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Abstract

Respiratory syncytial virus (RSV) causes severe respiratory disease in both infants and calves. As in humans, bovine RSV (BRSV) infections
are most severe in the first 6 months of life. In this study, experimental infection with BRSV was performed in calves aged 1–5, 9–16 or
32–37 weeks. Compared to younger animals, older calves showed significantly less fever and lower TNF� levels and less virus-specific IFN�
release. In addition, blood from older animals had more mononuclear cells, more B cells and stronger BRSV-specific IgA and neutralising
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ntibody responses to infection. A strong “inflammatory” but weak humoral antiviral response in very young animals suggests tha
nflammation contributes to disease during RSV infection during the early postnatal period.
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. Introduction

Human respiratory syncytial virus (HRSV) is the major
iral respiratory tract pathogen of infants and young children
nd is a pneumovirus in the family Paramyxoviridae, closely
elated to bovine respiratory syncytial virus (BRSV)[1].
he virus infects respiratory epithelium in both the upper
nd lower respiratory tract[2]. The antigenic properties of
RSV and HRSV are very similar, and respiratory disease
ymptoms due to infection with these viruses are comparable
n humans and cattle[1]. Natural infections with RSV (both
RSV and HRSV) do not provide complete immunity; the
irus can repeatedly reinfect both children and calves, albeit
einfections do give progressively milder symptoms[3].

The frequency of reinfection and the mechanism for
vading the immune response is not known. Also, the factors

nvolved in protective immunity to RSV are not known,
ut both antibody and T-cell responses have been found
o be involved[4]. However, reinfection occur even in the

∗ Corresponding author. Tel.: +45 7234 6292; fax: +45 7234 6001.

presence of high levels of neutralising and complem
fixing serum antibodies[5,6]. The cell-mediated immun
response appears to be important for clearance of virus
in the human and bovine system[4,6]. Depletion of cytotoxic
T-cells (CD8+) has in studies in both mice[7] and cattle[8]
resulted in prolonged extensive replication of virus in
lungs. Also a critical role for CD4+ T-cells in the cellu
immune response to respiratory virus infection has b
found[9]. The mechanism by which CD4+ T-cells contro
virus infection is poorly understood, but is mediated at l
in part by IFN� [10]. In both BRSV[11] and HRSV[12] in-
fections enhanced antigen-specific IFN� production has bee
found.

Age seems to be important for development of clin
disease, as most severe HRSV-associated disease is ob
in children less than 1 year of age while most severe BR
associated disease is observed in calves less than 6 mo
age[13]. Epidemiological studies in otherwise healthy c
dren show that infants below 6 months of age have the hi
level of RSV hospitalisations[14]; furthermore, prematu
infants have a highly increased risk of contracting R
E-mail address:sng@dfvf.dk (S.N. Grell). infections[15] and age is therefore considered an important
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risk factor [16]. For calves, various age groups have been
assumed to be more prone to develop severe disease, ranging
from 0–2 to 4–10 months old calves[17,18]. The conclusion
from these studies is that young animals from 1–2 months of
age to 6 months of age are most severely affected clinically
by BRSV. The underlying causes for the high susceptibility
in young individuals are not known, but in infants this in-
creased susceptibility has been proposed to be a consequence
of an immature immune system[19,20]. However, studies in
infants have shed very little light on the cellular response and
antibody response to HRSV, although a disability to produce
neutralising antibodies especially against viral envelope gly-
coprotein in young infants has been shown[21]. Likewise,
lower concentrations of immunoglobulin in neonatal than
in young calves have been described[22], however, little is
known about the immature immune system in cattle, and al-
most nothing is known about the dynamics of T-lymphocytes
in the blood or lymphoid organs. Other possible explanations
for the age-dependent variation in susceptibility towards
RSV infection include immaturity of the lungs in young
individuals, differences in the Th1/Th2 balance, shifts
in immunopathology, and non-balanced (exacerbated)
inflammatory responses in susceptible young age groups.

Both cotton rats and mice have been used as a model for
HRSV infection, however, the disease produced in these ro-
dents differs in a many ways from that in the natural hosts,
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(also IBR- and BVDV-free with low incidence of respiratory
disease), and these additional calves did not differ in clinical
response from their group mates. The BRSV inoculum
consisted of fourth passage of BRSV isolate 2022 in foetal
bovine lung cell (FBL) culture, which had been found free
from other viruses, bacteria andMycoplasmaspp. All animal
were inoculated on the same day, each received 104.6–105.2

TCID50 by combined aerosol exposure and intratracheal
injection. The aerosol inoculum was administered over
10 min through a mask covering nostrils and mouth, while
the intratracheal inoculum was suspended in 20 ml phosphate
buffered saline and injected into the trachea during provoked
heavy inhalation. The inoculum was tested free from other
viruses, bacteria andMycoplasmaspp. and the calves were
free from BVDV and IBR virus.

Three age groups were inoculated: 6 young calves (1–5
weeks old), 6 calves of intermediate age (9–16 weeks old)
and 4 old calves (32–37 weeks old). The calves were mon-
itored daily for clinical signs, including rectal temperature
and respiratory rate. Serum samples for antibody analysis,
and heparin-stabilised blood samples for determination of
total white blood cell count and distribution of cellular sub-
sets, were extracted before BRSV inoculation and at days 1,
4, 6, 8, 11, 13, 15, 18, 21 and 28 post inoculation (p.i.).

Two animals died (one young age calf and one interme-
diate age calf) before day 18 p.i. and were excluded from
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s reviewed by Domachowske et al.[23], whereas the BRS
nfection in calves closely resembles the human RSV in
ion with similar pathological and epidemiological featu
24], and is therefore an ideal model even though comp
o rodent studies calves are expensive to maintain an
mmunologic resources limited[23] The present study wa
esigned to investigate the influence of age on the cli
ourse of experimental infection with BRSV, and to st
ts correlation with the primary specific immune respo
nd cellular and humoral parameters. Calves in three d
nt age groups were experimentally infected with BRSV
oungest group being 1–5 weeks old, the intermediate g
–16 weeks and the oldest group 32–37 weeks of age. I

ound that the oldest animals with less clinical sympto
ad a predominantly humoral immune response, wherea
oungest animals with severe clinical symptoms mount
redominantly inflammatory and cellular response.

. Materials and methods

.1. Animals and experimental infection design

Colostrum-fed 3–9-day-old male Jersey calves w
urchased from self sustained herds, reared in isol
nits following normal management procedures for ca
nd experimentally infected as described elsewhere[25].
ll but two calves came from the same supplier (IBR-
VDV-free with low incidence of respiratory disease),

wo remaining calves came from another self-sustained
he analyses. Clinical observation scores included respir
ate (per minute) and body temperatures recorded bet
ays 3 and 7 p.i. The pathological borderlines were base
revious observations, and were 40/min for respiratory
nd 39.3◦C for body temperature. The score for respira
eaction and temperature score was calculated by subtra
he borderline values and summarizing the data between

and 7 p.i. (sum:�3–7(clinical observation− borderline
alue) = score) as previously described[25].

.2. Determination of antibody responses

Serum samples were tested for BRSV specific IgM, I
gG1, IgG2 and for neutralizing antibodies response
LISA, as previously described[26]. Sampling at days−7,
3, 1, 4, 6, 8, 9, 11,13,15, 18, 21, 28, 34, 41, 48, 53,
7, 60, 62, 64, 69 and 77. The magnitude of the antib
esponse was calculated as the area under the respons
rom days 8 to 48 p.i.

.3. Determination of total white blood cell count and
istribution of cellular subsets

In blood samples (heparin-stabilised blood) total w
lood cell concentrations (WBC/ml) were automatic
ounted (AutoCounter AC990, SVElab), and distribu
f granulocytes, monocytes and lymphocytes was mea
y flow cytometry (FACSCan, Becton Dickinson) based
rofiles of size and granularity, giving % cell type re

ive to the total number of white blood cells as the prim



3414 S.N. Grell et al. / Vaccine 23 (2005) 3412–3423

reading. Peripheral blood mononuclear cells (PBMCs) were
prepared from buffy coat cells after centrifugation (1200×g,
5 min) of heparin-stabilised blood, followed by buoyant den-
sisty separation on Ficoll-Paque PLUS (Amersham Pharma-
cia Biotec). PBMCs were collected and resuspended in PBS.
For determination of cell subsets, aliquots of approximately
106 cells (PBMC) were incubated (30 min, 4◦C) with ei-
ther mAbs against bovine CD2 (CC42, Serotec), bovine CD4
(CC30, ATTC), bovine CD8 (CC63, ATTC), bovine WC1 on
�� cells (CC15, Serotec), or bovine CD21 on B cells (CC21,
Serotec) in optimal dilutions, using PBS as negative con-
trol. This was followed by incubation (30 min, 4◦C) with
secondary FITC-conjugated anti-mouse immunoglobulin an-
tibody (F0313, DAKO). Washing was performed with PBS
containing 0.1% azide and 0.5% BSA. Labelled cells (10.000
gated events) were acquired on FACScan and analysed by use
of the software program CellQuest (Becton Dickinson). The
total number per ml of mononuclear cells, lymphocytes, gran-
ulocytes, and monocytes were computed using the formula:

(WBC count)× (% cell type of WBC)

2.4. In vitro stimulation of PBMC with BRSV antigen

In vitro stimulation for measurement of IFN� in cell su-
pernatants and for intracellular staining was performed on
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1.5�g/ml. Supernatants were harvested after centrifugation
of the plates (1500×g for 10 min), and stored in 96-well
Masterblock® (Greiner) at−20◦C for later measurements of
IFN�.

2.5. IFN� ELISA

The measurement of IFN� in cell culture supernatants
was performed using a previously developed bovine IFN�
ELISA [29]. Briefly, 96-well plates (MaxiSorpTM, NUNC
were coated with 100�l monoclonal anti bovine IFN� (clone
cc302, Serotec) at 1�g/ml in PBS and incubated overnight at
4◦C. Then the wells were blocked with PBS containing 1%
(w/v) casein (Casein Hammerstein, MW 75,000–100,000;
ICN Biomedicals Inc.) and 0.05% Tween 20) for 1 h at 37◦C
(blocking buffer). The wells were washed 6 times in PBS
with 0.05% Tween 20. Samples (50�l) were added with
an equal amount of blocking buffer and incubated for 2 h
at room temperature. Then washing was performed 6 times,
followed by incubation with a purified polyclonal rabbit
anti-recombinant bovine IFN� antibody 1:4000 in blocking
buffer.

Then horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin (ZyMAX, Zymed) at 1:20,000 in blocking
buffer was added for 1 h at room temperature. Staining was
performed with orthophenyldiamine (Kem-En-Tec) accord-
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BMCs from samples obtained before inoculation of BR
day−7 p.i.) and after inoculation at days 11, 13, 18, 21
8 p.i. for IFN� determination in supernatants and at d
1, 13, 21 and 28 p.i. for intracellular staining.

BRSV antigen used for in vitro stimulation, consis
f polyethylenglycol 6000-precipitated BRSV (Dan
eld strain 88Lu195)[27] from foetal bovine lung ce
ulture (FBL) infected with BRSV, while the control antig
onsisted of FBL without BRSV. BRSV antigen and con
ntigen was used in a final solution of 1:150.

PBMC were isolated from heparin-stabilised blood
escribed above and resuspended in RPMI (RPMI me
640, Gibco-BRL) with antibiotics (penicillin 100 U a
treptomycin 100�g/ml) and 10% foetal calf serum (FC
ibco-BRL). The cell suspension 1 ml of 3× 106 cells/ml
as incubated in 24-well cell-culture plates (Greiner).

ncubation for detection of cytokine in the supernatants
erformed for 44 h at 37◦C in 5% CO2 in the presenc
f Staphylococcalenterotoxin B (SEB 5�g/ml) (ALEXIS
iochemicals, Tx-BP202), BRSV antigen, control anti
r RPMI (4 wells per sample). SEB was chosen as a sui
ositive control as it is a superantigen that directly activ
ost bovine T-cell subtypes by coupling to the TCR elem
utside the antigen binding groove without a need for p

nternalisation and processing by APC’s[28]. This induce
monoclonal T-cell activation mimicking the specific T-c

eceptor induced stimulation occurring with BRSV antig
Incubations for intracellular staining were performed

8 h. For the last 4 h of incubation the cells were incub
ith monensin (Sigma–Aldrich) at a final concentration
ng to the manufacturers instructions. Absorbance was
t a wavelength of 490 nm (reference wavelength 650 n

Recombinant IFN� was used as a standard from the c
entration of 20,000–9 pg/ml. Standard curves were use
nterpolating unknown concentrations from samples. Cu
alue was set to 30 pg/ml.

.6. Intracellular staining for cytokines

After antigen in vitro stimulation, 100�l of 20 mM EDTA
Sigma–Aldrich) was added to the cells to give a final solu
f 2 mM and incubated for 10 min at room temperature. C
ere harvested and then washed twice in washing-b

PBS with 0.5% BSA, 0.1% azid, 1% autologous plasm
ereafter, a volume of 1 ml lysis-solution (FACSTM lysing
olution, Becton Dickinson) was added to each sample
ncubated for 10 min at room temperature for initial lysis
emaining erytrocytes and fixation of PBMCs. These fi
ells were then suspended in washing-buffer and ke
◦C up to 48 h. Before further use, cells were washed t

n washing buffer and permeabilized by adding drop
y droplets of 2.5 ml of saponin-buffer (PBS, with 1
lasma, 0.1% azide, 0.1% Saponin (Sigma–Aldrich)) to
ell-suspension under constant agitation. Cells were s
uently washed twice in saponin-buffer and then incub

or 60 min at 4◦C with anti-boTNF� (in-house monoclona
ntibody, clone 3.28) at 1�g/ml, anti ovine IL-6 (clone
B6, Serotec) at 5�g/ml, anti-porcine IL-10 (clone 945 A
iosource 945A) at 5�g/ml, anti-boIFN� (clone cc302
erotec) at 5�g/ml or an isotype control of mixed IgG1 a
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IgG2 antibodies (DAK-G01 and DAK-G05, DAKO) each at
5�g/ml. The cells were then washed twice in saponin-buffer
and incubated with a phycoerythrin-conjugated F(ab′)2
fragment of a rabbit anti-mouse immunoglobulin (2.5�g/ml
F0439, DAKO) for 30 min at 4◦C. Cells were then washed
twice in PBS and finally resuspended in PBS with 1%
para-formaldehyde at 4◦C, and later analysed by flow
cytometry (FACSCan, Becton Dickinson).

A typical forward- and side-scatter lymphocyte gate was
set, and 25,000 gated events within this gate were acquired
and analysed by use of the software program CellQuest (Bec-
ton Dickinson) for measuring cytokine positive lymphocytes.

Percent cytokine positive cells after specific BRSV anti-
gen stimulation was calculated by subtracting buffer con-
trol stimulated signal and the isotype control signal from
the specific BRSV antigen signal getting the final corrected
percentage of positive cells. We consistently observed that
there was no cytokine response whatsoever from the neg-
ative control cells (“stimulated” with uninfected cells) and
therefore, only the buffer control was subtracted. Gating was
done in such a way that buffer control was around 0.2–1% of
the cells, isotope control was usually lower. Similar correc-
tions/calculations were performed with the positive control
of superantigen (SEB) stimulated cells.
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3. Results

3.1. Clinical findings

One young calf and one intermediate age calf died dur-
ing the first weeks after BRSV inoculation and were both
excluded from the study. Increased rectal temperature was
measured in all inoculated calves; with a significantly higher
score (sum of temperature during infection) of body tempera-
ture in the group of young calves compared to the group of old
calves, as shown inFig. 1. Likewise, higher respiratory rates
were observed in the young age group and intermediate age
group compared to the old age group calves (not statistically
significant).

3.2. Development of antibodies

Daily serum samples were tested for antibodies. The mag-
nitude of the BRSV-specific IgM, IgA, IgG1, IgG2 and neu-
tralizing antibodies responses are depicted as a summation
figure integrating the response of each antibody isotype in
each age group from days 8 to 48 p.i. (Fig. 2).

The magnitudes of the maternal IgG1 antibodies (results
not shown) in the age groups before inoculation were highest
in the youngest age group (mean 45) and lower in the inter-
m in the
o

lves
i 47.5)
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.7. Statistics

One-way Analysis of variance (ANOVA) with Bonfe
oni’s multiple comparison post test was performed u
raphPad Prism version 3.00 for Windows (GraphPad
are, San Diego, California, USA).
The ANOVA assumes that the sampled data are from

lations that follow a Gaussian distribution, however, it
ot possible to guarantee a Gaussian distribution in all
led data. Therefore, the ANOVA was supplemented by
arametric statistics (post test; Kruskal–Wallis), which d
ot rely on this assumption, since it is based on ranking va

rom low to high. Both statistical tests gave similar resu
-values shown in the text are values from the ANOVA t

ig. 1. Age-dependent differences in clinical responses after BRSV i
ge group are shown as horisontal lines. Black squares represent the
eeks old) and the asterisks represent the oldest age group (32–37 w
ediate age group (mean 20.3) and too low to estimate
ldest age group.

In response to the experimental BRSV infection, all ca
n the oldest age group had an IgA response (mean 8
hile only one out of five calves responded in both the in
ediate age group (mean 76) and in the young age g

mean 84), which were statistically significantly differ
P< 0.05). A similar pattern could be seen for the IgG1
ponses (not statistical significant). The IgG2 response
ery low, but the highest response was in the two youn
roups (means for young 962, intermediate 230 and old
ll calves in the three age groups showed an IgM respo

n the oldest group, there were two animals out of four
esponded with a high IgM response and two animals w

n, shown as the sum of clinical scores as described in Section2. Means for eac
est age group (1–5 weeks old), circles represent the intermediate a(9–16
ld). (A) Sum of body temperature. (B) Sum of respiratory rate.
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Fig. 2. Age-dependent differences in antibody responses after BRSV infection, shown as the sum of antibody scores as described in Section2. Y-axes show
arbitrary units. The median for each age group are shown as horisontal lines. Black squares represent the youngest age group (1–5 weeks old), circles represent
the intermediate age group (9–16 weeks old) and the asterisks represent the oldest age group (32–37 weeks old). Note that theY-axis differs for the different
antibody types.

low IgM response (appears negative inFig. 2, but are low),
while the group variation was negligible in the intermediate
age group and the youngest group. Comparing the intermedi-
ate age group (mean 3816) and the youngest age group (mean
7560), the youngest group responded with the strongest IgM
response.

No general pattern of high responder/low responder an-
imals could be seen; as individuals with high titers of one
isotype, did not necessarily have high titers of other isotypes.

3.3. White blood cell (WBC) count

White blood cell count is shown inFig. 3. Significant dif-
ferences (P< 0.05) between the WBC count of all the age
groups were found throughout the infection except at day
8 p.i. (Fig. 3). Even before BRSV inoculation there was a
significant difference (P< 0.05) between the age groups in

WBC counts, with a mean WBC counts of 9.4× 106 cells/ml
in the oldest age group (n= 4) and 8.1× 106 cells/ml in the
intermediate group (n= 5) while the youngest group of calves
had a significantly lower cell count (mean 6.5× 106 cells/ml)
(n= 5).

Alterations in numbers of WBC were observed after inoc-
ulation with BRSV, as shown inFig. 3. Significant differences
(P< 0.05) between the intermediate age group and the young
age group (calves in the oldest animal group were executed
at day 28 p.i.) remained in all tested samples up to day 77 p.i.
(data not shown).

3.4. WBC distribution

Alterations in WBC are further detailed inFig. 4, showing
first the differentiation of WBC into mononuclear cells
and polynuclear cells, and hereafter the differentiation of
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Fig. 3. The kinetics of white blood cells (WBC) in whole blood during
BRSV infection.X-axis shows days post infection.Y-axis is total number
of cells per 106/ml whole blood. Black squares represent the youngest age
group (1–5 weeks old), circles represent the intermediate age group (9–16
weeks old) and the asterisk represents the oldest age group (32–37 weeks
old).

mononuclear cells into mononuclear cells in lymphocytes
and monocytes. All are shown both as numbers of cells pr.
ml whole blood, and as percentage of WBC. The significant
difference in WBC between the age groups, with highest

number in the oldest groups, was due to differences in the
total amount of mononuclear cells per ml (upper row in
Fig. 4); which again was almost entirely accounted for by
the absolute numbers of lymphocytes per ml. The oldest
groups, therefore, had significantly higher numbers of
lymphocytes than the younger animals pr. ml both measured
in relative and absolute numbers (Fig. 4). However in all
groups lymphopenia could be seen at day 6 p.i.

Looking into percentage of subsets it was found that the
youngest age group consistently had a higher percentage of
polynuclear cells (granulocytes) as shown in (lower row in
Fig. 4) throughout the entire infection (mean value), namely
a level of 34.8%, which was significantly higher than both
the intermediate age group (22.4%) and the oldest age group
(22.6%) (P< 0.0001).

3.5. Distribution of lymphocyte subpopulations

The distribution of lymphocyte subsets was determined on
isolated PBMC fractions. Percentages of lymphocyte subsets
according to the three age groups of calves are shown in
Fig. 5. Subsets were not calculated as number of cells/ml as
the error introduced by multiplication of the percentages (the
primary reading) with the absolute number of lymphocytes

F
m
c
r

ig. 4. Age-dependent changes in leukocyte subsets over time in response t
l whole blood, and lower row depicted as percentage of leukocytes in whol

ells pr ml. Black squares represent the youngest age group (1–5 weeks old
epresent the oldest age group (32–37 weeks old).
o experimental infection with BRSV. Upper row is depicted as absolute numbers pr
e blood.X-axis shows days post infection.Y-axis shows total counts in number of
), circles represent the intermediate age group (9–16 weeks old) and the asterisks
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Fig. 5. Age-dependent changes in the percentages of CD2, CD4, CD8,�� Tcells (WC1) and B-cells (CD21) in PBMC after BRSV infection.X-axis shows
days post infection.Y-axis shows percentage of PBMC in whole blood. Black squares represent the youngest age group (1–5 weeks old), circles represent the
intermediate age group (9–16 weeks old) and the asterisks represent the oldest age group (32–37 weeks old).

(seeFig. 4), which in turn was calculated as described above,
was considered to be too big.

3.5.1. Age group differences in lymphocyte subset
distribution before infection

Before infection (seeFig. 5, days−3 and−7 p.i.) the most
pronounced differences in lymphocyte subsets were found in
the percentages of CD21 positive B cells, with a much higher
percentages of B-cells (P< 0.001) in the old and intermediate
age groups compared to the young age group. This differ-
ence was also found in absolute numbers (cells per ml) (not
shown). Before infection (day−3 p.i.) the mean percentage
of B cells was 19.9% in the old age group, 17.5% in the in-
termediate age group, and 4.4% in the young age group. The
percentages of CD2+ and CD4+ cells were generally lower
in the old animals, and higher in the young animals before
infection (day−3 p.i.). However in absolute numbers no sig-
nificant differences were found (data not shown), but absolute
numbers of both CD8 and�� cells were highest in the oldest
animals.

3.5.2. Age group differences in lymphocyte subset
distribution after infection

Changes in lymphocyte subsets after BRSV infection were
most obvious for the relative number (percentage of mononu-
c
I were
d ared
t e
p sig-
n the
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u ngest
i (Sec-
t w-
e ase in
p p.i.

From day 18 p.i. and onward (until end of measurements day
77 p.i.), the percentages of B cells were similar in all three
age groups (data not shown).

For percentage of CD2+ lymphocytes there was a dis-
tinct increase in the intermediate age group while the other
two groups showed more moderate increases. At day 4 p.i.,
the percentage of CD2+ cells in the intermediate age group
and the youngest age group were both significantly higher
(P< 0.05) than the mean CD2+ percentage of the oldest age
group. Percentages of CD8+ cells and��-cells peaked days 4
and 6 p.i. respectively, but did not vary significantly according
to age.

No significant differences in absolute numbers of leuko-
cyte subset (cells per ml) (not shown) was found in any
subsets apart from B cells that were still significantly
lower in the youngest age group. For CD2, CD4, CD8
and B cells a drop in absolute numbers could be seen
at day 6 p.i. showing the lymphopenia also shown in
Fig. 4(data not shown).

3.6. Intracellular staining of cytokines after specific
stimulation

Intracellular staining for production of cytokines after
BRSV stimulation of PBMCs in vitro was performed for IL-
6 ,
2 -
s re
a t age
g this
d ghest
s

-
i d the
o b-
t
b diate
a

lear cells) of CD4+ cells, CD8 + cells and B cells (seeFig. 5).
ncreases of CD4+ and CD8+ positive cell percentage
etected around days 4–6 p.i. in all age groups comp

o pre-infection levels (day−5 p.i.). At days 6–11 p.i., th
ercentage of CD4+ cells in the oldest age group was
ificantly lower than the percentage of CD4+ cells in
oungest age group (P< 0.0001) and in the intermediate a
roup (P< 0.01). The percentage of B cells did not incre
ntil day 13 p.i. and the oldest age group showed the stro

ncrease. The percentage of B-cells was, as mentioned
ion 3.5.1), initially lowest in the youngest age group, ho
ver this difference disappeared, as there was an incre
ercentage of B-cells in the young age group from day 4
, IL-10, TNF� and IFN� in all animals at days−7, 11, 13
1 and 28 p.i. However, the days−7 and 13 p.i. were cho
en as representative (Fig. 6). On day−7 p.i. responses we
bsent or very low, however, one animal from the oldes
roup had a low specific production of all cytokines on
ay. On day 13 p.i., the youngest age group had the hi
pecific IL-6 and TNF� response.

The differences in specific TNF� were statistically signif
cant between the youngest age group (mean 4.27 %) an
ldest age group (mean−0.84%) (slightly negative after su

raction of PBS-control and isotype control) (P< 0.05) and
etween the youngest age group (4.27%) and the interme
ge group (−0.41%) group (P< 0.01).
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Fig. 6. Intracellular staining for TNF�, IL-6, IL-10 and IFN� after in vitro stimulation with BRSV antigen. Results are shown for day−7 p.i. (left panel)
and day 13 p.i. (right panel).Y-axis shows percentage of positive cytokine producing cells after in vitro stimulation with BRSV antigen subtracteing positive
cytokine producing cells after in vitro stimulation with control antigen. Black squares represent the youngest age group (1–5 weeks old), circles represent the
intermediate age group (9–16 weeks old) and the asterisks represent the oldest age group (32–37 weeks old).

The higher specific IL-6 responses in the youngest age
group (mean 10.15%) were not statistically higher than
the responses in the intermediate age group (mean 6.95%)
and the oldest age group (mean 1.15%). The specific IFN�
responses were highest (non-significant) in the youngest
age group (mean 9.9%) compared with the intermediate age
group (3.6%) and the oldest age group (3.5%), while the
specific IL-10 responses were similar in all age groups.

3.7. Specific IFN� response measured by ELISA

Supernatants from BRSV specific antigens in vitro stim-
ulated PBMC’s (3× 106 cells/ml) were tested in an IFN�
ELISA (Fig. 7).

Before infection, no animals showed specific IFN� re-
sponse to in vitro stimulation with BRSV antigen (Fig. 7).
After infection, specific IFN� responses were measured from
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Fig. 7. Antigen-specific production of IFN� after in vitro stimulation with
BRSV antigen. Black squares represent the youngest age group (1–5 weeks
old), circles represent the intermediate age group (9–16 weeks old) and the
asterisks represent the oldest age group (32–37 weeks old).

day 11 p.i., where one animal from the youngest group had
a specific IFN� response. On days 13–18 p.i., increased spe-
cific IFN� responses were detected in the young and the in-
termediate age groups, but not in the oldest group. At days
21 and 28 p.i. there was no response in any of the groups.
Control stimulations with SEB induced IFN� responses in
all calves on all the days measured including days 21 and
28 p.i. Measuring the level of the specific IFN� response as
either peak values or as the area under the curve, a significan
difference between the youngest group and the oldest group
(P< 0.01) was found; the mean for peak values the youngest
age group was 1139 pg/ml after stimulation with BRSV anti-
gen, 405 pg/ml for the intermediate age group and 42 pg/ml
for the old age group.

Measuring the specific IFN� response after stimulation of
whole blood (1.5 ml blood without regarding cell counts) a
similar differentiation between age groups was found, though
not as significant. In whole blood stimulation assay, two ani-
mals from the oldest group had specific IFN� response around
day 13 p.i. (data not shown).

4. Discussion

Respiratory syncytial virus is one of the major causes of
viral lower respiratory tract disease in infants and calves.
A vere
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mouse model, suggesting that age at first infection play a key
role in shaping later immune responses[31]. However, the
RSV infection in mice differs in a number of respects from
that in the natural hosts as both active virus replication and
virus-induced inflammation is limited[23].

In the bovine experimental infection model used here,
mock inoculated animals, i.e. animals inoculated with cell
cultured without virus[32,33], and non-treated animals[34]
showed no signs of disease, no acute phase response and no
cellular or cytokine changes, and it was therefore chosen here
to use each individual animal as its own control (before in-
fection samples).

Significant differences in clinical symptoms were found
between three age groups (1–5, 9–16 and 32–37 weeks),
where the youngest animals developed more severe clini-
cal symptoms than the older calves. Some of the differences
could be accounted for by differences in the balance of the
immunological response between an antibody based (Th2)
and a cellular response (Th1), although maternal antibodies
may also play a role. Large differences in the levels of neu-
tralizing antibodies and IgA were found between age groups
(Fig. 2). The oldest age group had the highest neutralizing
antibodies and IgA antibody response, both differences were
significant different. Initial maternal IgG1 antibodies could
be seen in the intermediate and the young age group, whereas
the oldest age group had no maternal antibodies similar to
w t
o -
t temic
a at
m ypes,
h ially
w -
v s in
I t age
g t the
o with
p were
c lung
[ d IgA
i

n im-
p n re-
s ed
t year
o etri-
m
a bsent
a dies
a gG2
a d af-
t nt
d und.
T wer
B e of
t oups.
ge is considered a risk factor for development of se
ower respiratory tract infections by RSV in infants[30], and
imilarly most epidemiological studies have concluded
ainly young calves are severely affected by BRSV in

ion [17,18]. The results of the present study confirm thi
n experimental infection model in cattle. Although not
atural host for RSV the mouse model has been very
essful in reproducing many aspects of the human dis
nd has been used extensively to study the immunolo
SV. The importance of age has also been investigated
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hat has previously been reported[35]. The protective effec
f maternal antibodies has been questioned[36], and such an
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ntibody responses[37]. Kimman et al. (1987) found th
aternal IgG1 antibodies caused suppression of all isot
owever this suppressive effect was rarely total, espec
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gA and in neutralizing responses between the differen
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lder animals were better IgA responders. This is in line
revious reports, where it was found that older animals
apable of mounting a stronger local IgA response in the
3] and studies which showed that neonatal calves lacke
n the lung[36].

Also, human studies have showed that infants have a
aired antibody response, compared to older children i
ponse to RSV[38–40]. Furthermore, these studies show
hat the antibodies that were produced in the first half
f life favoured linear epitopes which apparently had a d
ental role, as it predisposed the infants to get ill[19,20]. In
ddition, several studies have shown that the weak or a
ntibody response was due to lack of protective antibo
gainst glycoproteins. Protecting antibodies of isotype I
nd IgG4 against glycosylated epitopes was not acquire
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Other bovine studies comparing newborn and older calves
showed the same age-dependent difference in the amount of
mature immunoglobulin (IgA and IgG) producing cells in
the ileal intraepithelial lymphocyte population[43] and in
the tracheobronchial tree[36].

Impaired Ig production can, however also be due to a lack
of help from T-cells[21]. In the present study the oldest an-
imals had significantly higher numbers of white blood cells,
especially lymphocytes than the younger animals confirming
other studies[44,45]. Also in the present study, higher per-
centages of CD2+ and CD4+ cells in young calves compared
to old calves were found. Similar results have been found
in blood and lymphoid tissues of foetal calves compared to
maturing calves and adult cows[22]. Also age independent
fluctuation of��+ cells were comparable to the finding in
other studies[46] however a significant rise in CD8+ and
a reduction in CD4+ cells as previously reported in experi-
mentally BRSV-infected lambs[47] could not be seen. Other
factors that may influence the outcome of infection are the ex-
tent of the inflammatory response and the capacity to produce
cytokines could also influence the susceptibility to BRSV in-
fection. It can be expected that a less aggressive inflammatory
response will lead to fewer clinical symptoms but also will be
less efficient in clearing the infection. A very strong inflam-
matory response may be very efficient in killing the virus,
but will also induce host pathology. Human studies have sug-
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phase proteins associated with this response are probably, as
reported elsewhere (Grell et al., in press), connected with and
influencing the later specific response to the virus infection.
Age-dependent variation in the capacity to produce inflam-
matory cytokines and acute phase proteins may, therefore,
explain the differences between age groups.

Lastly, age-dependent variation in T-cell produced cy-
tokines may also influence the clinical differences between
age groups. It has been reported that the ability of infants to
mount an IFN� response increases between birth and the age
of 5 years and that the IFN� production is delayed until af-
ter the age of 1 year[21]. These results are in contrast to the
present study where the IFN� response after specific stimula-
tion of PBMCs measured both by ELISA and by intracellular
staining was higher in the youngest age group comprising the
most severely affected calves. Whether the differences in the
severity of clinical symptoms are caused directly by the dif-
ferences in the IFN� response or vice versa is not known.
It should, however, be noted that the specific IFN� response
in whole blood (tested by ELISA, not shown) showed less
substantial differences between age groups, probably due to
the use of whole blood instead of a fixed number of PBMCs
as used here.

These results on IFN�, indicating the presence of a seem-
ingly non-protective cellular response seem to be in conflict
with several previous studies. Firstly, the general dogma that
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ituation could exist in infants with an immature immune
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f calves are indicative of a stronger inflammatory respo
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reviously been shown that the magnitude and duration o
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everity of clinical signs (fever) and with the extent of lu
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tudies have shown that RSV is a potent inducer of infl
atory cytokines[49,50]. Other human studies have furth
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n response to RSV[51]. In the bovine system, TNF� and
cute phase response have both been found in BRSV infe
eaking at the time with most clinical sign at day 7 after in

ion, which fits well with the expected involvement of th
roteins in the tissue affecting part of the pathogenesis[33].

Taken together these findings imply that the magnitud
he inflammatory response has a vast impact on the cli
esponse, and that the proinflammatory cytokines and
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ive immunity towards virus infections. Secondly, that a c
ediated cytotoxic CD8+ response is essential for clear
f the virus[4]. And thirdly, that severe RSV infection is a
ociated with a shift in the balance from Th1 towards
ytokines[52] (bovine)[53] (human). However, studies
nfants have suggested that RSV-induced wheezing is ch
erized by an immunologic imbalance resulting in exces
elease of IFN� [40,54], and other studies have shown t
FN� knockout mice exhibited less severe signs of airway
truction[55]. Despite the fact that controversy exist, IF�
eems to play a possible protective role in terms of limi
iral replication but also a pathogenic role in causing air
bstruction. The Th1/Th2 paradigm may be an oversim
ation of a much more complex immunoregulatory netw
n which both antibody-based and cellular-based respo
re necessary for the combat of RSV. In favour of th

he observed equal production of IL-10 in all age groups
icating as reported before, that bovine IL-10 may hav

mmunoregulatory effect that is independent of age[56].
Thus, while a cytotoxic response was clearly indica

s being of importance for protection against infection w
RSV by eliminating the virus[4], the findings here suppo

hat neither specific IFN� nor proliferative responses in t
lood (not shown), after in vitro recall stimulation with BRS
ntigen, are key parts of the cellular immunology medi
rotection against disease. As several previous observ
uggest that antibodies alone do not bring about prote
5], protection must be mediated by other factors, or co
ations of factors, possibly locally in the lungs.
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In conclusion, in the current study the oldest animals
with less clinical symptoms had a predominantly humoral
immune response with the highest percentage of B cells
and the highest titres of IgG and IgA, whereas the youngest
animals had a predominantly inflammatory and cellular re-
sponse with the highest fever and respiratory rate, the highest
inflammatory specific cytokine response and the highest
specific cytokine induction. It may be speculated that the
initiation of an exaggerated inflammatory cytokine response
by itself can induce or exacerbate the clinical symptoms of a
BRSV infection. However the true cause-effect relationship
remains to be investigated.
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