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Abstract

Rationale: Despite relative antigenic stability, respiratory syncytial
virus (RSV) reinfects throughout life. After more than 40 years
of research, no effective human vaccine exists and correlates of
protection remain poorly defined. Most current vaccine candidates
seek to induce high levels of RSV-specific serum neutralizing
antibodies, which are associated with reduced RSV-related
hospitalization rates in observational studies but may not actually
prevent infection.

Objectives: To characterize correlates of protection from infection
and the generation of RSV-specific humoral memory to promote
effective vaccine development.

Methods:We inoculated 61 healthy adults with live RSV and
studied protection from infection by serum and mucosal
antibody. We analyzed RSV-specific peripheral blood
plasmablast and memory B-cell frequencies and antibody
longevity.

Measurements and Main Results: Despite moderately high
levels of preexisting serum antibody, 34 (56%) became infected, of
whom 23 (68%) developed symptomatic colds. Prior RSV-specific
nasal IgA correlated significantlymore strongly with protection from
polymerase chain reaction–confirmed infection than serum
neutralizing antibody. Increases in virus-specific antibody titers were
variable and transient in infected subjects but correlated with
plasmablasts that peaked aroundDay 10. During convalescence, only
IgG (and no IgA) RSV-specific memory B cells were detectable in
peripheral blood. This contrasted with natural influenza infection, in
which virus-specific IgA memory B cells were readily recovered.

Conclusions: This observed specific defect in IgAmemorymay partly
explain the ability of RSV to cause recurrent symptomatic infections. If
so, vaccines able to induce durable RSV-specific IgA responses may
be more protective than those generating systemic antibody alone.
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Respiratory syncytial virus (RSV) is the
leading cause of infant hospitalization
worldwide, infecting around 34 million
children each year (1). It is also a
major underappreciated contributor to
morbidity and mortality in elderly and
immunosuppressed adults (2). Although
RSV infection is essentially confined to
the respiratory epithelium, extensive lung
inflammation frequently causes life-
threatening disease in these at-risk
populations (3, 4). It remains one of the few
common severe infections for which there
is no specific intervention and an effective
vaccine represents a major unmet need.

Natural infections with most viruses
including influenza and rhinoviruses induce
long-lasting protective immunity, with
recurrent infections then occurring because
of antigenic variation. In contrast,
reinfection with identical strains of RSV
can occur at as little as 2-month intervals
even with a healthy mature immune system
(5). Although reinfection with human
metapneumovirus and parainfluenza
viruses has been observed, only RSV has

been categorically shown to induce
recurrent symptomatic disease in the
absence of antigenic change (6, 7). The
mechanisms underlying this phenomenon
remain unclear and the lack of durable
immunity after natural infection has made
it difficult to define precise correlates of
protection. With more than 51 RSV vaccine
candidates currently in development (8),
the ability to predict efficacy via immune
correlates is urgently required. Although
the humanized monoclonal IgG palivizumab
can reduce infant hospitalizations with
RSV by at least 50% (9), the association
between serum antibody levels and
protection is imprecise (10, 11). Therefore,
the value of serum antibody induction as
the primary readout of potential vaccine
candidates and in vaccine licensure may
be limited.

Although animal models of RSV
infection provide mechanistic insights, they
do not recapitulate all aspects of human
disease and remain imprecise guides
to the clinical efficacy of vaccines (12).
Investigation of hospitalized children and
high-risk adults allows natural disease
to be observed, but cannot correlate
prior immune status with susceptibility
to infection. In addition, lack of uniformity
in virus inoculum, comorbidities, medical
interventions, and atypical disease
presentations limit the conclusions that
can be reached from these observational
studies. Experimental infection of
volunteers therefore offers an important
complementary approach, allowing
intensive sampling and the opportunity
to perform detailed investigations of
preexisting and presymptomatic responses
(13, 14).

To investigate the mechanisms
underlying recurrent RSV infection, we
analyzed antibody-mediated protection
and B-cell responses before and after
experimental human challenge. We found
that serum antibody was loosely correlated
with protection, but that there was a tight
relationship between preexisting RSV-
specific nasal antibody and resistance to
infection. These data allowed us to derive
a model that accurately predicts infection
risk. In addition, we demonstrate a novel
RSV-specific defect in IgAmemory that may
explain the susceptibility to reinfection with
RSV and discuss its implications for RSV
vaccine development. Some of the results
of this study have been previously reported
in the form of abstracts (15–19).

Methods

Study Design
Healthy nonsmoking adults aged 18–55
were eligible for inclusion. All were
screened to exclude underlying
immunodeficiencies including IgA
deficiency by serum immunoglobulin class
levels. Subjects were inoculated with 104

plaque-forming units of RSV A Memphis
37 (RSV M37) by intranasal drops (as
defined in previous dose-ranging studies)
and quarantined from 1 day before
inoculation to the 10th day after (13). Nasal
washes and blood were taken immediately
before inoculation and regularly for the
next 10 days (see Figure E1A in the online
supplement). Infection was defined as
RSV detectable by polymerase chain
reaction (PCR) in nasal lavage on greater
than or equal to 2 days between Day 12
and Day 110 to avoid false-positives from
detection of the viral inoculum and to
align case definitions with previous
challenge studies using RSV M37 (13).
Subjects completed a diary of upper
respiratory tract symptoms (see online
supplement) from Day 21 to Day 114.
All subjects returned for further nasal and
blood sampling on Day 114, Day 128,
and optionally 6–12 months after
inoculation (nominally Day 1180). All
subjects provided written informed
consent and the study was approved
by the UK National Research Ethics
Service (study numbers 10/H0711/94
and 11/LO/1826).

Antibody Assays
Serum neutralizing antibody titer was
determined by plaque reduction
neutralization titer (PRNT) in HEp-2 cells
and expressed as midpoint titers (EC50). Sera
from four hospitalized RSV PCR-negative
infants hospitalized were included as
negative control subjects and three RSV
immune reference sera (Wyeth 06937,
06938, 06939; BEI Resources, Manassas, VA)
as positive control subjects (20). Nasal wash
IgA end point binding titer to RSV lysate
and F protein was determined by ELISA as
the highest titer exhibiting an optical density
of greater than two times the background.
End point titers were used because midpoint
titers could not be calculated in view of the
dilute nature of nasal lavage. Observed end
point titers were corrected for dilution using
the ratio of serum to nasal lavage urea before
analysis as described (21).

At a Glance Commentary

Scientific Knowledge on the
Subject: A major challenge in
respiratory syncytial virus (RSV)
research is to understand why infection
recurs throughout life despite a high
degree of viral genetic stability. Passive
antibody therapy protects against
hospitalization of high-risk infants, but
new and better correlates of protection
are needed that more accurately predict
candidate vaccine efficacy.

What This Study Adds to the
Field: We find that virus-specific nasal
IgA correlates with protection against
experimental RSV challenge in adult
volunteers, and replaces serum
neutralizing antibody as the best
predictor of protection. However,
virus-specific IgA memory B-cell
responses are remarkably absent after
RSV infection, possibly explaining
susceptibility to reinfection. Ideally,
RSV vaccines should induce durable
mucosal antiviral IgA and memory
B cells, thereby overcoming the
defective responses seen after infection
with live virus.
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Detection of Antibody-Secreting Cells
by B-Cell Enzyme-linked Immunospot
Antibody-secreting cells (ASCs) were
detected using enzyme-linked immunospot
(ELISpot) as previously described (22), using
whole RSV M37 lysate from HEp-2 cells and
recombinant F protein based on the RSV
A2 strain (see online supplement for detailed
methods). For memory B cells (MBCs),
additional plates were coated with 10 mg/ml
measles antigen (Meridian Lifesciences,
Memphis, TN), and 5 mg/ml HEp-2 antigen,
2.5 mg/ml keyhole limpet hemocyanin
(Sigma, Dorset, UK), and media as negative
controls. Total ASCs were expressed as
spot-forming cells/106 peripheral blood
mononuclear cells (PBMCs) and antigen-
specific ASCs as percent of total
immunoglobulin-secreting cells.

Polyclonal Activation of MBCs
PBMCs were cultured in vitro according to
the method of Crotty and coworkers (23).
The alternative polyclonal activation mix
described by Tengvall and coworkers (24)
was used in a subset of samples. ASCs
were detected by B-cell ELISpot as above.
Subjects exhibiting total immunoglobulin-
positive cell responses below the 10th
centile in either the Day 0 or Day 28 sample
for either IgG or IgA were excluded (n = 9)
as inadequate responders to stimulation.

Statistical Analysis
All data analyses and graphs were produced
using the software R (25, 26). Results are
expressed as median and interquartile range
(IQR). Nonparametric data were compared
using Mann-Whitney Wilcoxon tests with
Holm correction for multiple comparisons.
Binary response variables were related
to continuous explanatory variables using
logistic regression. Odds ratios (OR)
and 95% confidence intervals of the OR for
the explanatory variables were calculated (see
online supplement). For estimation of serum
neutralizing antibody titers, weighted (1/y)
four-parameter logistic models were fitted to
the plaque counts and the 50% neutralizing
titer (EC50) was derived from the midpoint
of the curve using package “drc” (27).

Results

Nasal Antibody Correlates Strongly
with Protection from Infection by RSV
Sixty-one healthy nonsmoking adult
volunteers were enrolled (age, 18–50;

median, 22 yr) (Table 1) without
preselection according to anti-RSV
antibody levels. All were inoculated with
RSV M37 via nasal drops and admitted to
a residential quarantine facility for 10 days.
Thirty-four (56%) subjects became infected
as defined by PCR positivity on greater
than or equal to 2 consecutive days between
Days 2 and 10 postinoculation (see Figure
E1B). Five individuals deemed “uninfected”
had a low level of detectable viral shedding
on Day 1 postinoculation with no virus
detected at any point thereafter, which
likely indicated the remains of the virus
inoculum and not evidence of productive
infection. Two “uninfected” subjects had
RSV detected with a high cycle threshold
(Ct) value on a single day during Days
2–10. Neither of these had any subsequent
change in their RSV-specific immune
responses. Median (IQR) cumulative
symptom scores were 26.5 (9.6–41.9) for
PCR-positive “infected” and 9.0 (0.8–20.3)
for PCR-negative “uninfected” subjects (P =
0.004). Daily nasal lavage viral load
measurements were made during the
quarantine period and cumulative viral load
for PCR-positive subjects was 4.0 (3.1–5.2)
log10 copies per milliliter. No difference
in the number infected was observed for
differing age, sex, or ethnicity.

Preexisting PRNTs did not differ
significantly between PCR-negative (median,
7.8 log2) and PCR-positive (median, 7.6 log2)
subjects (Figure 1A). Similarly, there was no
significant difference in anti-RSV or anti–F

protein IgG (RSV-IgG, 7.8 vs. 7.6 log2;
F-IgG, 7.9 vs. 7.2 log2) or IgA (RSV-IgA,
9.0 vs. 8.0 log2; F-IgA, 8.0 vs. 7.5 log2) in
serum between PCR-negative and -positive
individuals (see Figures E2A and E2B). By
contrast, nasal anti-RSV and anti–F protein
IgA titers in individuals who remained
uninfected were significantly higher (RSV-
IgA, 10.1 vs. 9.4 log2; F-IgA, 10.2 vs. 9.6 log2)
(Figure 1A). However, serum IgA correlated
poorly with nasal IgA (the Spearman
correlation coefficient of 0.25 implying only
a weak relationship between responses
against RSV lysate in these compartments
with a borderline P value of 0.05), suggesting
that it is IgA in the airway that specifically
plays a role in protection against RSV
infection and that serum IgA may not derive
from the same source (see Figure E2C).

Serum antibody (PRNT) did not affect
the likelihood of infection (OR, 1.6; 95%
confidence interval, 0.9–2.9; P= 0.1), but virus-
and F protein–specific nasal IgA were again
significantly associated with protection (RSV-
IgA: OR, 1.9 (1.2–3.4); P = 0.014) (F-IgA: OR,
1.7 (1.1–2.9); P= 0.016) (Figure 1B). Thus,
serum antibody correlates poorly with
protection, whereas a 1 log2 increase in RSV-
specific nasal IgA titers renders subjects nearly
twice as likely to be protected.

Increased RSV-Specific Antibody
Levels after Infection Are Poorly
Maintained
Following RSV challenge, RSV PCR-positive
subjects showed a median 3.4-fold increase

Table 1. Demographic, Clinical, and Virologic Data from 61 Individuals Experimentally
Inoculated with RSV A Memphis 37

Uninfected
(n = 27)

Infected
(n = 34) P Value

Median (range) age, yr 23 (18–39) 21 (18–50) ns
Sex, M:F 17:10 18:16 ns
Ethnicity
White 21 28 ns
Black 4 1 ns
Asian 0 2 ns
Mixed 2 1 ns
Other 0 2 ns

Median cumulative symptom
score (IQR)*

9 (0.8–20.3) 26.5 (9.6–41.9) 0.004

Median cumulative viral load (IQR),
log10 copies/ml*

0 4.0 (3.1–5.2) NA

Definition of abbreviations: IQR = interquartile range; NA = not applicable; ns = not significant; RSV =
respiratory syncytial virus.
P values for unpaired Mann-Whitney Wilcoxon U test or chi-squared test for comparison of uninfected
versus infected are shown.
*Trapezoidal area under the curve.
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in PRNT (IQR, 2.3–4.6). Similar increments
were seen in nasal anti-RSV IgA (2.6-fold;
IQR, 2.0–5.4) and nasal anti–F protein IgA
(3.0, 1.4–4.5). By contrast, in the group that
was inoculated but remained uninfected, no
significant rise in the median neutralization
titer (1.4, 1.0–2.0), nasal anti-RSV IgA (0.9,

0.6–2.5), or nasal anti–F protein IgA (0.8,
0.6–1.6) (Figure 2A) was seen by Mann-
Whitney test. Although two uninfected
individuals displayed a fourfold rise in
PRNT and eight showed approximately
twofold increases in nasal anti-RSV IgA,
none were PCR-positive on any day.

Repetition of these assays showed no run-
to-run variability, suggesting that these
changes represented either normal biologic
variability in serum antibody levels or
responses to RSV antigen in the inoculum
in the absence of infection.

Although prior nasal IgA levels
correlated closely with protection, only 21%
of individuals judged as infected reached
postinfection nasal anti-RSV IgA titers
predicted to give greater than or equal to
80% protection (see Table E1). Even fewer
subjects demonstrated an equivalently
protective rise in IgA specific to purified
RSV F protein (9%), suggesting that
a proportion of antibody boosted by natural
infection might be against strain-specific
variable sites on surface glycoproteins.
Therefore, even the boosted levels of
antibody seen shortly after natural infection
are unlikely to provide complete immunity
in most individuals.

Previous studies have suggested that
antibodies induced by RSV infection are
poorly maintained in both adults (28)
and children (29). We therefore measured
serum and nasal anti-RSV antibodies in
infected subjects approximately 6–12 months
postinoculation. Even in infected subjects
showing the strongest antibody responses in
serum and/or nasal secretions at 1 month,
antibody levels were not maintained at later
follow-up. Instead, levels returned in many to
almost exactly the preinfection level for that
individual (Figure 2B).

Induction of Higher Plasmablast
Frequencies Correlates with
Increased Antibody Levels
To better understand why RSV-specific
antibodies neither reach consistently
protective titers nor persist beyond
6 months, we studied B-cell responses in
peripheral blood by flow cytometry. RSV-
induced plasmablasts (CD32/CD191/
CD38hi/CD27hi) peaked around 10 days
postinoculation (see Figure E3A). Similarly,
using B-cell ELISpots, antigen-specific
ASCs against RSV were shown to arise
after Day 17 and peak around Day 110
(Figure 3A). Peak virus-specific ASC
frequencies ranged from 5% to 50% of total
ASCs, comparable with that after influenza
or yellow fever vaccination (Figure 3B)
(30–33). Thus, the virus-specific acute
ASC responses to RSV infection appeared
quantitatively intact.

By Day 114, RSV-specific ASCs had
declined and by Day 128 were completely
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Figure 1. Respiratory syncytial virus (RSV)–specific nasal IgA is a superior correlate of protection
to serum neutralization titer. (A) Serum neutralizing antibody (Ab) was determined by plaque reduction
neutralization and nasal IgA by ELISA. Baseline serum neutralizing (top), nasal IgA against whole RSV
(middle), and nasal anti-RSV fusion F protein (bottom) Ab levels in uninfected (open circles) versus
infected (solid circles) subjects are shown. Serum neutralization includes four infant samples (open
triangles) and three reference serum standards (solid squares; Wyeth 06937, 06938, and 06939).
Horizontal bars indicate the median. (B) Logistic regression of probability of protection with baseline
serum neutralizing (top), nasal whole RSV IgA (middle), and nasal RSV fusion F protein IgA (bottom) Ab
levels with predicted probability (solid line) and point-wise 95% confidence band (shaded) are shown.
EC50 = half-maximal effective concentration; OR=odds ratio (and 95% confidence interval). P values
for unpaired Mann-Whitney Wilcoxon U test or two-tailed z test as appropriate are shown. ns =P. 0.05;
*P, 0.05; **P, 0.01.
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undetectable. IgM-producing ASCs were
largely absent throughout (as expected
of a recall response). However, IgG- and
IgA-producing RSV-specific ASCs both
appeared at similar frequencies, consistent
with generation at a mucosal site of
infection (Figure 3B). Furthermore, the
frequency of RSV- and F-specific IgG1

ASCs correlated strongly with fold change

in serum neutralizing antibody (Figure 3C;
see Figure E3B) and virus-specific IgA1

ASCs correlated strongly with the
increment in nasal IgA (Figure 3D; see
Figure E3B). However, preexisting serum
neutralizing antibody levels negatively
correlated with peak ASC frequencies,
suggesting that even though antibodies
in this compartment did not provide

sterilizing immunity, they might still have
blunted responses against homologous
antigens in the challenge agent (Figure 3E;
see Figure E3C). Furthermore, cumulative
viral load and symptom scores (by
trapezoidal area under the curve) were
not associated with peak ASC frequencies,
indicating that once infection was
established the frequency of antigen-
specific B cells had no effect on virus
control or disease severity (see Figures
E4A and E4B). Therefore, the peak
frequency of ASCs depended on
preexisting antibodies inasmuch as
antibody can prevent the establishment
of infection. Once infection occurred,
ASCs proliferated rapidly; this correlated
with the transient production of anti-
RSV IgG and IgA, but otherwise had little
impact on disease course or outcome.

IgG1 Memory B-Cell Frequencies
Prior to Infection Do Not Influence the
Outcome of Viral Challenge
Circulating MBCs rapidly differentiate into
ASCs and plasma cells on reencounter
with cognate antigen and are essential for
rapid humoral response to recurrent
infection. To assess whether preinfection
RSV-specific MBCs correlate with
protection we analyzed RSV-specific MBC
frequencies and compared with those
against measles virus, a related pathogen
to which protection following natural
infection or live-attenuated vaccination
is known to be long-lasting (34).

Identifying ASCs by B-cell ELISpot (23),
there were no significant differences in IgG1

MBC frequencies against whole RSV, F
protein, or measles virus before RSV
challenge or between preinfection MBC
frequencies in subsequently infected or
uninfected subjects (Figure 4A). Preinfection
MBC frequencies neither correlated with
later symptom score nor viral load in
infected subjects (see Figures E5A and E5B),
nor with PRNT or nasal IgA antibody levels
(see Figures E5C–E5E). This confirmed that
preexisting RSV-specific MBCs per se
neither influence infection rates nor
contribute to control of disease or viral
replication once infection is established.

Following infection, subjects
demonstrated a median (IQR) increase in
IgG1 MBC frequencies of 0.4% (0.220.5)
against whole RSV and 0.1% (020.2)
against F protein (Figure 4A). These
equated to a median 3.8-fold (3.125.1)
increase in RSV-specific MBCs and 1.8-fold
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Figure 2. Serum and nasal antibody (Ab) increase after infection but are not maintained. Healthy
adult volunteers were challenged intranasally with respiratory syncytial virus (RSV) A M37. Serum and
nasal lavage was taken at baseline and 28 days postinoculation. A subset of subjects returned for
further blood and nasal sampling 6–12 months later (nominally Day1180). Serum neutralizing Ab was
determined by plaque reduction neutralization and nasal IgA by ELISA. (A) Fold change versus
baseline of serum in serum plaque reduction neutralization titer (top), nasal IgA against whole RSV
(middle), and nasal anti-RSV fusion F protein (bottom) Ab levels in uninfected (open circle) versus
infected (solid circle) subjects. Horizontal bars indicate the median. (B) Individual plots showing trend
in Ab levels at baseline and Days 128 and 1180. P values for unpaired Mann-Whitney Wilcoxon U

test are shown. EC50 = half-maximal effective concentration. ***P, 0.001.
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(1.324.4) increase in F-specific MBCs
compared with preinfection frequencies
(Figure 4B). By contrast, measles-specific
IgG1 MBC frequencies remained
unchanged (Figures 4A and 4B). The
fold change in both virus- and
F-protein–specific IgG1 MBCs correlated
with the size of ASC burst specific for the
homologous antigens, suggesting that these
populations were generated by associated
mechanisms (Figure 4C). IgG1 MBCs
therefore incremented appropriately
following RSV infection but did not affect
the course of acute disease.

RSV Infection Fails to Induce
Virus-Specific IgA MBCs
To investigate the mechanisms underlying
the decline in virus-specific nasal IgA,
we studied RSV-specific IgA1 MBCs.
In contrast to IgG1 MBCs, RSV- and
F-specific IgA-producing MBCs (and
measles-specific IgA1 MBCs) were
undetectable preinfection (Figure 5A).
Strikingly, anti-RSV IgA1 MBCs then
demonstrated no detectable increase in
frequency even shortly after RSV infection;
these remained undetectable at convalescence
in the same way as measles (Figure 5B).

IgA1 and IgG1 MBCs differ in their
requirements for optimal in vitro activation
(24). To ensure that the apparent absence
of RSV-specific IgA1 MBCs was not simply
caused by inadequate activation, we
repeated the in vitro activation of PBMC
from six selected subjects who had
previously demonstrated a robust RSV-
specific IgG1 MBC response with an
alternative protocol using CpG, B-cell
activation factor (BAFF), and IL-15 to
enhance IgA1 MBC stimulation (24).
However, this did not improve the
polyclonal stimulation of IgA1 MBCs,
which were induced at similar frequencies
to the original method, whereas total IgG1

MBCs were less well induced (see Figures
E6A and E6B). Again, RSV-specific IgA1

MBCs were undetectable both at baseline
and convalescence using either stimulation
method (see Figures E6C and E6D).

To determine whether poor IgA1MBC
generation was RSV-specific, we compared
these responses with those after natural
influenza A(H1N1)pdm09 infection.
Convalescent PBMCs were obtained as
part of the Mechanisms of Severe Acute
Influenza Consortium study from eight
patients hospitalized with virologically
confirmed pdmH1N1 infection during
the 2009–2010 and 2010–2011 influenza
seasons. All were previously healthy with
no known immunosuppressive disease.
Antigen-specific MBCs were polyclonally
stimulated under identical conditions and
identified by B-cell ELISpot. As expected,
the virus-specific IgG1 MBCs induced
following both pdmH1N1 and RSV were
found at similar frequencies (Figure 5C).
However, PBMCs from patients naturally
infected with influenza showed no defect
in IgA1 MBC response, with significantly
higher numbers of virus-specific IgA1

MBCs than in those infected with RSV
(Figure 5D). In influenza, virus-specific
IgA1 and IgG1 MBC numbers were
therefore comparable and IgA1 MBCs were
generally abundant in those who had
recovered from infection, contrasting
with the paucity of IgA1 MBCs after
RSV infection.

Discussion

In this study, we show that mucosal IgA
titers are predictive of susceptibility to RSV
infection (in contrast to serum antibody
levels, which are not), and identify
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a previously unrecognized defect in IgA
MBC responses to RSV. The few previous
studies of mucosal IgA in RSV disease have
been restricted in their applicability by study
design and other technical limitations
(35–37). Our investigations now show the
power of the experimental human infection
model, which for the first time has allowed
development of a tightly predictive model
of RSV infection risk in seropositive
individuals.

A previous study examining the
protective role of RSV-specific antibodies
during experimental human RSV challenge
(38) showed that serum neutralization
and IgG titers against F protein were both
significantly higher in those remaining
uninfected, whereas no difference was seen
in nasal IgA titers. The reasons for the
discrepancy between those results and our
present findings may be methodologic:

in the earlier study, a different method
of nasal lavage was used, resulting in a
more dilute sample and average twofold
to threefold lower nasal IgA titer.
The normalization according to total
protein content may also have led to
underestimation of true IgA level. In
addition, the laboratory-adapted RSV A2
strain used in the previous study induced
little symptomatic disease in infected
subjects and may have had different host-
virus dynamics compared with RSV M37,
a more recent, nonattenuated, clinically
derived strain. Finally, the previous study
included fewer subjects (a total of 28
inoculated individuals), some of whom were
prestratified on the basis of serum antibody
levels, which may have affected the analyses.

Interestingly, consistently protective
levels of anti-RSV IgA were only seen in
a small minority of individuals, even during

early convalescence. Furthermore, although
antibodies were temporarily boosted by
infection, titers waned to preinfection
steady-state levels within 6–12 months. This
contrasts sharply with known responses to
viruses, such as influenza or rhinovirus, in
which strain-specific serum IgG can persist
life-long and nasal IgA remain significantly
raised for a year or more (39, 40). Antibody
responses to RSV infection are therefore
remarkably transient, accounting for the
frequency of adult reinfection. This study
now sets a new goal for vaccine-induced
immunity: mucosal IgA responses in the
respiratory mucosa beyond those induced
naturally. Indeed, if mucosal IgA could be
induced in the major at-risk population of
young children, there would be advantages
not only in reducing the incidence of RSV
infection but also by limiting the extent of
virus transmission, although extrapolation
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of these data to children should be
undertaken with caution.

Importantly, we found that short-
lived RSV-specific IgG1 and IgA1 B cells
were generated robustly at comparable
frequencies with those observed following
other challenges including influenza
infection or vaccination (30, 32). With
acute production of short-lived ASCs
apparently intact, a vaccine capable of
inducing higher frequencies of these
cells should also induce greater antibody
responses and therefore enhanced
protection. Previous studies in natural RSV
infection of adults indicated that this might
be further modulated by duration of
antigenic stimulation, with prolonged viral
shedding driving ASC responses (41).
However, anti-RSV antibody titers were
poorly maintained, implying a defect in
long-lived plasma cells (LLPCs) that arise
from the ASC population and which
normally migrate to survival niches
including bone marrow and respiratory
mucosa (42, 43). Future studies to address
this contention will require direct sampling
of these compartments, which may be
difficult.

In animal models, IgA-producing
B cells are abundant at mucosal sites (44)
and appear rapidly in mucosal tissues under
the influence of mediators, such as BAFF
and APRIL (a proliferation-inducing
ligand) (45–47). However, to generate high
affinity antibodies and long-term memory

responses, antigen-presenting cells, B cells,
and T follicular helper cells must interact in
germinal centers (48, 49). T-cell help allows
not only class-switching to IgA but also
the promotion of ASC and MBC formation
(50, 51). MBCs require many of the same
differentiation signals as LLPCs and we
therefore hypothesized that MBC responses
would also be suboptimal. Our analysis of
IgG1 MBCs preinfection and postinfection
found no evident defect, but remarkably,
we were unable to detect any RSV-specific
IgA1 MBCs before infection and no
increment in IgA1 MBC frequency
afterward. Because the acute ASC response
was dominated by RSV-specific IgA1 ASCs,
which are likely to have arisen from
preexisting IgA1 MBCs, the finding
that RSV-specific IgA1 MBCs were so
infrequent both preinfection and
postinfection was highly unexpected.
Despite this, moderate levels of serum and
nasal IgA against RSV could be detected
in all volunteers. Thus, although
incremental boosting of IgA1 MBCs
might be poor, over multiple reinfections
LLPCs in bone marrow or respiratory
tract are likely to have developed that are
capable of producing RSV-specific IgA
long-term but whose population size or
antibody-producing capabilities are
minimally augmented following
rechallenge.

RSV is known to express several
immunomodulatory proteins and we

therefore suggest that this defect in
IgA memory represents a viral immune
evasion strategy. However, some alternative
explanations should be considered. It
is possible that IgA1 MBCs following
respiratory infections in general are so
infrequent that these assays cannot detect
them. Alternatively, IgA1 MBCs might be
preferentially retained in mucosal sites and
therefore not detectable in the circulation.
However, if either of these were the case,
we would also not have expected to
find influenza-specific IgA1 MBCs in
convalescent PBMCs. Furthermore, studies
of oral cholera vaccination show that
vaccine antigen-specific IgA1 MBCs do
appear in the circulation of vaccinees (52).
It could be argued that the more vigorous
inflammatory response to influenza is
responsible for induction of a greater
overall humoral response, thus explaining
the longer persistence of mucosal IgA and
higher frequencies of influenza-specific
MBCs. However, there was no difference
in the frequency of IgG1 MBCs between
the two infections, suggesting that
generalized deficiency of inflammatory
signaling was unlikely to have been
the cause of reduced anti-RSV IgA1

MBCs. By contrast, intranasal infection
with attenuated influenza strains and
rhinoviruses is still capable of inducing
persistent humoral responses despite
causing less inflammation than RSV
(40, 53).

A
nt

ig
en

 s
pe

ci
fic

 Ig
A

+
 M

B
C

at
 b

as
el

in
e 

(%
 to

ta
l I

gA
+

 M
B

C
) 

RSV

ns

ns ns

FP

Antigen

MV

1.0

0.8

0.6

0.4

0.2

0.0

A ns

ns ns

A
nt

ig
en

 s
pe

ci
fic

 Ig
A

+
 M

B
C

at
 c

on
va

le
sc

en
ce

 (
%

 to
ta

l I
gA

+
 M

B
C

) 

RSV FP

Antigen

MV

1.0

0.8

0.6

0.4

0.2

0.0

B
ns

A
nt

ig
en

 s
pe

ci
fic

 Ig
G

+
 M

B
C

at
 c

on
va

le
sc

en
ce

 (
%

 to
ta

l I
gG

+
 M

B
C

) 

H1N1

Infecting virus

RSV

1.0

0.8

0.6

0.4

0.2

0.0

C

**

H1N1 RSV

A
nt

ig
en

 s
pe

ci
fic

 Ig
A

+
 M

B
C

at
 c

on
va

le
sc

en
ce

 (
%

 to
ta

l I
gA

+
 M

B
C

) 

Infecting virus

1.0

0.8

0.6

0.4

0.2

0.0

D

Figure 5. Respiratory syncytial virus (RSV) infection fails to induce IgA1 memory B cells (MBCs). Peripheral blood mononuclear cells were obtained on
Days 0 and 28 postinoculation and MBCs activated polyclonally in vitro. Total and antigen-specific immunoglobulin-producing cells were then enumerated
using B-cell enzyme-linked immunospot as before. Data for infected subjects exhibiting adequate peripheral blood mononuclear cell responses to
in vitro stimulation only (n = 17) are shown. (A) Frequency of IgA1 MBCs at baseline (preinfection) and (B) convalescence (Day 128). Subjects
experimentally challenged with RSV A M37 were compared with patients naturally infected with pandemic influenza A/H1N1/09 (seven exhibited adequate
response to stimulation and were analyzed). (C) IgG1 MBC frequencies and (D) IgA1 MBC frequencies at Day 28 postinoculation (RSV) and Day 28–42
posthospitalization (H1N1) are shown. Horizontal bars indicate the median. P values for unpaired Mann-Whitney Wilcoxon U test are shown as
appropriate. FP = purified RSV fusion protein; MV =measles virus; RSV =whole RSV. ns = P . 0.05; **P , 0.01.

ORIGINAL ARTICLE

Habibi, Jozwik, Makris, et al.: Defective Respiratory Syncytial Virus IgA Memory 1047



We therefore propose the hypothesis
that RSV infection is unusual in limiting the
induction of B-cell memory responses in the
respiratory tract. This would explain why
the defect is specifically in IgA1 MBCs
(which are preferentially generated at
mucosal sites) and does not affect IgG1

MBCs. Recent studies have suggested
that although BAFF is elevated in
bronchoalveolar lavage and bronchial
brushings from children with RSV
bronchiolitis, APRIL is not (54). In
addition, defects in RSV antigen
presentation and T-cell memory generation
have been observed in several animal
models, which may impact on T follicular
helper cell activity (55). Thus, both
T cell–independent and –dependent
mechanisms may be influenced by RSV
to specifically impair local immunity. If
few IgA1 MBCs are induced following
infection, this may explain why antibody-
mediated immunity plateaus despite
recurrent virus exposure. Further
mechanistic investigation to support
this interpretation will require invasive
respiratory tract sampling of infected
individuals, because no animal model
experiences recurrent symptomatic RSV
infections. It also remains to be seen

whether similar mechanisms exist in
human metapneumovirus or other
respiratory viruses where recurrent
infections occur.

The ability to predict infection risk
using nasal IgA titers and discovery of
a specific defect in IgA memory have
important implications for RSV vaccine
development. Although findings from
experimental infection of young adults may
not be directly applied to infants and elderly
individuals, they can be extrapolated
to women of child-bearing age in whom
mucosal vaccination may reduce RSV
transmission to their children and confer
a “cocooning” effect. Community cohort
studies will support the applicability of
these data in high-risk populations, but
our results suggest that vaccines inducing
mucosal RSV-specific IgA are likely to
be more effective than those stimulating
systemic antibodies alone. For vaccines that
induce local virus-specific IgA, we can
also now accurately predict their protective
efficacy before commitment to phase
II/III clinical trials and for licensing
purposes. However, the unique absence of
IgA1 MBCs following RSV infection
will necessitate reconsideration of which
types of vaccine to pursue. Live-attenuated

RSV vaccines, for example, may also be
subject to this same defect and be incapable
of inducing sufficient long-lived IgA to
provide solid protection (56). Even novel
vaccine constructs that might bypass this
defect will encounter this limitation, with
the paucity of preexisting IgA1 MBCs
necessitating multiple-boost regimens.

In conclusion, we demonstrate that
nasal antibody strongly predicts protection
from RSV infection in adults. However,
antibody levels wane much more rapidly
than reported in other respiratory viral
infections and are almost always below those
needed for protection within months.
Unexpectedly, we found that RSV-specific
IgA1 MBCs were not significantly induced
by infection, implying that effective RSV
vaccines may need to overcome this defect
to provide durable immunity. n
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