Vaccine 31 (2013) 2169–2176

Contents lists available at SciVerse ScienceDirect

Vaccine
journal homepage: www.elsevier.com/locate/vaccine

Efﬁcacy and safety of an intranasal virosomal respiratory syncytial virus vaccine
adjuvanted with monophosphoryl lipid A in mice and cotton rats
Tobias Kamphuis a , Muhammad Shaﬁque a , Tjarko Meijerhof a , Toon Stegmann a,b ,
Jan Wilschut a , Aalzen de Haan a,∗
a
b

Department of Medical Microbiology, Molecular Virology Section, University Medical Center Groningen, University of Groningen, PO Box 30.001, 9700 RB, Groningen, The Netherlands
Mymetics BV, Leiden, The Netherlands

a r t i c l e

i n f o

Article history:
Received 29 June 2012
Received in revised form 22 January 2013
Accepted 25 February 2013
Available online 13 March 2013
Keywords:
RSV
Vaccine
Adjuvant
TLR, MPLA
Intranasal

a b s t r a c t
Respiratory syncytial virus infection remains a serious health problem, not only in infants but also in
immunocompromised adults and the elderly. An effective and safe vaccine is not available due to several obstacles: non-replicating RSV vaccines may prime for excess Th2-type responses and enhanced
respiratory disease (ERD) upon natural RSV infection of vaccine recipients. We previously found that
inclusion of the Toll-like receptor 4 (TLR4) ligand monophosphoryl lipid A (MPLA) in reconstituted RSV
membranes (virosomes) potentiates vaccine-induced immunity and skews immune responses toward
a Th1-phenotype, without priming for ERD. As mucosal immunization is an attractive approach for
induction of RSV-speciﬁc systemic and mucosal antibody responses and TLR ligands could potentiate
such responses, we explored the efﬁcacy and safety of RSV-MPLA virosomes administered intranasally
(IN) to mice and cotton rats. In mice, we found that incorporation of MPLA in IN-administered RSV
virosomes increased both systemic IgG and local secretory-IgA (S-IgA) antibody levels and resulted in
signiﬁcantly reduced lung viral titers upon live virus challenge. Also, RSV MPLA virosomes induced more
Th1–skewed responses compared to responses induced by FI-RSV. Antibody responses and Th1/Th2cytokine responses induced by RSV-MPLA virosomes were comparable to those induced by live RSV
infection. By comparison, formalin-inactivated RSV (FI-RSV) induced serum IgG that inhibited viral
shedding upon challenge, but also induced Th2-skewed responses. In cotton rats, similar effects of incorporation of MPLA in virosomes were observed with respect to induction of systemic antibodies and
inhibition of lung viral shedding upon challenge, but mucosal sS-IgA responses were only moderately
enhanced. Importantly, IN immunization with RSV-MPLA virosomes, like live virus infection, did not lead
to any signs of ERD upon live virus challenge of vaccinated animals, whereas IM immunization with FIRSV did induce severe lung immunopathology under otherwise comparable conditions. Taken together,
these data show that mucosally administered RSV-MPLA virosomes hold promise for a safe and effective
vaccine against RSV.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Respiratory syncytial virus (RSV) infection causes viral bronchiolitis in infants and young children but also signiﬁcant health
problem in the elderly and immune-compromised individuals
[1–3]. RSV infection at young age does not lead to life-long protection and multiple reinfections occur throughout life [2,4,5].
Vaccination of risk groups would be an effective approach to reduce
the burden of disease. Although RSV has been recognized as an
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important vaccine target, no vaccine is available. This is, in part,
due to the fact that immunization with inactivated RSV formulations or puriﬁed protein preparations can prime for enhanced
respiratory disease (ERD) upon natural infection [6], as did a
formalin-inactivated RSV vaccine (FI-RSV), evaluated in young children in the 1960s [7–9]. Hallmarks of ERD are neutrophilic alveolar
inﬁltrates as well as perivascular and peribronchial inﬁltration of
lymphocytes [10]. Immunization with FI-RSV also led to the induction of poorly neutralizing antibodies [11,12] as a result of impaired
afﬁnity maturation, probably because of a lack of Toll-like Receptor
(TLR) signaling by FI-RSV [13]. Subsequent work in animal models
showed that FI-RSV also induces Th2-skewed immune responses,
as opposed to Th1-type responses that are better suited to protect
against viral infections [14]. An approach to induce better neutralizing antibodies and Th1-skewed responses and to avoid priming
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for ERD, is to incorporate TLR ligands as immunomodulators in
candidate non-replicating RSV vaccines [15].
RSV enters through the mucosal surface of the respiratory
tract. A desirable feature of RSV vaccines would therefore be
the capacity to induce, besides systemic antibody responses, also
local immunity against RSV like secretory IgA antibodies (S-IgA).
Mucosal immunization, through intranasal (IN) administration,
could achieve such responses. It not only is a non-invasive and
highly acceptable route of administration [16], in addition, it does
not readily prime for enhanced disease, at least in animal models
[17]. However, as mucosal surfaces are continuously exposed to
antigens, mucosal immune tolerance mechanisms prevent untoward immune reactions. Therefore, inclusion of TLR ligands in an
IN-administered RSV vaccine may well represent an essential prerequisite for induction of robust RSV-speciﬁc mucosal as well as
systemic antibody responses [18]
A TLR ligand currently used in two registered intramuscular
(IM) human vaccines is monophosphoryl lipid A (MPLA) [19,20].
We found that MPLA in RSV virosomes induces safe and protective
immune responses in mice and cotton rats upon IM injection [21].
Interestingly, MPLA has also been reported to have adjuvant activity
when co-administered IN with different vaccine antigens [22,23].
These ﬁndings therefore prompted further exploration of our candidate MPLA-adjuvanted RSV virosomal vaccine for induction of
RSV-speciﬁc immunity upon IN administration.
Incorporation of MPLA in RSV virosomes administered IN to
mice potentiated protective RSV-speciﬁc serum IgG and respiratory tract S-IgA antibody responses and induced Th1-skewed T cell
responses. Incorporation of MPLA in RSV virosomes administered
IN to cotton rats signiﬁcantly increased virus-neutralizing serum
IgG responses and protection against infection but only moderately
stimulated mucosal S-IgA responses. In contrast to IM injection of
FI-RSV, IN administration of RSV-MPLA virosomes did not prime for
lung immunopathology upon challenge. These data combined show
that mucosally administered RSV-MPLA virosomes hold promise
for induction of protective immunity without priming for enhanced
disease.
2. Materials and methods
2.1. Ethical statement
Animal experiments were approved by the Committee for
Animal Experimentation (DEC) of the University Medical Center
Groningen, according to the guidelines provided by the Dutch
Animal Protection Act (permit number DEC 5239A and 5239D).
Immunizations and challenges were conducted under isoﬂurane
anesthesia and every effort was made to minimize suffering of the
animals.
2.2. Virus
RSV strain A2 (ATCC VR1540) was kindly donated by Mymetics
BV (Leiden, The Netherlands). The virus was grown in HEp-2 cells
(ATCC, CL-23, Wesel, Germany) and puriﬁed as described before
[21].
2.3. Vaccine formulations
RSV virosomes were generated as described previously
[24]. Brieﬂy, RSV membranes were dissolved in 100 mM 1,2
dihexanoyl-sn-glycero-3-phosphocholine (DCPC) in HNE (5 mM
Hepes, 145 mM NaCl, 1 mM EDTA, pH 7.4) and the nucleocapsid
was removed by ultracentrifugation. The supernatant was applied
to a dried ﬁlm of a 2:1 mixture of egg phosphatidylcholine (PC) and
egg phosphatidylethanolamine (PE) (Avanti Polar Lipids, Alabaster,

AL, USA) at a ratio of 850 nmol lipid per mg of supernatant protein. For incorporation of MPLA, monophosphoryl lipid A from
Salmonella minnesota Re 595 (Invivogen, Toulouse, France) dissolved in 100 mM DCPC in HNE was added to the protein lipid
mixture at 1 mg MPLA per mg supernatant protein, incubated for
15 min at 4◦ C, ﬁltered through a 0.1 m ﬁlter and dialyzed in a sterile Slide-A-lyzer (10 kD cut-off; Thermo Scientiﬁc, Geel, Belgium)
against HNE. After dialysis, virosomes were kept at 4◦ C. FI-RSV was
produced as reported before [10].
2.4. Mouse immunization and challenge experiments
Female BALB/c OlaHsd mice (6–8 weeks old) were purchased
from Harlan (Zeist, The Netherlands). For immunization and challenge, mice were anesthetized using isoﬂurane. Mice received
RSV(-MPLA) virosomes (5 g viral protein) IN in 50 l HNE. Control mice received 25 l of FI-RSV (5 g viral protein) IM, 50 l (106
TCID50 ) of live RSV IN or 50 l of HNE IN. Using this procedure, part
of the IN inoculated volume may distribute further down to the
lower respiratory tract. Vaccinations were given on day 0 and day
14 and on day 28 mice were challenged with 106 TCID50 of live
RSV IN, in a similar setup as a previous study on RSV-MPLA virosomes injected IM in mice [21]. On time points of vaccination and
challenge, blood was drawn by retro-orbital puncture. Four days
after challenge, mice were sacriﬁced and blood was sampled. Nose
washes and broncho-alveolar lavages were done by incising the
trachea and ﬂushing of 1 ml PBS with protease inhibitors (Roche,
Mannheim, Germany). Spleens were harvested for analysis of RSVspeciﬁc T cell cytokine responses and lungs for analysis of viral
titers.
2.5. Cotton rat immunization and challenge experiments
Female outbred cotton rats (Hsd:Cotton Rat) of 4–6 weeks old
were obtained from Harlan (Indianapolis, IN, USA). Rats received
RSV(-MPLA) virosomes IN (5 g viral protein). Control rats received
100 l live virus (106 TCID50 ) IN, 100 l of HNE IN or 50 l (5 g
viral protein) of FI-RSV IM. Vaccinations were given on day 0 and
day 21 and on day 49, cotton rats were challenged with 106 TCID50
RSV IN, in a similar setup as a previous study on RSV-Pam3 CSK4
virosomes injected IM in cotton rats [24]. At the time of immunization and challenge, blood was drawn by retro-orbital puncture. Five
days after challenge, rats were sacriﬁced and blood was sampled.
Lung and nose washes were performed using similar techniques
as in mice. Subsequently, the lungs were removed aseptically and
one of the primary bronchi was ligated just below the tracheal
bifurcation with suture wire. Half of the lung was kept on ice in
HEp-2 medium containing 2% FBS, for virus titration. The other
half of the lung was ﬁxed in 4% formaldehyde in PBS under 20 cm
of water pressure to preserve the structure of the lungs for lung
histopathology analyses.
2.6. Immunological assays
RSV-speciﬁc antibody titers were determined as described
before [24]. Brieﬂy, 96-well plates were coated with
betapropiolactone-inactivated RSV and blocked with 2.5% milk
powder in coating buffer. Plates were incubated for 90 min with
two-fold serial dilutions of serum or broncho-alveolar lavages,
starting at dilutions of 1:200 for serum or 1:1 for BAL or nose
washes. After washing, plates were incubated with a 1:5000
dilution of horseradish-peroxidase-coupled goat anti-mouse IgG,
or IgA which bind to both mouse and cotton rat IgG and IgA,
respectively (Southern Biotech 1030-05, 1040-05) for 1 h and subsequently stained with o-Phenylenediamine (OPD; Sigma-Aldrich,
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Fig. 1. Immunogenicity and protection in mice. Mice were immunized twice (“prime” on day 0 and “boost” on day 14) with RSV virosomes IN, RSV-MPLA virosomes IN,
FI-RSV IM, and live virus IN. Control mice received buffer IN. Fourteen days after the immunizations blood was drawn and RSV-speciﬁc IgG in serum was determined (A).
The immunized mice were challenged on day 28 with 106 TCID50 RSV and terminated 5 days later. After termination IgA titers were determined in lung wash (B) and nose
wash (C). RSV virus titers were determined by TCID50 on lung homogenates. (Mann–Whitney U test: ns not signiﬁcant, *p < 0.05, **p < 0.01, ***p < 0.001). Bars represent the
geometric mean titer ± SD (Panels A-C). Horizontal lines represent mean TCID50 values (Panel D).

St Louis, MO, USA). After 30 min the staining was stopped by
addition of 2 M H2 SO4 and absorption was measured at 492 nm.
IFN- and IL-5 secretion in splenocyte cultures that were
re-stimulated with inactivated RSV particles were assessed as
described before [21].

2.7. Virus titration and microneutralization assay
Virus titers were determined by TCID50 as described previously [21]. For determination of RSV virus neutralization titers,
serum was decomplemented by heat inactivation for 30 min at
56◦ C. Neutralization titers were determined by incubation of twofold serially diluted decomplemented serum with 70 TCID50 of RSV
for 2 h and subsequent titration of this mixture on HEp-2 cells as
described before [21]. The neutralization titer was calculated with
the Reed & Muench method as the dilution that neutralizes infection in 50% of the wells.

2.8. Histopathology
The inﬂated cotton rat lungs were embedded in parafﬁn
and 4 m slices were cut. The slides were stained with hematoxylin and eosin (H&E) using standard procedures. Subsequently,
perivasculitis, peribronchiolitis and alveolitis were assessed by

light-microscopy. Histopathology was assessed in more than one
experiment and always included at least 3 animals per group.

2.9. Statistical analysis
Statistical analyses were performed with Graphpad Prism 5.00
for Mac OSX, (GraphPad Software, San Diego California USA,
www.graphpad.com) using a Mann–Whitney U test. P values of 0.05
or lower were considered to represent signiﬁcant differences.

3. Results
3.1. Immunogenicity in mice
To determine the adjuvant effect of MPLA in IN-administered
RSV virosomes, we immunized mice with RSV virosomes or RSVMPLA virosomes. RSV-naïve mice and mice immunized with FI-RSV
or live virus, served as controls. RSV-MPLA virosomes, but not virosomes without MPLA, induced RSV-speciﬁc serum IgG, although
levels were signiﬁcantly lower than those induced by IM injection with FI-RSV or live RSV infection (Fig. 1A). One of six mice
receiving a second IN immunization with RSV virosomes developed
detectable RSV-speciﬁc serum IgG antibodies. In contrast, all mice
that received a second IN immunization with RSV-MPLA virosomes
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Fig. 2. Cellular immune response in mice. Mice were immunized, challenged and terminated as in Fig. 1. After termination, spleens were harvested and splenocytes were
restimulated in vitro with BPL-inactivated RSV for three days. After three days IFN-y (A) and IL-5 (B) were determined in the supernatants. (Mann–Whitney U test:,*p < 0.05,
***p < 0.001). Bars represent mean cytokine levels ± SD.

developed IgG antibodies, to similar levels as in mice that received a
second immunization with FI-RSV or a live virus infection (Fig. 1A).
For assessment of local immune responses, we analyzed lung
and nose wash RSV-speciﬁc IgA antibodies. Mice immunized twice
IN with RSV-MPLA virosomes showed signiﬁcantly higher S-IgA
levels in lungs compared to mice immunized with non-adjuvanted
virosomes, FI-RSV or live virus infection. Both RSV-MPLA virosomes
and live virus infection induced signiﬁcantly higher nasal S-IgA
compared to levels induced by non-adjuvanted virosomes and FIRSV (Fig. 1B,C).
To determine protection against infection, immunized mice
were infected with live RSV. Non-vaccinated mice or mice immunized IN with non-adjuvanted virosomes showed virus titers of
approximately 104 TCID50 , 4 days post-infection. On the other hand,
animals immunized with RSV-MPLA virosomes, FI-RSV or live virus
had no detectable lung virus titers (Fig. 1D).
3.2. Cellular immune response in mice
Next, we determined Th1-type cytokine (IFN-γ) and Th2-type
cytokine (IL-5) levels in RSV-restimulated splenocytes from immunized and subsequently challenged animals of all groups (Fig. 2).
IFN- production in splenocyte cultures from mice immunized
with RSV-MPLA virosomes was signiﬁcantly higher than that in
cultures from mice immunized with non-adjuvanted virosomes or
FI-RSV. In contrast, IL-5 production in splenocyte cultures from
mice immunized with FI-RSV was signiﬁcantly higher than that
in cultures from mice immunized with non-adjuvanted RSV virosomes, RSV-MPLA virosomes or live virus infection. Therefore,

RSV-MPLA virosomes induced more Th1-skewed responses compared to responses induced by FI-RSV.
3.3. Immunogenicity in cotton rats
Next, we evaluated immune responses, protection and vaccineinduced immunopathology in the cotton rat model. Cotton rats,
compared to mice, are more permissive to RSV and more prone to
develop ERD. Similar to antibody responses in mice, low levels of
RSV-speciﬁc serum IgG were detected in cotton rats immunized
IN with non-adjuvanted RSV virosomes (Fig. 3A). However, incorporation of MPLA in the IN-administered virosomes signiﬁcantly
increased systemic IgG levels. Animals immunized once with RSVMPLA virosomes showed signiﬁcantly lower titers compared to
those in cotton rats immunized once with FI-RSV or live virus.
However, serum IgG antibody levels increased after the booster
immunization to similar levels as seen in cotton rats primed and
boosted with FI-RSV or live virus (Fig. 3A).
Next, the virus-neutralizing capacity of the sera were assessed.
Sera from RSV-naïve cotton rats or rats immunized IN with
non-adjuvanted RSV virosomes, did not have any signiﬁcant
neutralizing capacity (Fig. 3B). RSV-MPLA virosomes induced signiﬁcantly increased levels of neutralizing antibodies compared
to RSV virosomes without MPLA. These levels were, on average,
also higher than those induced by IM immunization with FI-RSV,
although the difference did not reach statistical signiﬁcance. Live
RSV infection, however, induced signiﬁcantly higher neutralizing
antibody levels compared to those induced by RSV-MPLA virosomes, administered IN, or FI-RSV, injected IM.

Fig. 3. Immunogenicity in cotton rats. Cotton rats were immunized with the same preparations as given to mice (Fig. 1) on day 0 and 21. On day 21 and 49, blood was taken
en RSV speciﬁc IgG was determined in serum (A). RSV-virus neutralizing antibodies were determined in the day 49 serum (B). (Mann–Whitney U test: ns not signiﬁcant,
*p < 0.05, **p < 0.01, ***p < 0.001). Bars represent the geometric mean titer ± SD.
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Fig. 4. Mucosal immune response in cotton rats. Cotton rats were immunized as in Fig. 3 and challenged with 106 TCID50 live RSV on day 49. Five days after challenge, the rats
were s acriﬁced and lung and nose washes were taken. RSV speciﬁc IgA was determined in nose washes (A) and lung washes (B). (Mann–Whitney U test: *p < 0.05, **p < 0.01,
***p < 0.001). Bars represent mean OD values ± SD of 1:1 diluted washes.

Finally, the local antibody responses were determined. Although
MPLA increased nasal S-IgA levels, levels of S-IgA in nose and lung
induced by live virus infection were signiﬁcantly higher than those
observed in the other groups (Fig. 4)
3.4. Protection from RSV challenge in cotton rats
To determine protection against infection, immunized cotton
rats were infected with live RSV. Signiﬁcant lung virus titers were
detected in RSV-naïve cotton rats and cotton rats immunized IN
with non-adjuvanted RSV virosomes (Fig. 5A). Five out of seven
cotton rats immunized IN with RSV-MPLA virosomes showed no
lung virus titers, while two cotton rats had detectable virus titers,
but at levels that were signiﬁcantly lower compared to those in
animals immunized IN with non-adjuvanted RSV virosomes. All
animals immunized with FI-RSV or live virus had non-detectable
lung viral shedding (Fig. 5A).
4. Histopathology analyses
To evaluate the safety of IN administration of RSV virosomes
and RSV-MPLA virosomes, we harvested the lungs of immunized
and challenged cotton rats and assessed lung pathology by light
microscopy. Lungs from cotton rats immunized IM with FI-RSV
showed clear signs of ERD, with perivascular and peribronchial

Fig. 5. Protection in cotton rats. Cotton rats were immunized, challenged and sacriﬁced as in Fig. 4. After termination, the lungs were removed and RSV titers in lungs
were determined by TCID50. (Mann–Whitney U test: ns not signiﬁcant, *p < 0.05,
**p < 0.01, ***p < 0.001). Horizontal lines represent mean TCID50 values.

inﬁltration and alveolitis with inﬂux of predominantly neutrophils
(Fig. 6 C,D). The lungs of non-immunized animals (Fig. 6 A,B), animals immunized IN with RSV virosomes (Fig. 6 E,F), RSV-MPLA
virosomes (Fig. 6 G,H) or live virus (Fig. 6 I,J), however, did not
show signs of ERD. Finally, immunization with FI-RSV, but not with
RSV(MPLA) virosomes or live virus, lead to high neutrophil inﬂux
upon challenge of immunized animals (Fig. 7). This conﬁrms the
occurrence of immunopathology in the FI-RSV-immunized group
and absence of this complication in animals immunized IN with
RSV virosomes, RSV-MPLA virosomes or live virus.
5. Discussion
Intranasal administration represents an attractive route of
administration for vaccines, including RSV vaccines. Effective
induction of immune responses with non-replicating vaccine antigens through this route usually requires the use of adjuvants [25].
The adjuvant MPLA has an acceptable safety proﬁle in humans and
is currently being used in a number of licensed vaccines [26,27].
It does not only have immunomodulatory properties for induction of safe Th1-skewed responses against RSV [15,21], but also
has been reported to have mucosal immunoadjuvant properties
[22,23]. However, MPLA has not been tested before for its capacity
to potentiate immune responses to a non-replicating RSV vaccine,
such as RSV virosomes, upon IN administration. Here, we show that
RSV virosomes with incorporated MPLA have the capacity to induce
protective immune responses upon IN administration to mice and
cotton rats, without priming for ERD.
IN administration of RSV-MPLA virosomes effectively induces
serum IgG antibody responses and Th1-skewed immune responses,
similar to RSV-MPLA virosomes administered by IM injection [21].
This is line with previous ﬁndings by others who compared the
immunoadjuvant activity of MPLA co-administered IN or parenterally with antigen [28]. The adjuvant effect of MPLA is likely caused
by the direct interaction of MPLA with TLR4 on dendritic cells
(DC) that are abundantly present in draining lymph nodes, nasal
or bronchus-associated lymphoid tissue, or even directly lining
the respiratory tract. The activation leads to secretion of IL-12 and
type 1 IFN, which skew T cell responses toward a Th1-phenotype
[29]. Such responses may more safe with respect to the occurrence
of ERD as they are likely to be associated with more safe Th1skewed responses in RSV-infected lungs too, similar to responses
we previously observed in mice immunized IN with inactivated
RSV supplemented with TLR9/NOD2 ligands [18]. Similar to DC,
B cells may be directly activated through TLR4 signaling which,
together with aid of the induced T cell response, stimulates antibody responses [30]. Although many cell types in the respiratory
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Fig. 6. Lung pathology in cotton rats. Cotton rats were immunized, challenged and sacriﬁced as in Fig. 4. After termination, one lung lobe was ﬁxated with 4% formalin under
20 cm water pressure to retain the structure of the lung. After ﬁxation, the lungs were embedded in parafﬁn and 4 m slices were cut and stained with H&E. The lungs were
evaluated by light microscopy. Left panels show lungs at a 200x magniﬁcation, right panels show lungs at a 400x magniﬁcation. Groups: No vaccine (A,B), FI-RSV (C,D), RSV
virosomes (E,F), RSV-MPLA virosomes (G,H), Live virus (I,J). Red arrows, alveolar inﬁltrates, green arrows, perivascular inﬁltrates, green arrowheads, peribronchial inﬁltrates.
The histopathology shown is representative of the histopathology observed in 3 animals per group.

mucosa express TLR4, the receptor for MPLA, the expression of the
co-receptors CD14 and MD2, which are crucial for the initiation of
TLR4-mediated cell signaling, are expressed at a lower level compared to their expression on, for instance, DC [31]. This reduced
expression of CD14 and MD2 on the mucosal cell surfaces, e.g.

epithelial cells, may reduce their susceptibility to endotoxins but
possibly also to stimulatory effects of vaccine adjuvants such as
MPLA [32]. This could explain the lower levels of RSV-neutralizing
antibodies induced by IN immunization compared to IM immunization [21]. Other TLRs, such as TLR2 and TLR5, do not require
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Fig. 7. Neutrophil inﬁltration in lungs of immunized and RSV-challenged cotton
rats. Cotton rats were immunized, challenged and sacriﬁced as in Fig. 4. Lungs were
removed, ﬁxated and slices were stained with H&E. The numbers of inﬁltrating neutrophils were evaluated using light microscopy. Bars represent mean numbers ± SD.
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in the mucosal surfaces [31] and ligands for these receptors have
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of monomeric IgA) or through transcytosis mediated by the polymeric immunoglobulin receptor (pIgR; in case of polymeric IgA)
[36]. Interestingly, TLR4 signaling upregulates expression of pIgR
responsible for polymeric IgA transcytosis [36,37]. Clearly, RSVspeciﬁc serum IgG alone, for example induced by IM injection of
RSV-MPLA virosomes, inhibits virus shedding in the lung. In this
respect, we previously observed that lung viral titers negatively
correlate with RSV-speciﬁc serum IgG levels [18], pointing to (sufﬁcient levels of) serum IgG, as an important mediator of protection
of the lungs. The upper respiratory tract, however, may not beneﬁt
so much from serum IgG for protection against infection, as transudation of antibody to this site is less efﬁcient [38]. Rather, local
S-IgA antibody may be more important for protection against viral
infection at this site, as has previously been reported for inﬂuenza
[39]. Further studies should clarify if S-IgA protects the upper respiratory tract by speciﬁcally analyzing nasal virus shedding in cotton
rats immunized IN.
Together our data show that RSV-MPLA virosomes have the
capacity to induce protective immunity upon IN administration
to mice and cotton rats, without priming for enhanced disease.
IN administration forms an attractive alternative to IM injection,
as it is a non-invasive route of administration. Clearly, to potentiate RSV virosome-induced immune responses through this route,
adjuvants are needed, which could be MPLA or possibly other TLR
ligands with mucosal immunoadjuvant properties.
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