of MVA-RSV given by intra- 

muscular (IM) injection ( n = 6), two doses of IM PanAd3-RSV given 4-weeks apart ( n = 6), IM PanAd3-RSV 

prime and IM MVA-RSV boost 8-weeks later ( n = 6), intra-nasal (IN) spray of PanAd3-RSV prime and IM 

MVA-RSV boost 8-weeks later ( n = 6), or no vaccine ( n = 6). Safety measures included all adverse events 

within one week of vaccination and blood monitoring. Immunogenicity measures included serum anti- 

body responses (RSV- and PanAd3-neutralising antibody titres measured by plaque-reduction neutrali- 

sation and SEAP assays, respectively), peripheral B-cell immune responses (frequencies of F-specific IgG 

and IgA antibody secreting cells and memory B-cells by ex vivo and cultured dual-colour ELISpot assays 

respectively), and peripheral RSV-specific T-cell immune responses (frequencies of IFN γ -producing T-cells 

by ex vivo ELISpot and CD4 + /CD8 + /Tfh-like cell frequencies by ICS/FACS assay). 

Results: The vaccines were safe and well tolerated. Compared with each individual baseline immunity 

the mean fold-changes in serum RSV-neutralising antibody, appearance and magnitude of F-specific IgG 

and IgA ASCs and expansion of CD4 + /CD8 + IFN γ -producing T-cells in peripheral circulation were com- 

parable to the results seen from younger healthy adults who received the same vaccine combination and 

dose. There were little/no IgA memory B-cell responses in younger and older adults. Expansion of IFN γ - 

producing T-cells was most marked in older adults following IM prime, with balanced CD4 + and CD8 + T 

cell responses. The RSV-specific immune responses to vaccination did not appear to be attenuated in the 

presence of PanAd3 (vector) neutralising antibody. 

Conclusions: PanAd3-RSV and MVA-RSV was safe and immunogenic in older adults and the parallel in- 

duction of RSV-specific humoral and cellular immunity merits further assessment in providing protection 

from severe disease. 

© 2019 The British Infection Association. Published by Elsevier Ltd. All rights reserved. 
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Human respiratory syncytial virus (RSV) is a globally distributed

athogen that causes respiratory infections throughout life. Infants,

dults with severe immune-compromise and the elderly are espe-

ially at risk of severe lower-respiratory tract disease and death.

nfection rates for the elderly living in the community and care

omes range from 5 to 10% each year, which is broadly compara-

le to the infection rate observed in younger adults, and greatest in

he oldest members of the elderly population. 1–4 The elderly differ

rom younger adults in having a greater risk of disease progress-

ng to the lower-respiratory tract causing respiratory failure (8–

3%) and death (2–5%). 4 RSV infection is responsible for a signif-

cant proportion of elderly hospitalisations for pneumonia (10.6%),

hronic obstructive pulmonary disease (11.4%), congestive cardiac

ailure (5.4%) and asthma (7.2%), with all-cause 30-day and 60-day

ortality rates of 9% and 12% respectively. 1,5 Advanced age, senes-

ence of the immune system and the accumulation of co-morbid

onditions causes a hospital burden and mortality from RSV in the

lderly comparable to seasonal influenza. 5–11 , 12 There is no effec-

ive treatment or licenced vaccine for RSV, and the magnitude of

he disease burden has made the development of a safe and effec-

ive vaccine a major global health priority for many decades. 

The novel genetic viral-vectored RSV vaccines, designated

anAd3-RSV and MVA-RSV, represent a new and promising ap-

roach to this problem. Each uses RSV proteins F (F0 �TM), N

nd M2-1 as antigen delivered by replication-defective adenovirus

PanAd3) and modified vaccinia virus Ankara (MVA) vectors. Pre-

linical models that used homologous and heterologous combina-

ions of these vaccines, including the intra-nasal route, found a sin-

le dose of intra-nasal (IN) or intra-muscular (IM) vaccine fully

rotected the lower respiratory tract from viral replication after

hallenge, with the IN route also capable of inducing sterilising

mmunity in the upper respiratory tract. Importantly the immuno-

enicity and protective efficacy of PanAd3-RSV and MVA-RSV was

ot associated with evidence of lung immunopathology. 13–15 In

015 we progressed to the first trials in humans and demonstrated

hat delivery of RSV antigen using these replication-defective viral-

ectors was safe and capable of robustly boosting both humoral

nd cellular immune responses in healthy adults aged 18-50 years

espite pre-existing natural immunity to RSV. 16,17 Here we report

he safety and immunogenicity of these vaccines in healthy older

dults, aged 60-75years, with specific reference to the results from

ounger adult cohorts who received the same combinations of vac-

ine. 

aterials & methods 

tudy design 

RSV001 was an open-label, dose escalation, phase I clinical trial

n 42 healthy adult volunteers aged 18–50 years that was later

xpanded to include an additional 30 healthy adult volunteers

ged 60–75 years after a planned interim analysis of safety and

mmunogenicity data in younger adults. No formal sample size

alculations were performed and the number of volunteers in

ach study group was considered standard to assess phase 1

first-in-man) product safety and tolerability. The four prime/boost

ombinations tested in older adults were selected from combina-

ions tested in the younger age cohort and from preclinical data.

tudy volunteers were self-selected individuals responding to open

nvitation to the trial and provided written informed consent prior

o any study procedures. Potential volunteers were excluded if they

ad any history of significant organ or system disease, any known

r suspected alteration of the immune system, previous receipt of

 simian adenoviral or MVA-vectored vaccine of any kind or any
ther significant disease or disorder that presented potential for

isk, could influence the results or impair the participants ability

o participate in the study (detailed in sTab. 1). Eligible volunteers

ere assigned to study groups by sequential allocation and were

onsidered enrolled at the first vaccine visit. The primary and

econdary objectives were the respective characterisation of safety

nd immunogenicity of each prime/boost combinations of vaccine

sTab. 2) and end points of the clinical trial were prospectively

elected. The methods and results of the safety analysis are pre-

ented separately in the supplementary material (sFig. 1, sFig. 2,

Tab. 3 and sTab. 4). Secondary end-point measures of immuno-

enicity were performed observer blinded by use of a randomly

enerated laboratory identifier. The collection and processing of

amples and analysis of immune responses were pre-specified

nd performed as described previously, and only briefly described

ere. 16,17 The methods and analysis of intracellular staining with

ow cytometry (ICS/FACS) analysis are described in supplementary

aterial. 

ntervention 

The generation of the viral-vectored vaccines PanAd3-RSV and

VA-RSV and results of pre-clinical evaluation are described in de-

ail elsewhere. 13,14 In brief, each vaccine was a replication-defective

enetically modified organism engineered to deliver the fusion

F0 �TM, devoid of the trans-membrane region), nucleocapsid (N)

nd matrix (M2-1) RSV proteins by the insertion of the same sin-

le synthetic codon-optimised DNA fragment. A self-cleavage site

erived from foot and mouth disease virus 2A releases F0 �TM

nto the supernatant while the N and M2-1 proteins remain intra-

ellular. Deletion of the E1 and E4 loci of PanAd3 rendered the

denovirus vector replication-defective and MVA naturally cannot

eplicate in mammalian cells. The target-doses PanAd3-RSV and

VA-RSV used in older adults were 5 × 10 10 viral particles (vp)

nd 1 × 10 8 plaque forming units (pfu), respectively. PanAd3-RSV

nd MVA-RSV were given by intra-muscular injection of 0.5mls

olume to the non-dominant deltoid muscle, and PanAd3-RSV by

ntra-nasal spray of 0.15mls volume to each nostril in the sitting

osition using a syringe attached to an LMA MAD Nasal TM needle-

ree drug delivery system (LMA). 

ample processing 

Blood samples were collected in heparinised tubes for assays

hat required peripheral blood mononuclear cells (PBMCs). PBMCs

ere isolated within 6 h of sample collection. An aliquot of PBMCs

as immediately used for fresh ELISpot assays and the remainder

ryopreserved in Recovery TM Cell Freezing Medium. Serum samples

ere obtained by centrifugation of whole blood collected in clotted

ubes, and then cryopreserved. 

anAd3-RSV vaccine virus shedding detection 

For volunteers primed with PanAd3-RSV by intra-nasal spray,

n additional nasal sample was obtained three days later to de-

ect vaccine virus shedding by PCR. Samples were collected in viral

ransport medium and analysed by WuXi AppTec, Inc, by inocula-

ion onto cell lines to detect both replication competent and in-

ompetent adenoviruses by the presence of cytopathic effects and

mmunofluorescence detection as confirmatory assay. 

erum PanAd3 vector neutralising antibody measurement 

Anti-PanAd3 (vector) neutralising antibody titres at baseline

nd before boost were assayed using a PanAd3 encoding for the

eporter gene secreted alkaline phosphatase (SEAP) in a previously
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described neutralization assay. 18 The neutralization titre was de-

fined as the reciprocal of sera dilution required to inhibit SEAP ex-

pression by 50%. 

Serum RSV-neutralising antibody measurement 

Plaque-forming units of RSV strain A2 were mixed with heat-

inactivated sera over a range of 1:20 to 1:10,240. This mixture was

incubated for one hour to facilitate the neutralisation reaction be-

fore adding to a confluent layer of HEp-2 cells. The neutralising

titre was defined as the sera dilution at which 50% of plaques sur-

vive and was calculated using the Spearman–Karber method. 

The quantification of F-specific IgG and IgA antibody secreting cells 

(ASCs) in peripheral blood 

Antigen-specific IgG and IgA ASCs were detected and quantified

by dual-colour ex-vivo enzyme-linked immunosorbent (ELISpot) as-

say. In summary, plates were coated with F protein antigen and

fresh PBMCs were added. Plates were developed using anti-human

IgG and IgA secondary antibody. Responses were measured as the

antigen-specific spots per million PBMCs with human-serum albu-

min (HAS) background subtracted. A positive response was defined

as any detection of spots above HAS background. 

The quantification of F-specific IgG and IgA memory B-cells 

in peripheral blood 

Anti-F IgG and IgA memory B-cell responses were measured by

dual-colour ELISpot and was a new assay not used on younger

adult samples before. Frozen PBMCs were thawed and cultured

for 6- days with CpG (BioScience UK), Pokeweed Mitogen (PWM,

Sigma) and Staphylococcus aureus Cowans Strain (SAC, VWR Inter-

national) in R10 media at a concentration of 2 × 10 6 cells/mL. The

cells were then harvested and a dual-colour ELISpot assay was per-

formed as described for the ASC ELISpot assay above. 

The quantification of RSV F, N and M 2-1 specific IFN γ -producing 

T-cells in peripheral blood 

Antigen-specific IFN γ -producing T-cells were detected and

quantified by ex-vivo ELISpot assay, as previously described. Pep-

tides pools consisted of mainly of 15-mer sequences with 11 amino

acid overlaps and covering the sequence of proteins F, N and M2-

1. Peptides were dissolved in 100% DMSO and arranged in four

pools, designated as Fa (N terminus half of the F protein, 64 pep-

tides), Fb (C terminal half of the F protein, 64 peptides), N (95

peptides) and M (46 peptides). DMSO (the peptide diluent) and

ConA were used as negative and positive controls, respectively. The

mean + 4StDev of the DMSO response from all samples identified a

cut off whereby individual samples with background DMSO val-

ues ≥50 spot forming cells per million PBMCs were excluded from

analysis. Calculation of triplicate well variance was performed as

described elsewhere and a threshold of 10 applied for exclusion. 19 

A response was considered positive when both (a) peptide pool re-

sponses were > 50 spots per million PMBCs and (b) greater than 3 ×
DMSO background for the individual. 

Detection of respiratory viral infection by PCR from nasal swabs 

Nasal samples were collected from volunteers who reported

an influenza-like illness at any stage of the trial for the detec-

tion of respiratory viral infection using a mid-turbinate swab.

Viral diagnostics were performed by PCR for RSV, influenza A,

parainfluenza 1/2/3, rhinovirus, coronaviruses, adenovirus, human

metapenumovirus, enterovirus, parechovirus, bocavirus and My-

coplasma pneumoniae . 
tatistics 

Analyses were based on the intention-to-treat (ITT) population

hat included all participants with any data and were planned

s descriptive outcomes. We did not include hypothesis testing

r the use of formal comparative statistics. Graphs and analyses

ere generated using GraphPad Prism for Mac version 6.0 for Mac

GraphPad Software) and SPSS version 21 for Mac (IBM Corpora-

ion). 

esults 

Each study group and a description of volunteer’s characteris-

ics are provided in Fig. 1 . In total 1224 expressions of interest

ere received, and after initial screening 79 were invited and at-

ended physician screening to identify and later enrol 30 eligible

olunteers (see CONSORT, sFig. 3). All vaccine doses were admin-

stered between August and October 2014 which allowed for more

han one month to elapse from when the last volunteer received a

oost vaccine and the start of the 2014/15 RSV season, according

o Public Health England (PHE) monitoring data, and minimised

he risk of subclinical boosting of RSV-specific immune responses

n the post-vaccination period (sFig. 4). A total of 376/379 (99.2%)

f scheduled visits were attended and these data were used as

he ITT population for analysis, and 373/376 (99.2%) of these visits

ere attended within the post-vaccination window specified in the

rial protocol. One older adult volunteer was sadly diagnosed and

ied of oesophageal cancer before the final visit (study group 6,

3-weeks after single dose IM MVA-RSV) and was the only volun-

eer who failed to complete the trial. Overall each vaccine was safe

nd well tolerated in the older adult study population (see supple-

entary material, sFig. 1, sFig. 2, sTable 3 and sTable 4) with only

ne serious adverse event (SAE) which was considered unrelated to

accination (sTable 5). There was no vaccine virus shedding by PCR

ollowing IN PanAd3-RSV (study group 8) and volunteer-reported

nfluenza-like illnesses identified only one PCR-confirmed case of

atural RSV infection 12 weeks after IM MVA-RSV boost from a

olunteer in group 8. 

erum RSV-neutralising antibody induction in older adults was 

omparable to younger adults 

The baseline antibody titres measured before prime were rep-

esentative of the natural immunity generated from repeated ex-

osure (sFig. 5). As an adjustment for baseline immunity we com-

ared the fold change in antibody titres 28-days after each dose of

accine which was when peak titres were recorded from younger

dults. The mean fold-change in serum RSV-neutralising antibody

itre in older adults was 2.21 (95% CI 1.1-3.3) 28-days follow-

ng IM PanAd3-RSV prime and of a similar magnitude to younger

dults (mean fold-change 2.06, 95% CI 1.4-2.7) ( Fig. 2 and sFig.

). Prime with IM MVA-RSV, a single dose vaccine strategy that

as not tested in younger adults, induced a mean fold-change

n serum RSV-neutralising antibody titre of 2.42 (95% CI 0.5–4.3),

nd was comparable to the IM PanAd3-RSV prime as well as the

oost response observed in IN PanAd3-RSV/IM MVA-RSV vacci-

ated younger adults (study group 3). The IN route of prime failed

o elicit any notable change in serum antibody titres (mean fold

hanges of 1.04 and 1.06 in younger and older adults respectively).

s with our observations from younger adults, the greatest serum

SV-neutralising antibody responses were noted following the first

ose of any (PanAd3 or MVA) IM vaccine. Subsequent doses of

M vaccine (IM boost) failed to elicit any further incremental rise

n serum antibody titres. For the 6 older adults primed with IN

anAd3-RSV (group 8) there was a demonstrable rise in serum
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Fig. 1. Study groups defined by prime/boost combination and age, with the baseline physical characteristics of volunteers enrolled into each group. 

The terms ‘prime’ and ‘boost’ are conventional terms and used here to indicate the first and second dose of vaccine. These terms are inherited from previous adenoviral and 

MVA-vectored vaccine research in immunologically naïve subjects and our population was already primed from repeated natural exposure. Prime vaccines were delivered by 

intra-muscular injection (IM) or intra-nasal spray (IN), and all boost vaccines were delivered by IM injection. The cohort of younger adults, study groups 1–4, were enrolled, 

vaccinated and followed up between 2013 and 2014, the results of which are published elsewhere. 16 Here we report the analysis of an extension to the trial that included 

30 healthy adults aged 60–75 years (study groups 5–9). Prime/boost combinations in older adults were selected from earlier trial data and Group 5 was a non-vaccinated 

control arm. 

Fig. 2. Serum RSV-neutralising antibody response to vaccination. 

The serum RSV-neutralising antibody titre was measured by plaque-reduction neutralisation assay, expressed as the dilution required for 50% plaque survival (ND50). 

Coloured circles represent adults aged 18–50 years (study groups 1–4) and empty circles represent adults aged 60–75 years (study groups 5–9). Grey circles are non- 

vaccinated older adults (group 5). Red bars to denote the mean. The left panel shows the fold change from baseline and the right panel the fold change from pre-boost. 
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SV-neutralising antibody after IM MVA-RSV boost (mean fold-

hange in serum RSV-neutralising antibody titre of 1.71, 95% CI

.8–2.6). For all study groups, in both younger and older adults, an-

ibody titres appeared to inexorably wane towards pre-vaccination

aseline titres following the peak response to the first dose of IM

accine (sFig. 7). 
-specific IgG and IgA antibody secreting cells (ASCs) appear in 

eripheral circulation after vaccination at similar frequencies in both 

ounger and older adults 

RSV F-protein specific IgG and IgA immunoglobulin producing

ells were not detectable or appeared at low frequency in baseline
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Fig. 3. The F-specific IgG and IgA antibody secreting cell (ASC) response to vaccination. 

The F-specific IgG ( top figure ) and IgA ( bottom figure ) antibody secreting cell (ASC) response to vaccination was measured by dual-colour ex vivo ELISpot at baseline and 

7-days post-prime and boost vaccine. Coloured circles represent adults aged 18–50 years (study groups 1–4) and empty circles represent adults aged 60–75 years (study 

groups 5–9). Grey triangles denote the pre-prime baseline and grey circles are non-vaccinated older adults (group 5). The red bar denotes the median and the dotted line 

the lower limit of detection. 
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blood samples ( Fig. 3 ). When measured 7-days after vaccination

we found all 12/12 and 10/12 older adults primed with IM PanAd3-

RSV had developed IgG and IgA ASC responses. The responses were

of comparable magnitude to those from younger adults who had

received the same vaccine the previous year (median spots per

million PBMCs of 92 and 31 for IgG and IgA, respectively) (sFig. 8).

For IM MVA-RSV prime we detected responses in 3/4 volunteers

for both IgG and IgA (median spots per million PBMCs of 170 and

26 for IgG and IgA respectively). Approximately 50% of volunteers

receiving IN PanAd3-RSV prime recorded a measurable IgG/IgA ASC

response, indicating vaccine take in these volunteers, however the

magnitude of these responses was approximately 10-fold less than

the responses observed to the same vaccine given by IM injec-

tion at prime. As with the serum RSV-neutralising antibody mea-

sures, the ASC response to vaccination was consistently observed

7-days following the first dose of IM vaccine only (given as either

prime or boost). Analysis of the F-specific IgG/IgA ASC response

to boost recorded notable responses to IM MVA-RSV following IN
 a  
anAd3-RSV prime in all 6/6 older adult volunteers and were of

omparable magnitude to the responses see in younger adults

75 and 27 IgG and IgA spots per million PBMCs, respectively).

CS/FACS analysis also recorded a transient expansion of plas-

ablasts 7-days after IM PanAd3-RSV prime (sFig. 20). 

gG, but not IgA, antibody producing F-specific memory B-cells were 

xpanded in peripheral circulation by IM vaccination 

This assay tested younger and older cohort PBMCs simultane-

usly and allowed for direct comparison. The baseline results indi-

ated a 2-log 10 range in F-specific IgG memory B-cell frequencies

nd responses where detectable from all volunteers, with a propor-

ion of older adults who recorded > 200 spots per million PBMCs

hich was the maximum response from younger adults. In con-

rast, the baseline IgA memory B-cell frequency was much lower

nd from a large proportion of volunteer samples we could not
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Fig. 4. The F-specific IgG and IgA memory B-cell response to vaccination. 

The F-specific IgG ( top figure ) and IgA ( bottom figure ) memory B-cell response to vaccination expressed a fold change in spots per million PBMCs from baseline. F-specific IgG 

and IgA memory B-cell frequencies were measured by dual-colour ex vivo ELISpot at baseline and 28-days post-prime, 28-days after boost and 180-days after boost vaccine. 

Coloured circles represent adults aged 18–50 years (study groups 1–4) and empty circles represent adults aged 60–75 years (study groups 5–9). The red bar denotes the 

median. The left panel shows the fold change from baseline and the middle and right panels the fold change from pre-boost at 28-days and 180-days respectively. 
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etect any cells in circulation. The distribution of baseline mem-

ry B-cell frequencies was broadly comparable between younger

nd older adults (sFig. 9). Following IM prime there was a marked

xpansion of IgG memory B-cells 28-days later of broadly similar

agnitude between younger and older study groups who received

he same vaccine ( Fig. 4 , and sFig. 9). For IM PanAd3-RSV we ob-

erved mean geometric fold changes of 2.7 and 2.5 from younger

nd older adults respectively, and 1.9 from the smaller cohort of

lder adults who received IM MVA-RSV prime. In contrast, the IN

oute for PanAd3-RSV failed to expand the population of F-specific

gG memory B-cells in circulation. Measured again 28-days after

oost this cell population was expanded in all study groups, which

ow included IN/IM combinations of vaccine, without clear distinc-

ion in magnitude between younger and older adults. By 180-days

fter boost the population of F-specific IgG memory B-cells ap-

eared to have contracted to baseline levels. The observation for

-specific IgA memory B-cells was that of low baseline frequen-

ies and poor expansion following vaccination irrespective of route,

ector or volunteer age. ICS/FACS analysis also recorded a modest
xpansion of IgG (and not IgA) memory B-cells after IM PanAd3-

SV prime (sFig. 20). 

M prime induced expansion of RSV-specific IFN γ -producing T-cells in

eripheral blood in older adults than the younger cohort, with 

urther re-expansion following MVA boost 

The population of RSV-specific IFN γ -producing T-cells in pe-

ipheral blood was measured by ex vivo ELISpot using fresh PBMCs

ollected 14-days after prime and 7-days after boost. Baseline dif-

erences were observed from younger and older adults, with older

dults recording fewer spots per million PBMCs compared with the

ounger cohorts measured one year earlier (sFig. 11). To allow for

ifferences in baseline immunity we used the fold-change from

aseline as an index of vaccine immunogenicity ( Fig. 5 and sFig.

2). We found that IM prime in older adults reproduced and even

xceeded the expansion of RSV-specific IFN γ -producing T-cells in

eripheral blood seen from the younger cohort. For IM PanAd3-

SV prime the measured geometric mean fold-changes were 3.5
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Fig. 5. The total T-cell IFN γ response to vaccination. 

The total T-cell IFN γ response to vaccination was by ex vivo ELISpot (sum of Fa, Fb, M and N peptide pools with 4 ×DMSO background subtraction). Coloured circles represent 

adults aged 18–50 years (study groups 1–4) and empty circles represent adults aged 60–75 years (study groups 5–9). Grey circles are non-vaccinated older adults (group 

5). ( Top panel ) IFN γ responses before vaccination (pre-prime or pre-boost) paired to the post-vaccination response from each individual14-days after prime and 7-days after 

boost. ( Bottom panel ) The same data expressed as a fold-change in IFN γ spots per million PBMCs with red bars to denote the median. The left panel shows the fold change 

from baseline and the right panel the fold change from pre-boost. There was a loss of samples from volunteers in study group 2 (pink dots) at the time of pre-boost due to 

laboratory error ( n = 2). 
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and 6.1 for younger and older volunteers, respectively. IM MVA-

RSV prime given to 6 older adults recorded a geometric mean

fold-change of 21.6. For IN prime there was no appreciable ex-

pansion in RSV-specific IFN γ -producing T-cells in peripheral blood.

The effect of the second dose of vaccine, measured 7-days af-

ter boost, was that of re-expansion of the circulating RSV-specific

IFN γ -producing T-cell population when the vector was MVA re-

gardless of the route of prime. The MVA-RSV boost was responsi-

ble for the greatest rises in IFN γ -producing T-cells, although the

magnitude of this MVA vector-associated re-expansion was lower

in the older adult study groups (geometric mean fold-changes of

6.6 and 3.0 for younger and older adults respectively who received

IM prime and 8.8 and 6.1 for younger and older adults respectively

who received IN prime). PanAd3 IM homologous boost did not in-

duce a further RSV-specific T-cell response expansion. The relative

contribution of responses from each pool of peptides (Fa, Fb, M and

N) resulting from natural exposure at baseline were preserved fol-

lowing vaccination (sFig. 13). ICS/FACS analysis, looking at PBMCs

from baseline and 14-days after IM PanAd3-RSV prime, showed
 t  
D4 + and CD8 + responses for IFN γ , Il2 and IL4 producing T-cells

ere broadly similar between younger and older adults (sFig. 17).

-follicular like helper cell frequencies and markers of activation

PD1 and ICOS) did not appear to be substantially altered by vac-

ination in older adults (sFig. 18 and sFig. 19). 

erum PanAd3 (vector)-specific antibody titres did not appear 

o abrogate the immune response vaccination using this vector 

As with our earlier observations in younger adults the IM

oute of prime resulted in similar significant increases in vector-

eutralising antibody titres in older adults (geometric mean

old-changes of 6.7 and 11.9 in younger and older adults respec-

ively) ( Fig. 6 and sFig. 21). 16 The IN route did not impact on serum

ector-specific immunity (geometric mean fold-changes of 0.8 and

.1 in younger and older adults respectively). In an effort to see

hether pre-prime anti-PanAd3 (vector) antibody had any impact

n vaccine immunogenicity we correlated the baseline antibody

itre against the fold-change in RSV-neutralising antibody, the
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Fig. 6. Serum anti-PanAd3 (vector) neutralising antibody response to IM/IN PanAd3-RSV prime and the effect on immune responses to prime. 

Serum PanAd3-vector neutralising antibody titres were measured by SEAP assay before prime and before boost. The vertical dotted line denotes the lower limit of detection 

for the assay. Coloured circles represent adults aged 18–50 years (study groups 1–4) and empty circles represent adults aged 60–75 years (study groups 5–9). ( Top left ) 

IM, and not IN, route of PanAd3-RSV prime induced a significant rise in PanAd3-specific antibody 4- or 8-weeks after vaccination. The red bars denote the median. The 

baseline titre of PanAd3 vector neutralising antibody did not appear to have any impact on the vaccine response as illustrated by correlation with the fold-change in serum 

RSV neutralising antibody 28-days after prime ( top right ), F-specific antibody secreting cell frequency 7-days after prime ( bottom left ) and with the fold-change expansion of 

IFN γ –producing T-cells 14-days after prime ( bottom right ). 
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-specific IgG antibody secreting cell response and the fold-change

xpansion of IFN γ -producing T-cells after IM PanAd3-prime. For

oth younger and older volunteers, there did not appear to be any

elationship with these measures of vaccine immunogenicity. 

iscussion 

A safe and effective vaccine is needed to reduce the enormous

urden of emergency hospital admissions and death from RSV in-

ection each year in the elderly. PanAd3-RSV and MVA-RSV, the

rst novel recombinant viral-vectored vaccine candidates for RSV,

ere first tested in young adults and, in this study, were also found

o be safe and induce humoral and cellular RSV-specific immune

esponses in a healthy older adult population. 

Serum F-specific antibody alone provides only partial protective

fficacy from developing severe disease in infants, as shown by

he 45-55% reduction in admissions for RSV-bronchiolitis with

onoclonal antibody prophylaxis (palivizumab, MedImmue). 20–23 

igh RSV-specific neutralising antibody titres from natural ex-
osure persist into later life but relatively lower titres have,

evertheless, been associated with the development of severe

isease in the elderly. 24–27 Baseline antibody titres of volunteers

rom our trial were recorded in different years, limiting any direct

omparison of natural humoral immunity, but several observa-

ional studies of natural infection have not found significant or

onsistent quantitative or qualitative deficits with antibody re-

ponses, mucosal immune responses or memory B-cell responses

nd increasing age. 27,28 However, a greater proportion of frail older

dults recorded a ≥ 4-fold rise in serum antibody after infection

ithout a concurrent rise in viral neutralisation (measured by

icro-neutralisation assay), suggesting an accumulation of non-

rotective antibody and immune dysregulation with age. 28 In

ddition, natural boosting of humoral immunity seems imperfect

hen approximately 15% of PCR-confirmed RSV infections in

lderly patients with chronic obstructive pulmonary disease, 73%

f whom were symptomatic of infection, was not associated with

hanges in serum or nasal RSV-specific antibody. 29 Antibody-

ediated protection in the elderly could therefore be improved
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through vaccination. However, vaccine-induced antibody alone

may not be sufficient to protect from severe lower-respiratory

tract disease in many adults, and despite the worldwide preva-

lence of F-specific neutralising antibody the surface expressed F

protein target has undergone little temporal evolution suggestive

of being under relatively weak selective pressure. For younger

adults undergoing human stem cell transplantation the depletion

of lymphocytes (not antibody) has been associated with the risk of

progression towards the lower-respiratory tract, severe disease and

death and serum antibody did not confer protection from infection

or appear to modulate disease severity of younger adults under-

going experimental RSV-challenge. 30,31 In addition to needing to

generate biologically relevant neutralising antibody, the paralleled

restoration of age-related losses of RSV-specific cellular immunity

through vaccination may provide the added protection needed for

limiting disease severity in the elderly. 

We first explored the cellular immune responses that support

antibody production and maintenance. A clear signal of vaccine-

induced immunogenicity across the spectrum of younger and older

adult volunteers came from the F-specific IgG and IgA antibody

secreting cells (ASCs) measured 7-days after vaccination. Mean

F-specific IgG ASC counts of 149 and 173 spots per million PBMCs

7-days following IM PanAd3-RSV prime in younger and older

adults respectively compares with 200 spots per million PBMCs

observed 10–16 days following natural infection in younger and

older adults. 32 IM MVA-RSV prime in older adults mounted com-

parable F-specific ASC responses in 3/4 samples. Our vaccine data,

observations from natural infection, human experimental RSV-

challenge and other vaccine trials have consistently demonstrated

the transient appearance of F-specific IgG and IgA ASCs in periph-

eral circulation in the days after stimulation which soon disappear

as the cells presumably traffic towards the bone marrow and

mucosa. 16,33 The next logical step was to look at how vaccination

affected long-lived cells that underpin pathogen-specific adaptive

humoral immunity. F-specific IgG memory B-cells circulated in

all volunteers but a significant proportion of volunteers had no

detectable F-specific IgA memory B-cells in the baseline samples,

and IgA responses that were detected were significantly lower

cell frequencies compared with the resting IgG memory pool. This

dichotomy has been observed in children and paediatric healthcare

workers and under controlled experimental RSV-challenge condi-

tions in healthy adults, when there was also a noticeable absence

of an IgA memory B-cells in peripheral blood before and after

challenge. 33,34 The ICS/FACS analysis appeared to independently

corroborate the ELISpot findings of plasmablast and memory B-cell

activity together with an absence of IgA memory B-cell responses.

The role for IgA memory B-cells in protection from RSV is unclear,

but an intriguing prospect concerns the effect of RSV-specific

IgA can have at the respiratory mucosa. Under experimental

RSV-challenge of healthy adults the quantity of nasal RSV-specific

IgA can be associated with the risk of infection, and multivariate

analysis from other observational studies have described low nasal

IgA RSV-specific antibody titres as an independent risk factor for

RSV infection. 25,33 , 35 The biology of mucosal and systemic IgA

requires further investigation to fully understand and exploit the

host repertoire of RSV immunity. 

PanAd3-RSV and MVA-RSV were able to robustly expanded

RSV-specific (IFN γ –producing) T-cell immunity in older adults, and

in natural infection the loss or impairment of host T-cell function

has revealed where these cells provide critical functions in the re-

striction of disease severity and duration. 24,27 , 31,36 , 37 The MVA-RSV

boost provided an expansion of IFN γ –producing T-cells indepen-

dent of the route of priming, indicating the added immunogenicity

from a boost vaccine, and (in the case of group 6) confirmation

that natural priming instead of IN prime was sufficient in support-

ing MVA-vectored responses which has been problematic in some
ntigen-naïve, single-dose MVA-vectored vaccine trials. 38–40 MVA-

ectored responses independent of vaccine priming have also been

bserved in naturally exposed influenza vaccine trials in the el-

erly and from phase I antigen-naïve Ebola vaccine trials. In these

rials, responses to the MVA-vector at prime were observed which

ere then boosted with an adenovirus vector that resulted in T-

ell responses that superseded the conventional adeno/MVA com-

ination. 41,42 Ageing is associated with a contraction of the rest-

ng RSV-specific CD4 + and CD8 + memory T-cell populations in

eripheral circulation and an expansion of suppressive regulatory

-cells, with relatively little change in central and effector T-cell

unction. 27,36 , 37 Repeated seasonal exposure may be relatively in-

ffective at maintaining/boosting T-cell immunity and, confounded

y immune senescence in the elderly, a particularly desirable tar-

et for vaccine protection. 

Vaccine-induced antibody and cellular immune responses in

lood were largely restricted to the first dose of IM vaccine and

he value of the second IM dose was the added expansion of

emory B-cells and, with the case of the MVA-vector, further

xpansion of IFN γ -producing T-cells. Data from RSV infection

n adults has showed no correlations between the magnitude of

he RSV-specific ASC response, RSV neutralising antibody titres

nd serum anti-F IgG antibody titres. 32 The preclinical animal

hallenge studies that involved IN PanAd3-RSV prime showed

hat sterilising immunity in both the upper and lower respiratory

racts was not associated with significant immune responses in

lood. 13,14 The PanAd3 vector used as an IN influenza vaccine in

ice induced greater IgG antibody responses in broncho-alveolar

avage samples and greater CD8 + IFN γ T-cell responses in the

ungs compared with the same vaccine given by intramuscular

njection, which generated greater responses in the spleen. 15 The

ntra-nasal, live-attenuated influenza vaccine (FluMist) has protec-

ive efficacy in infants and has indirectly reduced the incidence of

nfluenza in the elderly, although equally fails to elicit a substantial

mmune response in blood. 43,44 The lungs are laden with resident

ntigen-specific T-cells that are not found in blood, especially for

espiratory viral infections such as influenza and RSV. 45 In adults

nd protection from severe RSV disease, the baseline population

f resident CD8 + (CD69 + CD103 + ) memory T-cells in the lung

measured from serial bronchoscopy washings) appears to be

he main determinant for RSV disease severity. 30 The IN route,

n younger and older adults, could have resulted in desirable

mmune responses at the mucosa that were not measured in

his trial. The mechanisms behind mucosal vaccination that bring

bout protective immunity in the respiratory tract, seemingly

ndependent of blood responses, remains a major focus for further

nvestigation. 

One obstacle to use of viral-vectored vaccines has been the

revalence of serum vector-neutralising antibody with the poten-

ial to abrogate vaccine responses. This was described in HIV vac-

ine trials where anti-adenovirus serotype 5 (Ad5) neutralising an-

ibody titres > 200 were associated with an impairment of vaccine

mmunogenicity to an Ad5-vectored HIV vaccine and increased

ates of HIV-acquisition in circumcised men (although the associa-

ion with HIV-acquisition waned over time). 46–48 In other studies,

t was reported that adenovirus vector-neutralising antibody had

ittle effect on T-cell responses. 49 PanAd3 and MVA were selected

y low human sero-prevalence rates in combination with potent

n vitro immunogenicity, and although anti-PanAd3 antibody titres

ere greater than the 3% expected from US and European pop-

lation estimates we could not detect an impact with vaccine re-

ponses in the older adult population. 50–52 MVA vector-specific im-

une responses were not measured and, aside from the specified

xclusion criteria, the potential remained for MVA-vector immune

esponses dating as far back as the 1960 ′ s and childhood small-

ox vaccination to have persisted in our cohort of older adults.
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accinia-specific serum antibody and T-cell responses persist for

ife and cross-reactivity from earlier smallpox vaccination in adults

as associated with a small but significant impairment in IFN γ re-

ponses to malaria antigen delivered by heterologous prime/boost

ith recombinant attenuated fowlpox virus FP9 and MVA viral vec-

ors. 53 Several trials continue to use and report successes with re-

eated MVA-vector delivery, suggesting MVA-vector immunity may

e a relatively ineffective obstacle to vaccination and older adults

ho were vaccinated with smallpox vaccine in childhood will be-

ome increasingly infrequent in the general population. 

The major limitation from our trial expansion to include older

dults was the small cohort of 24 vaccinated volunteers who were

arefully screened for being healthy. In contrast, 90% of the elderly

ho are admitted to hospital and who die from severe RSV in-

ection have a least one significant co-morbid condition and infec-

ion rates increase with age, and our small study population was

ot representative of the frail elderly at greatest risk of developing

evere disease. 5 Although direct and indirect benefit could come

rom the vaccination of healthy older adults, additional clinical tri-

ls will be needed to establish whether these vaccines remain safe

nd immunogenic in the adults over 75 years with significant co-

orbidities. As immune correlates of protection remain elusive,

urther work is needed to determine whether the immune re-

ponses to these vaccines, and especially IN prime, can contribute

owards protection from severe disease. Finally, the inclusion of the

SV F-protein in nearly all RSV vaccine candidate reflects the fact

hat this antigen is well conserved across RSV subtypes with little

emporal variation and a target of both serum neutralising anti-

ody and T-cell epitopes. Antibodies directed towards epitopes re-

tricted to the pre-fusion (pre-F) trimeric structure of the RSV F

rotein are significantly more potent in conferring viral neutralisa-

ion, and it remains unknown whether the F-protein antigen used

n PanAd3-RSV and MVA-RSV (F0 �TM) presented pre-F as well as

he more stable post-F epitopes for the induction of serum neu-

ralising antibody responses. 54–57 

In conclusion, we report the first clinical study for replication-

efective viral-vectored RSV vaccines for towards the elderly pop-

lation in need of protection from severe RSV disease. PanAd3-

SV and MVA-RSV were safe and, compared with the data from

ounger adults who received the same vaccines, lost no potency in

oosting desirable RSV-specific immune responses. This included

he parallel induction of humoral and cellular immunity, and the

nclusion of targeting broad T-cell immune responses may prove

specially important for protection in the elderly. 

onflict of Interest 

The remaining authors declare they have no competing inter-

sts. 

upplementary materials 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.jinf.2019.02.003 . 

eferences 

1. Falsey AR , Cunningham CK , Barker WH , Kouides RW , Yuen JB , Menegus M ,

et al. Respiratory syncytial virus and influenza a infections in the hospitalized

elderly. J Infect Dis 1995; 172 (2):389–94 . 
2. Falsey AR , McCann RM , Hall WJ , Tanner MA , Criddle MM , Formica MA ,

et al. Acute respiratory tract infection in daycare centers for older persons. J
Am Geriatr Soc 1995; 43 (1):30–6 . 

3. McElhaney JE , Beran J , Devaster JM , Esen M , Launay O , Leroux-Roels G ,
et al. AS03-adjuvanted versus non-adjuvanted inactivated trivalent influenza

vaccine against seasonal influenza in elderly people: a phase 3 randomised trial.

Lancet Infect Dis 2013; 13 (6):485–96 . 
4. Branche AR , Falsey AR . Respiratory syncytial virus infection in older adults: an
under-recognized problem. Drugs Aging 2015; 32 (4):261–9 . 

5. Lee N , Lui GC , Wong KT , Li TC , Tse EC , Chan JY , et al. High morbidity and
mortality in adults hospitalized for respiratory syncytial virus infections. Clin

Infect Dis An official publication of the infectious diseases society of America
2013; 57 (8):1069–77 . 

6. Ellis SE , Coffey CS , Mitchel EF Jr , Dittus RS , Griffin MR . Influenza- and respi-
ratory syncytial virus-associated morbidity and mortality in the nursing home

population. J Am Geriatr Soc 2003; 51 (6):761–7 . 

7. Thompson WW , Shay DK , Weintraub E , Brammer L , Cox N , Anderson LJ ,
et al. Mortality associated with influenza and respiratory syncytial virus in the

United States. JAMA J Am Med Assoc 2003; 289 (2):179–86 . 
8. Falsey AR , Hennessey PA , Formica MA , Cox C , Walsh EE . Respiratory

syncytial virus infection in elderly and high-risk adults. N Engl J Med
2005; 352 (17):1749–59 . 

9. van Asten L , van den Wijngaard C , van Pelt W , van de Kassteele J , Meijer A ,

van der Hoek W , et al. Mortality attributable to 9 common infections: signif-
icant effect of influenza A, respiratory syncytial virus, influenza B, norovirus,

and parainfluenza in elderly persons. J Infect Dis 2012; 206 (5):628–39 . 
10. Widmer K , Zhu Y , Williams JV , Griffin MR , Edwards KM , Talbot HK . Rates of

hospitalizations for respiratory syncytial virus, human metapneumovirus, and
influenza virus in older adults. J Infect Dis 2012; 206 (1):56–62 . 

11. Zhou H , Thompson WW , Viboud CG , Ringholz CM , Cheng PY , Steiner C ,

et al. Hospitalizations associated with influenza and respiratory syncytial virus
in the United States, 1993-2008. Clin Infect Dis An official publication of the In-

fectious Diseases Society of America 2012; 54 (10):1427–36 . 
12. Falsey AR , Walsh EE . Respiratory syncytial virus infection in elderly adults.

Drugs Aging 2005; 22 (7):577–87 . 
13. Pierantoni A , Esposito ML , Ammendola V , Napolitano F , Grazioli F , Abbate A ,

et al. Mucosal delivery of a vectored RSV vaccine is safe and elicits protec-

tive immunity in rodents and nonhuman primates. Mol Ther Methods Clin Dev
2015; 2 :15018 . 

14. Taylor G , Thom M , Capone S , Pierantoni A , Guzman E , Herbert R , et al. Effi-
cacy of a virus-vectored vaccine against human and bovine respiratory syncytial

virus infections. Sci Translat Med 2015; 7 (30 0):30 0ra127 . 
15. Vitelli A , Quirion MR , Lo CY , Misplon JA , Grabowska AK , Pierantoni A , et al. Vac-

cination to conserved influenza antigens in mice using a novel Simian ade-

novirus vector, PanAd3, derived from the bonobo Pan paniscus. PloS One
2013; 8 (3):e55435 . 

16. Green CA , Scarselli E , Sande CJ , Thompson AJ , de Lara CM , Taylor KS ,
et al. Chimpanzee adenovirus- and MVA-vectored respiratory syncytial virus

vaccine is safe and immunogenic in adults. Sci Translat Med 2015; 7 (300):
300ra126 . 

17. Green CA , Scarselli E , Voysey M , Capone S , Vitelli A , Nicosia A , et al. Safety

and immunogenicity of novel respiratory syncytial virus (RSV) vaccines based
on the RSV viral proteins F, N and M2-1 encoded by simian adenovirus

(PanAd3-RSV) and MVA (MVA-RSV); protocol for an open-label, dose-escala-
tion, single-centre, phase 1 clinical trial in healthy adults. BMJ Open 2015; 5 (10):

e008748 . 
18. Aste-Amezaga M , Bett AJ , Wang F , Casimiro DR , Antonello JM , Patel DK ,

et al. Quantitative adenovirus neutralization assays based on the secreted al-
kaline phosphatase reporter gene: application in epidemiologic studies and in

the design of adenovector vaccines. Hum Gene Ther 2004; 15 (3):293–304 . 

19. Moodie Z , Price L , Gouttefangeas C , Mander A , Janetzki S , Lower M , et al. Re-
sponse definition criteria for ELISPOT assays revisited. Cancer Immun Im-

munother CII 2010; 59 (10):1489–501 . 
0. Groothuis JR , Simoes EA , Levin MJ , Hall CB , Long CE , Rodriguez WJ , et al. Pro-

phylactic administration of respiratory syncytial virus immune globulin to high-
-risk infants and young children. The Respiratory Syncytial Virus Immune Glob-

ulin Study Group. N Engl J Med 1993; 329 (21):1524–30 . 

21. . Palivizumab, a humanized respiratory syncytial virus monoclonal antibody, re-
duces hospitalization from respiratory syncytial virus infection in high-risk in-

fants. The IMpact-RSV Study Group. Pediatrics 1998; 102 (3 Pt 1):531–7 . 
2. Bentley A , Filipovic I , Gooch K , Busch K . A cost-effectiveness analysis of respira-

tory syncytial virus (RSV) prophylaxis in infants in the United Kingdom. Health
Econ Rev 2013; 3 (1):18 . 

3. Feltes TF , Cabalka AK , Meissner HC , Piazza FM , Carlin DA , Top FH Jr ,

et al. Palivizumab prophylaxis reduces hospitalization due to respiratory syncy-
tial virus in young children with hemodynamically significant congenital heart

disease. J Pediatr 2003; 143 (4):532–40 . 
24. Luchsinger V , Piedra PA , Ruiz M , Zunino E , Martinez MA , Machado C , et al. Role

of neutralizing antibodies in adults with community-acquired pneumonia by
respiratory syncytial virus. Clin Infect Dis An official publication of the Infectious

Diseases Society of America 2012; 54 (7):905–12 . 

5. Walsh EE , Falsey AR . Humoral and mucosal immunity in protection from natural
respiratory syncytial virus infection in adults. J Infect Dis 2004; 190 (2):373–8 . 

6. Falsey AR , Walsh EE . Relationship of serum antibody to risk of respiratory syn-
cytial virus infection in elderly adults. J Infect Dis 1998; 177 (2):463–6 . 

27. Cherukuri A , Patton K , Gasser RA Jr , Zuo F , Woo J , Esser MT , et al. Adults
65 years old and older have reduced numbers of functional memory T

cells to respiratory syncytial virus fusion protein. Clin Vaccine Immunol CVI

2013; 20 (2):239–47 . 
8. Falsey AR , Walsh EE , Looney RJ , Kolassa JE , Formica MA , Criddle MC , et al. Com-

parison of respiratory syncytial virus humoral immunity and response to infec-
tion in young and elderly adults. J Med Virol 1999; 59 (2):221–6 . 

https://doi.org/10.1016/j.jinf.2019.02.003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0001
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0002
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0003
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0004
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0004
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0004
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0005
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0006
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0006
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0006
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0006
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0006
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0006
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0007
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0008
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0008
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0008
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0008
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0008
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0008
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0009
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0010
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0011
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0012
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0012
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0012
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0013
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0014
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0015
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0016
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0017
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0018
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0019
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0020
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0021
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0022
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0022
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0022
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0022
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0022
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0023
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0024
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0025
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0025
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0025
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0026
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0026
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0026
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0027
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0028


392 C.A. Green, C.J. Sande and E. Scarselli et al. / Journal of Infection 78 (2019) 382–392 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

29. Falsey AR , Formica MA , Hennessey PA , Criddle MM , Sullender WM , Walsh EE .
Detection of respiratory syncytial virus in adults with chronic obstructive pul-

monary disease. Am J Respir Crit Care Med 2006; 173 (6):639–43 . 
30. Jozwik A , Habibi MS , Paras A , Zhu J , Guvenel A , Dhariwal J , et al. RSV-specific

airway resident memory CD8 + T cells and differential disease severity after ex-
perimental human infection. Nat Commun 2015; 6 :10224 . 

31. Kim YJ , Guthrie KA , Waghmare A , Walsh EE , Falsey AR , Kuypers J , et al. Res-
piratory syncytial virus in hematopoietic cell transplant recipients: fac-

tors determining progression to lower respiratory tract disease. J Infect Dis

2014; 209 (8):1195–204 . 
32. Lee FE , Falsey AR , Halliley JL , Sanz I , Walsh EE . Circulating antibody-secreting

cells during acute respiratory syncytial virus infection in adults. J Infect Dis
2010; 202 (11):1659–66 . 

33. Habibi MS , Jozwik A , Makris S , Dunning J , Paras A , DeVincenzo JP , et al. Im-
paired antibody-mediated protection and defective IgA B cell memory in exper-

imental infection of adults with respiratory syncytial virus. Am J Respir Crit Care

Med 2015 . 
34. Green CA , Sande CJ , de Lara C , Thompson AJ , Silva-Reyes L , Napolitano F ,

et al. Humoral and cellular immunity to RSV in infants, children and adults.
Vaccine 2018; 36 (41):6183–90 . 

35. Walsh EE , Peterson DR , Falsey AR . Risk factors for severe respiratory syncytial
virus infection in elderly persons. J Infect Dis 2004; 189 (2):233–8 . 

36. Cusi MG , Martorelli B , Di Genova G , Terrosi C , Campoccia G , Correale P . Age

related changes in T cell mediated immune response and effector memory
to Respiratory Syncytial Virus (RSV) in healthy subjects. Immun Ageing I & A

2010; 7 :14 . 
37. de Bree GJ , Heidema J , van Leeuwen EM , van Bleek GM , Jonkers RE , Jansen HM ,

et al. Respiratory syncytial virus-specific CD8 + memory T cell responses in el-
derly persons. J Infect Dis 2005; 191 (10):1710–18 . 

38. Reyes-Sandoval A , Berthoud T , Alder N , Siani L , Gilbert SC , Nicosia A ,

et al. Prime-boost immunization with adenoviral and modified vaccinia virus
Ankara vectors enhances the durability and polyfunctionality of protective

malaria CD8 + T-cell responses. Inf Immun 2010; 78 (1):145–53 . 
39. Swadling L , Capone S , Antrobus RD , Brown A , Richardson R , Newell EW , et al. A

human vaccine strategy based on chimpanzee adenoviral and MVA vectors that
primes, boosts, and sustains functional HCV-specific T cell memory. Sci Translat

Med 2014; 6 (261):261ra153 . 

40. McShane H , Pathan AA , Sander CR , Keating SM , Gilbert SC , Huygen K , et al. Re-
combinant modified vaccinia virus Ankara expressing antigen 85A boosts

BCG-primed and naturally acquired antimycobacterial immunity in humans. Nat
Med 2004; 10 (11):1240–4 . 

41. Antrobus RD , Lillie PJ , Berthoud TK , Spencer AJ , McLaren JE , Ladell K , et al. A
T cell-inducing influenza vaccine for the elderly: safety and immunogenicity of

MVA-NP + M1 in adults aged over 50 years. PloS One 2012; 7 (10):e48322 . 

42. Milligan ID , Gibani MM , Sewell R , Clutterbuck EA , Campbell D , Plested E ,
et al. Safety and Immunogenicity of Novel Adenovirus Type 26- and Modified

Vaccinia Ankara-Vectored Ebola Vaccines: a randomized clinical trial. JAMA The
J Am Med Assoc 2016; 315 (15):1610–23 . 

43. Beyer WE , Palache AM , de Jong JC , Osterhaus AD . Cold-adapted live in-
fluenza vaccine versus inactivated vaccine: systemic vaccine reactions, local

and systemic antibody response, and vaccine efficacy. A meta-analysis. Vaccine
2002; 20 (9–10):1340–53 . 
4. Sasaki S , Jaimes MC , Holmes TH , Dekker CL , Mahmood K , Kemble GW ,
et al. Comparison of the influenza virus-specific effector and memory B-cell

responses to immunization of children and adults with live attenuated or in-
activated influenza virus vaccines. J Virol 2007; 81 (1):215–28 . 

45. de Bree GJ , van Leeuwen EM , Out TA , Jansen HM , Jonkers RE , van Lier RA . Selec-
tive accumulation of differentiated CD8 + T cells specific for respiratory viruses

in the human lung. J Exper Med 2005; 202 (10):1433–42 . 
46. Buchbinder SP , Mehrotra DV , Duerr A , Fitzgerald DW , Mogg R , Li D , et al. Effi-

cacy assessment of a cell-mediated immunity HIV-1 vaccine (the Step Study):

a double-blind, randomised, placebo-controlled, test-of-concept trial. Lancet
2008; 372 (9653):1881–93 . 

47. Duerr A , Huang Y , Buchbinder S , Coombs RW , Sanchez J , del Rio C , et al. Ex-
tended follow-up confirms early vaccine-enhanced risk of HIV acquisition

and demonstrates waning effect over time among participants in a random-
ized trial of recombinant adenovirus HIV vaccine (Step Study). J Infect Dis

2012; 206 (2):258–66 . 

48. Zak DE , Andersen-Nissen E , Peterson ER , Sato A , Hamilton MK , Borgerding J ,
et al. Merck Ad5/HIV induces broad innate immune activation that predicts

CD8( + ) T-cell responses but is attenuated by preexisting Ad5 immunity. Proc
Natl Acad Sci USA 2012; 109 (50):E3503–12 . 

49. Smaill F , Jeyanathan M , Smieja M , Medina MF , Thanthrige-Don N , Zganiacz A ,
et al. A human type 5 adenovirus-based tuberculosis vaccine induces robust

T cell responses in humans despite preexisting anti-adenovirus immunity. Sci

Translat Med 2013; 5 (205):205ra134 . 
50. Sumida SM , Truitt DM , Lemckert AAC , Vogels R , Custers JHHV , Addo MM ,

et al. Neutralizing antibodies to adenovirus serotype 5 vaccine vectors
are directed primarily against the Adenovirus Hexon Protein. J Immunol

2005; 174 (11):7179–85 . 
51. Bradley RR , Maxfield LF , Lynch DM , Iampietro MJ , Borducchi EN , Barouch DH .

Adenovirus serotype 5-specific neutralizing antibodies target multiple hexon

hypervariable regions. J Virol 2012; 86 (2):1267–72 . 
52. Capone S , D’Alise AM , Ammendola V , Colloca S , Cortese R , Nicosia A , et al. De-

velopment of chimpanzee adenoviruses as vaccine vectors: challenges and suc-
cesses emerging from clinical trials. Expert Rev Vaccines 2013; 12 (4):379–93 . 

53. Bejon P , Mwacharo J , Kai OK , Todryk S , Keating S , Lang T , et al. Immunogenic-
ity of the candidate malaria vaccines FP9 and modified vaccinia virus Ankara

encoding the pre-erythrocytic antigen ME-TRAP in 1-6 year old children in a

malaria endemic area. Vaccine 2006; 24 (22):4709–15 . 
54. McLellan JS , Chen M , Leung S , Graepel KW , Du X , Yang Y , et al. Structure of RSV

fusion glycoprotein trimer bound to a prefusion-specific neutralizing antibody.
Science 2013; 340 (6136):1113–17 . 

55. McLellan JS , Chen M , Joyce MG , Sastry M , Stewart-Jones GB , Yang Y , et al. Struc-
ture-based design of a fusion glycoprotein vaccine for respiratory syncytial

virus. Science 2013; 342 (6158):592–8 . 

56. Magro M , Mas V , Chappell K , Vazquez M , Cano O , Luque D , et al. Neutralizing
antibodies against the preactive form of respiratory syncytial virus fusion pro-

tein offer unique possibilities for clinical intervention. Proc Natl Acad Sci USA
2012; 109 (8):3089–94 . 

57. Correia BE , Bates JT , Loomis RJ , Baneyx G , Carrico C , Jardine JG , et al. Proof of
principle for epitope-focused vaccine design. Nature 2014; 507 (7491):201–6 . 

http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0029
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0030
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0031
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0032
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0032
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0032
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0032
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0032
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0032
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0033
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0034
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0035
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0035
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0035
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0035
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0036
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0037
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0038
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0039
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0040
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0041
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0042
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0043
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0043
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0043
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0043
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0043
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0044
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0045
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0046
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0047
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0048
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0049
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0050
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0051
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0052
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0053
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0054
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0055
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0056
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057
http://refhub.elsevier.com/S0163-4453(19)30038-6/sbref0057

	Novel genetically-modified chimpanzee adenovirus and MVA-vectored respiratory syncytial virus vaccine safely boosts humoral and cellular immunity in healthy older adults
	Introduction
	Materials & methods
	Study design
	Intervention
	Sample processing
	PanAd3-RSV vaccine virus shedding detection
	Serum PanAd3 vector neutralising antibody measurement
	Serum RSV-neutralising antibody measurement
	The quantification of F-specific IgG and IgA antibody secreting cells (ASCs) in peripheral blood
	The quantification of F-specific IgG and IgA memory B-cells in peripheral blood
	The quantification of RSV F, N and M2-1 specific IFN&#x03B3; -producing T-cells in peripheral blood
	Detection of respiratory viral infection by PCR from nasal swabs
	Statistics

	Results
	Serum RSV-neutralising antibody induction in older adults was comparable to younger adults
	F-specific IgG and IgA antibody secreting cells (ASCs) appear in peripheral circulation after vaccination at similar frequencies in both younger and older adults
	IgG, but not IgA, antibody producing F-specific memory B-cells were expanded in peripheral circulation by IM vaccination
	IM prime induced expansion of RSV-specific IFN&#x03B3;-producing T-cells in peripheral blood in older adults than the younger cohort, with further re-expansion following MVA boost
	Serum PanAd3 (vector)-specific antibody titres did not appear to abrogate the immune response vaccination using this vector

	Discussion
	Conflict of Interest
	Supplementary materials
	References


