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Introduction

Summary

Primary neonatal immune responses to infection or vaccines are weak when
compared with those of adults. In addition, memory responses of neonatally
primed animals may be absent, weak or T helper type 2 (Th2)-biased. Respi-
ratory syncytial virus (RSV) is an important pathogen of human infants and
infection during the neonatal period has been linked to the development of
asthma in later life. Here we report that acute intranasal infection of neonatal
mice with RSV induces significant RSV-specific antibody and CD8 T cell
responses. These responses were boosted after RSV rechallenge during adult-
hood, demonstrating the establishment of memory after neonatal priming.
Primary infection during neonatal life was associated, following rechallenge,
with limited viral replication in the lung. Recall responses of both spleen and
lymph node cells from neonatally primed and adult-primed mice were asso-
ciated with interferon-y secretion, indicative of a Th1-type response. However,
interleukin (IL)-4 and IL-5 secretion were enhanced only in spleen and lymph
node cells from neonatally primed mice. Rechallenge of neonatally primed
mice was also associated with increased concentrations of chemokines mono-
cyte chemoattractant protein-1, macrophage inflammatory protein-lo and
regulated upon activation normal T cell expressed and secreted in the lung.
These may play a role in the enhanced inflammatory cell recruitment and
immunopathology induced following RSV reinfection. Our results demon-
strate therefore that immunity to RSV can be established during neonatal life
and, importantly, that the quality of the subsequent response is dependent
upon the age of first infection.
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functional differences have been observed between adult
and neonatal immune cells (reviewed in [3]). It has been

The immune system of murine neonates is developmentally
immature and responses generated during this period are
typically weak, delayed and often poorly protective. This
immaturity makes neonatal animals highly susceptible to
infection. The relative immunodeficiency of neonatal mice
was demonstrated originally in the late 1950s, when it was
shown that during the period around birth mice were easily
made tolerant to the transplantation of semi-allogeneic (F1)
cells [1]. Both quantitative and qualitative factors contribute
to this neonatal immunodeficiency. Neonatal animals have
relatively low numbers of immune cells including B cells, T
cells and antigen-presenting cells (APC), and the popula-
tions of B and T cells are a mixture of cells derived from both
adult and fetal haematopoietic precursors [2]. In addition,
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observed frequently that the CD4 T cell responses made by
neonatal mice are biased towards those of the T helper 2
(Th2) type (for reviews see [2] and [4]) and that neonatal
animals are defective in their ability to generate effective
Thl-mediated responses, and this polarization results in
impaired cellular immune responses. Adaptive CD4 T cell
responses can be described as being of Thl or Th2 types
based on cytokine secretion profile: Th2 responses, charac-
terized by the secretion of interleukin (IL)-4, IL-5 and IL-10,
are required for effective humoral immunity and are impli-
cated in allergic responses, whereas Thl responses, which
involve typically the production of interferon (IFN)-v, are
important for cell-mediated immune responses. Hence the
reported Th2 bias in neonates is of particular consequence
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when considering protective immunity to intracellular
pathogens, including some viruses, that depend on effective
Th1 responses. Although it has been demonstrated that neo-
natal animals can make Thl responses in the presence of
strong Thl-promoting agents (reviewed in [5,6]), there is a
considerable amount of in vitro data that supports the
hypothesis that exposure to antigen during the neonatal
period leads frequently to Th2-biased secondary responses
to the same antigen, including alloantigens [7], conventional
vaccines and live or attenuated virus [8,9].

In recent years, the idea that neonatal mice are tolerized
more easily or are hyporesponsive has been challenged by a
growing number of workers who have demonstrated that,
under certain conditions, neonatal animals are competent to
generate protective immune responses, including those of
the Th1 type. Thus it is possible to induce mature adult-like
neonatal cytotoxic T lymphocyte (CTL) responses against
alloantigens [10,11], viruses [12] and conventional protein
antigens [13], using appropriate Thl-inducing adjuvants,
DNA vaccines [9], manipulations of dose or in the presence
of adult APC.

Respiratory syncytial virus (RSV) is the major cause of
lower respiratory tract infection in infancy and early
childhood. Severe lower respiratory tract infection and bron-
chiolitis occurs in approximately 5% of infant infections and
bronchiolitis appears to be largely a result of immune hyper-
responsiveness [14]. RSV-induced bronchiolitis has also
been associated with the predisposition to develop asthma
and wheeze during later life, although the evidence for this
comes largely from epidemiological studies [15], and a
causal relationship has not been proven. It has been sug-
gested that a Th2-biased memory response following neona-
tal exposure to RSV may influence or direct lung immune
responses to unrelated antigens to an allergic phenotype in
later life (for review see [16]). In support of this hypothesis,
RSV infection of neonatal mice was shown to establish the
subsequent pattern of Th cell responses, with neonatally
primed mice having a greater percentage of IL-4-expressing
CD4* cells in the lung and enhanced lymphocyte and granu-
locyte recruitment to the lung, following secondary RSV
challenge [17].

In the mouse model of RSV infection a selective recruit-
ment of inflammatory cells is observed, driven presumably
by chemotactic gradients. There is extensive evidence for the
involvement of chemokines in various inflammatory
responses induced in the lung and RSV has been shown
to induce the up-regulation of chemokine production,
including monocyte chemoattractant protein (MCP)-1,
regulated upon activation normal T cell expressed and
secreted (RANTES) and macrophage inflammatory protein
(MIP)-1o in both mouse models [18,19] and human studies
[20].

Here we show that mice primed at 7 days of age with live
RSV made enhanced antibody and CD8 T cell responses
when rechallenged with RSV as adults. The secondary Th cell
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response mounted in both spleen and lymph nodes follow-
ing neonatal priming showed strong production of IFN-y,
but was also associated with the production of measurable
quantities of Th2 cytokines IL-4 and IL-5 not found after
adult priming. In addition, we report increased concen-
trations of inflammatory chemokines MCP-1, MIP-10,
RANTES and of tumour necrosis factor (TNF) in the lungs
of neonatally primed mice compared with concentrations
found in unprimed mice or mice primed as adults.

Materials and method

Mice and RSV

Adult BALB/c mice were obtained from Charles River Labo-
ratories (UK) Ltd (Tranent, East Lothian, UK). Breeding
females were monitored during gestation and date of birth of
litters was recorded as day 0. RSV-A2 strain was grown in
Vero cells and viral titre in cell-free supernatants determined
by plaque assay. Adult or 7-day-old (neonatal) mice were
infected intranasally with 3-75 x 10* plaque-forming units
(pfu) per g body weight: adult mice were anaesthetized
lightly by intraperitoneal injection of ketamine/xylazine and
infected intranasally with RSV in 25 ul volume and neonatal
mice were infected, without anaesthesia, with RSV in 5 ul
volume. Mice were reinfected as adults, as described above,
7 weeks after primary infection. All animal studies were
carried out in accordance with UK Home Office regulations
for animal care and use.

Respiratory syncytial virus-specific antibody
enzyme-linked immunosorbent assay

Sucrose density gradient purified RSV was coated onto
Nunc-Immuno Maxisorp plates (Nunc, Roskilde, Denmark)
at a predetermined concentration. RSV-specific serum anti-
body was detected with alkaline phosphatase-conjugated
goat anti-mouse immunoglobulin M (IgM), IgG, IgG1 or
IgG2a-specific antibodies (Southern Biotechnology Associ-
ates, Birmingham, AL, USA) and developed with the Bio-
Rad alkaline phosphatase substrate kit (Bio-Rad, Hemel
Hempstead, UK). Titres (end-point) are expressed as the
reciprocal of the highest dilution giving an optical density
value greater than three times the value of the lower plateau
of the dilution curve.

Tissue collection and cell preparation

At specified times following infection, mice were terminally
anaesthetized, exsanguinated via axillary vessels and serum
was collected. The right lung from each mouse was snap-
frozen in liquid nitrogen and stored at —80°C prior to viral
titre and inflammatory cytokine/chemokine analysis. Left
lungs, spleens and mediastinal lymph nodes were harvested
from mice and stored in complete RPMI-1640 (Gibco Invit-
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rogen, Paisley, UK) supplemented with 10% heat-inactivated
fetal calf serum (FCS), 25 mM HEPES buffer, 5 x 10° M
2-mercaptoethanol, 1% non-essential amino acids, 100 U/ml
penicillin, 100 pg/ml streptomycin and 1 mM sodium pyru-
vate, on ice until cell suspensions were prepared by pressing
gently between frosted slides. RBC were lysed and cells were
washed and resuspended in complete RPMI-1640 (as above).

Enzyme-linked immunospot

Ninety-six-well filtration plates (MultiScreen™-1P; Milli-
pore, Watford, UK) were coated with 0-75 pg/well purified
rat anti-mouse IFN-y (clone R4-6A2) or 0-75 ng/well anti-
mouse IL-4 (clone 11B11). Coated plates were washed and
blocked with RPMI-1640 containing 10% FCS before the
addition of cells. For detection of RSV-specific IFN-y-
secreting CD8 T cells, serial dilutions of responder cells (in
duplicate) in complete RPMI-1640 were added to wells, fol-
lowed by stimulation with RSV matrix protein (M2)s, o class
I peptide at 10 ug/ml and mouse rIL-2 (Biosource Interna-
tional, Nivelles, Belgium) at 5 U/ml. Cultures were incubated
for 16 h at 37°C in 5% CO,. For detection of RSV-specific
IL-4-secreting T cells, serial dilutions of responder cells were
incubated with CD4- and CD8-depleted syngeneic adult
splenocytes which had been infected with RSV (0-1 pfu/cell)
and subjected to 3000 rad using a caesium irradiator (RSV-
infected splenocytes). Control wells contained stimulator
cells alone or responder cells alone * IL-2. Cultures were
incubated for 16 h as above. After incubation, plates were
washed with phosphate-buffered saline (PBS), followed by
incubation with biotinylated rat anti-mouse IFN-y (clone
XMG1-2) or rat anti-mouse IL-4 (clone BVD4-1D11)
monoclonal antibody (mAb as appropriate), diluted in PBS
[all antibodies used for enzyme-linked immunospot
(ELISPOT) were obtained from BD Biosciences Pharmin-
gen, Cowley, Oxfordshire, UK; unless specified otherwise].
Biotinylated antibodies were detected by the addition of
alkaline phosphatase-conjugated goat anti-biotin antibodies
(Vector Laboratories Ltd, Orton Southgate, UK), and plates
were developed by the addition of alkaline phosphatase sub-
strate (Bio-Rad). Plates were dried and spots counted. RSV-
specific spots were determined by subtracting spots in
control wells containing responder cells plus medium/IL-2
alone from the number of spots in wells containing
responder cells plus peptide/IL-2 (for IFN-y ELISPOT) and
by subtracting spots in wells containing responder cells plus
medium from spots in wells containing responder cells plus
RSV-infected stimulator cells (IL-4 ELISPOT). Irradiated
RSV-infected splenocytes produced no IL-4.

Flow cytometry and tetramer analysis

For analysis of RSV-specific CD8" T cells, lung cells prepared
as described above were resuspended in PBS, and incubated
in the dark for 30 min at room temperature simultaneously

© 2008 The Author(s)

RSV-specific priming in mouse neonates

with the phycoerythrin (PE)-conjugated RSV major histo-
compatibility complex class I tetramer H-2 kd/PE contain-
ing the RSV matrix protein (M2)g-o peptide (iTAg™
Beckman Coulter, Villepinte, France) and with fluorescein
isothiocyanate-conjugated anti-mouse CD8 (clone 53-6-7;
BD Biosciences Pharmingen). Cells were washed with PBS
and fixed in PBS—0-5% formalin prior to analysis. Flow
cytometry was performed on a dual laser fluorescence acti-
vated cell sorter (FACSCalibur) and analysed using WinMDI
software. Analysis was performed on cells gated in a viable
lymphocyte gate (10 000 events per sample).

In vitro restimulation for Th1/Th2 cytokine analysis

Spleen or mediastinal lymph node cells (3 x 10%ml) were
stimulated with CD4 and CD8 depleted syngeneic adult sple-
nocytes (3 x10°ml) which had been infected with RSV
(0-1 pfu/cell), and subjected to 3000 rad using a caesium
irradiator. Control responder cells were set up with medium
alone. Cell cultures were set up in 48-well tissue culture
plates and incubated for 72 h, after which supernatant was
collected and stored at —80°C prior to analysis of Thl and
Th2 cytokines. Supernatants were diluted 1: 1 or 1 : 4 with
PBS and analysed using the BD™ cytometric bead array
(CBA) Th1/Th2 cytokine kit (BD Biosciences).

Lung virus titration

Individual lungs, snap-frozen previously in liquid nitrogen,
were homogenized on ice in 500 ul of serum-free RPMI-
1640. Samples were centrifuged at 2000 g for 5 min at 4°C
and 200 pl of serial dilutions of homogenate were added
to BSC1 monolayers, plated previously in 24-well tissue
culture plates. Cultures were incubated for 2 h at 33°C in 5%
CO, before the addition of complete RPMI-1640—
10%FCS/2% methylcellulose. After 5 days’ incubation at
33°C in 5% CO,, plates were fixed in 80% methanol, blocked
with PBS—5% skimmed milk powder for 1 h at 37°C, after
which virus-specific plaques were detected by incubation
with a cocktail of mouse anti-RSV mAb (clones 131-2A,
131-2G, 130-H12, 130-5F, 130-8F), followed by alkaline
phosphatase-conjugated anti-mouse IgG and alkaline phos-
phatase substrate buffer (Bio-Rad). A pretitred RSV stock
solution was used as positive control.

Assay for inflammatory cytokines

Supernatants from the above lung homogenates were stored
at —80°C prior to analysis of inflammatory cytokines. Super-
natants were diluted 1: 1 with PBS and analysed using the
BD™ CBA mouse inflammation kit (BD Biosciences).
RANTES, MIP-10. and eotaxin in 1: 5 diluted lung homo-
genates were analysed using enzyme-linked immunosorbent
assay (ELISA) kits (R&D DuoSet®, Oxon, Abingdon, UK)
according to the manufacturer’s instructions.
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Fig. 1. Primary respiratory syncytial virus (RSV) infection induces weak antibody responses in neonatal mice, but primes for enhanced responses
following subsequent RSV infection. Mice were infected with RSV as adults (adult) or neonates (neonate) and RSV-specific IgM and IgG were

quantified by enzyme-linked immunosorbent assay (ELISA) (a). Anti-RSV serum IgG1 and IgG2a responses were measured 21 days after primary

adult or neonatal infection (b). Seven weeks after primary infection of adult or neonatal mice, animals were re-challenged with RSV (c). A third

group of mice, previously uninfected (naive), were infected similarly with the same dose of RSV. RSV-specific IgG was quantified by ELISA at

indicated time-points after infection, and RSV-specific IgG1 and IgG2a were quantified at 21 days after infection. Values represent mean values from

a minimum of five mice * standard deviation. Differences between unprimed adult and neonatally primed groups are shown; *P < 0-05 by

Mann—Whitney rank sum test. The data shown are representative of two independent experiments.

Statistical analysis

Data from experimental groups were compared using Stu-
dent’s t-test or Mann—Whitney rank sum test. Statistical sig-
nificance was determined by P < 0-05.

Results

Neonatal infection with RSV primes for an enhanced
response on secondary challenge

To evaluate the capacity of neonatal mice to make antibody
responses to primary RSV infection, 7-day-old mice were
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infected intranasally with RSV and RSV-specific serum anti-
bodies were measured by ELISA at various times after
infection. Following infection, the serum of neonatal mice
contained low but detectable amounts of RSV-specific IgM
and IgG antibodies (Fig. 1a), with amounts of antibodies of
both isotypes lower than those measured in the sera of mice
infected as adults. In addition, the kinetics of the IgG
responses were different in adults and neonates. In adult
mice the peak of response was at approximately day 14,
whereas in neonatal mice the peak was not seen until 28 days
after infection. Comparative analysis of the IgG2a and IgG1
subclasses, selected as markers of Thl and Th2 responses,
respectively, demonstrated that for both adult and neonatal
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infection the predominant RSV-specific antibody isotype
produced at 3 weeks after infection was IgG2a (Fig. 1b).
IgG2a was also the predominant anti-RSV IgG isotype pro-
duced at 1, 2 and 4 weeks after infection in both adults and
neonates (data not shown).

Adult and 7-day-old mice were then infected with RSV
and reinfected 7 weeks later to compare the memory
responses of both groups. Figure Ic demonstrates that
despite the weak antibody response of neonatal mice
to primary infection, on secondary challenge, neonatally
primed mice made an enhanced IgG response that was
more rapid and of significantly greater magnitude than
responses induced in adult mice during a primary infection
(P <0-05 at day 14). As for primary responses, it was also
observed that the secondary anti-RSV antibody response
was dominated by IgG2a antibodies 3 weeks after secondary
challenge.

Appearance of RSV-specific CD8" T cells following
neonatal infection

To determine whether neonatal mice mount a primary
CDS8 response in the lung, 7-day-old mice were infected
intranasally with RSV. Groups of five mice per time-point
were killed at 4, 7, 10 and 14 days following infection and
lungs from individual mice were analysed. The presence of
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RSV-specific CD8" T cells was determined by flow cytom-
etry using an RSV matrix protein (M2)so class I
tetramer. As shown in Fig. 2a, RSV-specific CD8" cells
first became detectable in the lungs of neonatal mice
between 7 and 10 days after infection. At day 10 approxi-
mately 12% of CD8" T cells in the lung were tetramer-
positive, but this percentage had declined by day 14. To
determine whether RSV infection during neonatal life
induced memory in the CD8 T cell compartment, mice
primed as adults or neonates were rechallenged 7 weeks
later with RSV, and RSV-specific cells identified by tetramer
analysis. Figure 2b shows that on day 0, less than 1% of
CD8" T cells in lungs of unprimed and neonatally primed
mice were M2-specific, and a small population was present
in lungs of adult-primed mice (2-5%). When cells were iso-
lated from lungs of mice at an early time-point, 4 days
after primary infection (naive group), less than 2% of lung
CD8" T cells were M2-specific. In contrast, after rechal-
lenge, a dramatic increase in the percentage of M2-specific
CD8* T cells was observed in the lungs of both neonatally
primed and adult-primed mice (25% and 37% respec-
tively). On day 7 after rechallenge, an equal percentage of
M2-specific CD8" cells were present in lungs of neonatally
primed and adult-primed mice, whereas approximately half
this percentage were present in the lungs of unprimed
mice.
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Fig. 3. Effective boosting of respiratory syncytial virus (RSV)-specific interferon (IFN)-y-secreting CD8 T cells in lungs and spleens of mice primed

as neonates. Analysis of the neonatal primary response in the lung (a) and spleen (b) is shown. Mice primed as adults or neonates were rechallenged
with RSV during adult life 7 weeks post-priming (c and d). Mice previously naive were challenged once with RSV. At the times indicated

post-secondary challenge with RSV (or primary challenge for the naive group, and neonatal primary response), RSV peptide-specific

IFN-y-secreting cells in lung (a and ¢) and spleen (b and d) were detected by enzyme-linked immunospot assay (ELISPOT). Values represent means

of at least five mice * standard deviation. Insignificant differences between adult-primed and neonatally primed groups are shown for day 4;

*P =0-314 (lung) and **P = 0-280 (spleen) by Student’s ¢-test. The data shown are representative of two independent experiments.

Induction of anti-RSV IFEN-y-producing CD8 T cells in
neonatal mice

Neonatal mice have been shown to make adult-like CTL
and IFN-y responses to viruses under appropriate circum-
stances [12]. To determine the ability of mice to mount a
CD8 T cell response to RSV infection we isolated lung and
spleen cells from adult or neonatal mice at various time-
points after intranasal infection and examined IFN-vy secre-
tion. Cells were tested by ELISPOT for IFN-y production in
response to stimulation with an RSV-specific matrix protein
(M2)s-90 peptide. Primary intranasal infection of 7-day-old
mice with RSV led to the induction of RSV peptide-specific
IFN-y-secreting cells in both lung (Fig.3a) and spleen
(Fig. 3b), although the numbers were low compared with
those induced during primary infection of adult mice
(Fig. 3¢ and d open symbols). The peak of the neonatal and
adult primary response was observed at 10 days post-
infection in both lung and spleen. To determine the capacity
of RSV to induce CD8 T cell memory, mice primed as
adults or neonates were rechallenged 7 weeks later and
IFN-v responses were determined. Four days after primary
infection (naive group), IFN-y responses of lung and spleen
cells (Fig. 3c and d respectively) were barely detectable. In
contrast, secondary challenge of mice primed either as
adults or neonates revealed a significantly boosted response
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in the lung. Importantly, for neonatally primed mice, this is
despite the low numbers of virus-specific IFN-y-secreting
cells generated during the primary response. At 4 days after
rechallenge there were no significant differences in
responses between neonatally primed and adult-primed
mice in either lung (P = 0-314) or spleen (P = 0-280). For all
groups, the peak of the lung response was observed at
10 days and declined thereafter.

Induction of Th memory response in neonatally
primed mice

The adaptive responses of neonatal mice are reported to
have an inherent bias towards theTh2 type both during the
primary response and on secondary challenge in later life.
Therefore we examined the cytokine profile of virus-specific
responders from both spleen and the draining lymph node
(mediastinal) of the lung during the primary adult response
and during rechallenge of adult-primed or neonatally
primed mice. Seven days after primary infection (naive
group) or rechallenge, splenocytes or lymph node cells
were stimulated for 72h with RSV-infected splenocytes
or medium alone and supernatant collected and cytokines
analysed by CBA assay (for IFN-y and IL-5). Alternatively,
because of the difficulties in detecting soluble IL-4 by
ELISA, cells were stimulated for 16 h with RSV-infected
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splenocytes or medium and IL-4-secreting cells enumerated
by ELISPOT. Figure 4a shows substantial IFN-y secretion by
spleen cells and draining lymph node cells from neonatally
primed mice, equivalent to secretion by cells from
unprimed adult RSV-infected mice. However, this was sig-
nificantly less (P <0-001) than that secreted by spleen or
lymph node cells from adult-primed mice. The Th2 cytok-
ine IL-5 was found to be secreted in significantly greater
amounts by cells from neonatally primed mice than by T
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cells from adult-primed mice, and this was the case for both
spleen (P < 0-05) and lymph node cells (P < 0-01). Further-
more, an identical pattern of IL-5 secretion was observed
following restimulation in culture of positively selected
CD4" T cells (data not shown). ELISPOT analysis, 7 days
after rechallenge, demonstrated that IL-4 responders, like
cells secreting IL-5, were present at a significantly greater
frequency in both spleen (P<0-05) and lymph node
(P <0-01) of neonatally primed mice than were present in
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Fig. 5. Neonatal infection with respiratory syncytial virus (RSV)
protects against secondary challenge. Mice primed as adults or
neonates were rechallenged with RSV during adult life, 7 weeks
post-priming. Mice previously naive were challenged once with RSV.
Lungs were harvested 4 days after secondary challenge (or primary
challenge for naive group) and viral titre determined by plaque assay
and expressed as plaques per gram of lung. Data are expressed for
individual mice and means shown.

adult-primed mice (Fig. 4c). IL-4 may be secreted by cells
other than T cells, but we found an identical pattern of IL-4
secretion following restimulation in culture of positively
selected CD4" cells (data not shown). Very low levels of
IFN-y and IL-5 secretion were detected in control cultures
in the absence of RSV-infected splenocytes (Fig. 4b). Thus,
rechallenge of mice with RSV following neonatal priming
led to a robust IFN-y response equivalent to the response
observed in mice undergoing a primary infection. However,
neonatal infection with RSV enhanced significantly the pro-
duction of Th2 cytokines IL-4 and IL-5 by T cells in both
the local lymph nodes and the spleen that were not seen in
unprimed mice or mice primed as adults.

Neonatal infection with RSV protects against infection
during adult life

To determine whether infection of 7-day-old mice protected
against or limited subsequent RSV infection during adult
life, we infected groups of adult or neonatal mice and deter-
mined viral titre in lungs following rechallenge. Viral titre
was analysed by plaque assay 4 days after rechallenge (or
primary infection in the naive group), as pilot experiments
indicated this to be the peak of viral replication in lungs of
mice during primary infection (data not shown). Live virus
was detected in lungs of mice undergoing a primary infec-
tion (Fig. 5), but could not be detected in the lungs of either
adult- or neonatally primed mice following rechallenge. It
appears therefore that the memory response generated in
both adult-primed and neonatally primed mice was suffi-
cient to induce effective protection against subsequent RSV
infection.
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Enhanced concentrations of inflammatory cytokines
and chemokines in lungs of neonatally primed mice

Severe inflammation is partially responsible for RSV-
induced pathology in humans, and in a mouse model it has
been shown previously that secondary challenge of neona-
tally primed mice leads to enhanced inflammatory cell
recruitment [17]. To identify possible mediators of enhanced
inflammation in lungs of neonatally primed mice we analy-
sed cytokines and chemokines (some of which have been
shown previously to be involved in RSV-mediated pathol-
ogy) in lung homogenates 4 days after rechallenge. Following
infection, concentrations of inflammatory chemokines
were lowest in the lungs of unprimed and adult-primed
mice (Fig. 6). Concentrations of MCP-1 (P < 0:05), TNF
(P<0-001), MIP-l0. (P<0:01) and RANTES (P<0:01)
were all significantly higher in the lungs of neonatally
primed mice than the concentrations found in lungs of
adult-primed mice. We found no significant difference in the
concentrations of eotaxin or IL-6 in lungs from the three
groups of mice.

Discussion

Neonatal mice and humans are more susceptible to infection
than adults, and many studies have sought to address the
mechanisms underlying this vulnerability. These studies
have described differences in terms of both cell number and
function for T cells, B cells and APC in murine neonates.
Although many studies have suggested that neonates are
immunodeficient, it has become apparent more recently
that, under appropriate circumstances, neonatal mice are
competent to make effective immune responses against both
infectious agents and vaccine antigens.

RSV is a pathogen of great clinical importance, being the
major cause of viral bronchiolitis in infancy and early child-
hood, and infection with RSV has been implicated in the
subsequent development of asthma and atopy in later life
[15]. It is important, therefore, to develop a better under-
standing of early life responses to this virus. In adult BALB/c
mice, primary infection with RSV produces a mild illness.
However, mice exposed to RSV during neonatal life suffer
more severe disease when reinfected in adulthood than do
unprimed animals [17,21]. This observation suggests that
neonates do mount immune responses to RSV and that these
somehow modify subsequent responses in adult life. In this
study we have examined the primary antibody and T cell
responses of neonatal mice to intranasal infection with RSV.
We have also examined the effect of neonatal infection on
the quality and magnitude of response to subsequent RSV
infection in adulthood. Our findings indicate that neonatal
responses to RSV are weaker than those of adults, but despite
this deficiency, neonatally infected animals are primed to
mount significantly improved T and B cell responses on
re-encounter with the virus in adult life. Furthermore, we
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show that neonatal priming drives a marked deviation of the
subsequent Th cell response leading to the secretion of sig-
nificant amounts of Th2 cytokines in addition to IFN-y.

Many studies have shown that neonatal animals make
poor antibody responses to T dependent antigens. Although
humans can make IgG responses in utero to infectious
agents, it has been observed frequently that IgG responses are
relatively weak during the first year of life. Similarly, vacci-
nation of murine neonates elicits only weak antibody
responses compared with those of adult animals. In addition
the quality of neonatal and adult antibody responses are
distinct, with an apparent age-dependent limitation of IgG2/
IgG2a responses to conventional vaccines in humans and
mice respectively. Despite these poor primary responses, it
has been reported previously that mice immunized at 7 days
of age showed enhanced antibody responses after further
vaccine challenge, indicating the generation of immunologi-
cal memory [22].

Here we show that infection of neonatal mice with RSV
induced a considerably weaker IgM and IgG response than in
adult animals. This may be due to the well-documented small
numbers of B lymphocytes and other immune cells present in
peripheral lymphoid tissue of neonatal mice or to the imma-
turity of the follicular dendritic cell network [23]. The neo-
natal spleen is a haematopoietic organ, and during the first

© 2008 The Author(s)

weeks of life production of B cells from fetal precursors
crosses over with B cell generation from adult bone marrow
progenitors [24]. In addition, in the first 2 weeks of life a high
proportion of splenic B cells in the neonate are CD5*, and
these cells are believed to derive mainly from the fetal liver
[25]. Neonatal spleen thus contains a high proportion of fetal
precursor-derived B cells and for this reason antibody
responses of neonatal mice might be expected to differ from
the responses of adult mice. However, splenic B cells may not
be the major contributors to neonatal antibody responses, as
splenectomy has little affect on IgG1l-dominant secondary
responses [26]. B cells in neonatal lymph nodes are more
mature phenotypically and functionally than those in the
spleen and may be responsible for antibody responses to some
antigens in early life. This suggests that the route of immuni-
zation may also be important for vigorous neonatal antibody
responses. Indeed, it has been shown that intranasal immu-
nization of neonatal mice with a bacterial conjugate vaccine
induced stronger, adult-like responses than immunization via
the subcutaneous route [27]. We observed that neonatal 1gG
responses showed delayed kinetics compared with those of
adults. Similar findings have been reported for responses to
vaccine antigens [4]. These differences in kinetics may reflect
the late development of germinal centres in neonatal lym-
phoid tissue, as these are vital for isotype switching.
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Murine neonatal vaccine studies have shown a Th2 bias in
immune responses characterized by preferential production
of IgG1 antibodies [8]. Our data, however, demonstrate that
following intranasal RSV infection the primary neonatal IgG
response to RSV, although weak, is dominated by IgG2a anti-
bodies as in the adult. This bias towards a Thl type of
response may possibly reflect the effects of innate antiviral
responses on adaptive responses of T and B lymphocytes.
When we undertook experiments to investigate responses to a
second challenge with RSV we found that, despite the weak
primary IgG response of neonatal mice, neonatally primed
mice made swifter and greater IgG responses than unprimed
adults, demonstrating the generation of memory B cells in
early life. Like the primary response, this enhanced secondary
response was also dominated by IgG2a antibodies. Thus,
despite the widely reported preferential induction of Th2
responses on exposure of neonatal mice to a variety of anti-
gens and vaccines [8], we show that neonatal mice make a
predominantly Thl-like IgG2a antibody response to infec-
tion with live RSV and this bias is maintained when they are
rechallenged with RSV in adulthood. Investigation of cytok-
ine production in these animals revealed a strong IFN-y
response of restimulated cells, from spleen and lymph node,
equivalent to the response of cells from RSV-infected
unprimed mice, but this was significantly weaker than the
response of cells from adult-primed mice. Moreover, IL-5
secretion and IL-4-secreting cells were detected only in
restimulation cultures of cells from neonatally primed mice.
We interpret these findings as induction of RSV-specific Th2
memory responses after neonatal RSV infection. Other inves-
tigators have shown, in a model of neonatal priming with
murine leukaemia virus, a transient production of IL-4 after
secondary viral challenge [28]. However, this IL-4 production
was not virus-specific and subsided 3 weeks after challenge. In
contrast, we showed that the IL-4- and IL-5-secreting cells in
both spleen and lymph node to be RSV-specific and that they
required antigen for their induction. The fact that we
observed both Th1 and Th2 cytokine secretion in both spleen
and in the draining lymph node of the lung is significant and
interesting. Primary immunization of neonates with keyhole
limpet haemocyanin induces the generation of both Th1 and
Th2 effectors in lymph node but only Th2 effectors in the
spleen, while the same immunization protocol induces mixed
responses in both organs of adult mice [29]. In a further
report both splenic and lymph node T cell memory responses
of mice immunized as neonates were Th2-biased [30]. The
Th2-biased primary responses of the spleen were not required
for the Th2-biased memory in the lymph node and it was
shown that neonates are impaired selectively in the develop-
ment of Th1 memory in both organs, suggesting an intrinsic
property of lymph node T cells or the neonatal environment
which leads to a Th2-dominated secondary response. One
possible explanation is the recent finding that Th1 cells gen-
erated during neonatal life express IL-13Rol selectively,
through which IL-4 induces Thl cell apoptosis, leading
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thereby to a Th2-biased response if re-encounter of the
antigen occurs in an IL-4-containing environment [31]. CD5*
B cells, which are more abundant in early life, may also play a
role in the inefficient induction of Th1 responses in neonatal
mice [32]. The authors report that CD5" B cells produce IL-10
in response to TLR-9 signalling, which limits the priming
ability of neonatal dendritic cells by reducing their capacity to
produce IL-12, thereby providing a mechanism for less effi-
cient Thl priming. Our data, which show a pronounced
boosting of Th2 cytokine production in spleen and lymph
node following secondary challenge, are in agreement with
the wide body of data describing the Th2 skewing of neonatal
immune responses. In the present study, despite the presence
of Th2 cytokine-producing Th cells after rechallenge, recall
antibody responses in neonatally primed mice as well
as primary responses are biased strongly towards the
IgG2a isotype, probably because of the significant IFN-y
production.

Studies by others have shown that neonatal mice are able
to mount type 1 CD8 T cell responses against viral, bacterial
or parasite antigens in the presence of strong Th1-promoting
agents [9,33,34] and also in response to more natural chal-
lenges such as virus [12] and against alloantigens [11]. CD8*
CTL are the main effector cells involved in the resolution of
most viral infections, but studies have shown that in mice the
CD8 T cell response to RSV infection during primary infec-
tion is also responsible for a significant amount of immuno-
pathology [35]. Here we have demonstrated clearly that
neonatal mice infected with RSV can generate RSV-specific
CD8" T cells. These cells are maintained in the weeks follow-
ing infection allowing a boosted response after secondary
challenge in adulthood. The kinetics of both the appearance
of RSV-specific CD8 T cells in lung and spleen and the
presence of RSV-specific IFN-y secreting cells after primary
infection of neonatal animals are similar to those observed
following primary adult infection. This suggests that
priming of CD8 T cells is taking place within the neonatal
period and is not due to the presence of virus remaining later
in life.

We show here that neonatal mice infected with RSV make
weak B and T cell responses; however, this is sufficient to
generate a protective memory response on secondary chal-
lenge during adult life. This is in contrast to the findings of a
human study which demonstrated the lack of boosting of
RSV-specific T cell responses upon natural reinfection [36].
In a mouse RSV infection model, age of first infection was
shown to be important in the pattern of cell-mediated
responses generated during reinfection later in life [17]: a
Th2-biased response in the lung and increased inflammatory
cell recruitment, including eosinophilia, was observed after
neonatal priming. More recently it has been demonstrated
that neonatal priming results in enhanced airway hyperre-
sponsiveness (AHR), airway eosinophilia, increased mucus
production and increased IL-13 production after reinfection
with RSV [21]. Our data extend these findings and we show
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here that reinfection during adulthood of neonatally primed
mice is associated with a profound increase in the concen-
tration of inflammatory cytokines and chemokines in the
lung at an early time-point after the secondary challenge. We
found that concentrations of MCP-1, TNF, MIP-1o. and
RANTES were significantly greater than concentrations of
the same inflammatory mediators in the lungs of adult-
primed mice undergoing secondary challenge. Each of these
mediators has been implicated in the development of RSV-
mediated lung pathology. Inhibition of TNF has been shown
to reduce the severity of RSV-specific lung immunopathol-
ogy during a secondary RSV infection [37]; however, absence
of TNF was not sufficient to reduce CTL-mediated immu-
nopathology during primary RSV infection [38]. Mediators
identified so far in playing a role in lung immunopathology
during primary infection of adult mice include TNF-o [39]
and MIP-1o. [18] and these mediators were shown to be
involved in inflammation; RANTES was also implicated as
its inhibition leads to reduced AHR [40]. In most cases the
cellular source of inflammatory mediators has not been
identified, but in vitro infection of human airway epithelial
cells has shown that a number of chemokines can be
induced, including RANTES, MIP-1o. and MCP-1 [19,41].
Analysis of chemokines in bronchoalveolar lavage samples
from infants with RSV bronchiolitis identified a number of
chemokines, including MIP-10 and MCP-1 [20]. Apart from
one study [37], none have addressed the roles played by
inflammatory mediators in lungs of neonatally primed mice
undergoing secondary challenge. Chemokines are involved
in leucocyte trafficking, and have emerged as important
regulatory molecules in the immune processes of the lung
[42]. Here we show that, following rechallenge, the concen-
trations of the mononuclear leucocyte-attracting chemok-
ines MCP-1, MIP-lao and RANTES were increased
significantly in the lungs of neonatally primed mice. In this
study we did not analyse leucocyte recruitment, but our
findings provide a possible explanation for the previously
reported enhanced cellular recruitment that occurs in neo-
natally primed, rechallenged mice and is associated with
enhanced pathology and illness [17]. The role played by
individual chemokines in cellular recruitment and enhanced
pathology seen following secondary challenge are currently
the subject of further investigation.

In conclusion, the data presented here provide further
confirmation that neonates are able to mount efficient
immune responses against infection and that these can lead
to the development of immunological memory. However,
neonatal priming leads to a differential enhancement of Th1
and Th2 responses following secondary challenge. Second-
ary challenge with RSV is associated with a profound
increase in chemokines and inflammatory cytokines in the
lungs of neonatally primed mice and these may be involved
in the histological and inflammatory features of RSV-
induced airway disease. Future studies are required to inves-
tigate the mechanisms responsible for the particularly

© 2008 The Author(s)
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marked enhancement of Th2 cytokine production in
response to secondary RSV infection and the associated
enhanced lung inflammation.
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