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Enzyme-linked immunosorbent assays for the detection of immunoglobulin M (IgM), IgA, IgGl, and IgG2
antibodies against bovine respiratory syncytial virus (BRSV) were used to measure antibody responses of calves
after experimental or natural infection with BRSV. Serially collected sera, lung lavage samples, nasal and eye
secretions, and feces were tested for the presence of these antibodies. Lung lavage fluids and nasal secretions
were further examined for the presence of virus. After experimental infection of 3- to 4-week-old, colostrum-
deprived (seronegative) calves, the virus was detected from days 3 to 8 post-initial inoculation day (PID). An
immune response was first detected 8 to 10 days PID, when BRSV-specific IgM and IgA appeared nearly
simultaneously in serum, secretions, and feces. BRSV-specific IgGl appeared only in serum on days 13 to 17
PI), and IgG2 was first detected in sera from 1 to 3 months PID. Specific IgM and IgA were detectable in the
different samples for various periods. In the respiratory and eye secretions, IgA usually remained detectable
for long periods, that is, for up to 3.5 months or longer. In lung lavage samples, BRSV-specific IgG1 was only
incidentally demonstrated and appeared to be blood derived. The immune response of a 5-month-old calf
strongly resembled that of the 3- to 4-week-old calves (feces excepted), indicating that an age effect on the
immune response to BRSV is unlikely. After experimental infection of colostrum-fed, seropositive calves, both
local and systemic antibody responses were largely or totally suppressed. The degree of suppression seemed to
be related to the lçvel of preinoculation virus-specific serum IgGl. Of ail isotypes, IgM was least affected.
Colostrum-fed animals shed virus in about equal amounts and for the same length of time as colostrum-
deprived calves. Clinical signs were mild in both groups. After reinfection, no virus shedding was detected In
either colostrum-deprived or colostrum-fed calves. In both groups, a secondary immune response developed,
characterized by strong and rapid (from about day 6 PID) mucosal and systemic IgA responses, but reaching
higher titers in colostrum-deprived calves. Also, strong mucosal, but not serum, IgM responses were observed,
which, however, did not develop faster than those observed after primary infection. Naturally infected calves,
showing severe signs of respiratory disease, had various levels of, most likely, maternally derived antibodies on
the first day of illness. Mucosal and systemic antibody responses of various heights and durations were
observed, but in general these responses were stronger than those observed after experimental infection. The
results point to an important role for loéal IgA, rather than for serum IgGl, in the protection against BRSV
infection. The capacity to mount a local memory IgA response seems especially important. Priming for such a
mucosal memory response is possible even when the primary immune response is severely suppressed because
of the presence of maternal antibodies.

Infections with bovine respiratory syncytial virus (BRSV)
and associated clinical signs are observed in calves with or
without maternal antibodies (11, 13, 20, 23, 30). Even young
calves, from 2 to 3 weeks of age, can exhibit severe signs of
disease during BRSV outbreaks (13; T. G. Kimman, F.
Westenbrink, P. J. Straver, D. van Zaane, and B. E. C.
Schreuder, Res. Vet. Sci., in press). Reinfections with
BRSV also occur, but these are usually not accompanied by
clinical signs of disease (16). Thus, a natural infection does
not prevent reinfection but appears to offer good protection
against clinical consequences after reinfection. In contrast,
children may exhibit severe disease after the second infec-
tion with respiratory syncytial virus (RSV), but subsequent
infections result in progressively milder illnesses (8).

Besides affording incomplete protection to BRSV, mater-
nal antibodies are markedly immunosuppressive. In calves
with maternal antibodies, not only are serum immunoglob-
ulin Gi (IgGl) and IgG2 responses suppressed, but serum
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IgM and IgA responses are also decreased or absent (Kim-
man et al., in press).
Immunity to RSV has been studied in infants (15, 18, 19,

31), cattle (23, 32, 36; Kimman et al., in press), mice (35),
cotton rats (25-27, 39), and ferrets (33). These studies
sometimes yielded conflicting results, and often the immune
response at the sites of infection was not investigated.
Especially in cattle, information about the local immune
response to BRSV is scarce. The availability of monoclonal
antibodies against bovine immunoglobulin (37) made it
possible to develop highly specific enzyme-linked immuno-
sorbent assays (ELISAs) for the detection of IgGl, IgG2,
IgM, and IgA antibodies against BRSV (Kimman et al., in
press). The possibility of collecting repeated lung lavage
samples of unanesthetized calves (13) further enabled the
study of the local immune response to BRSV.

In the present study, the immune response to BRSV was
studied by using serial lung lavages of specific-pathogen-free
calves, with or without maternal antibodies, after an exper-
imental infection and reinfection. The infection protocol was
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intended to mimic a natural infection and to evoke clinical
illness. The results obtained in the experimental infections
are compared with results obtained in naturally infected
calves.

MATERIALS AND METHODS

Experimental animals. In two experiments, a total of 13
Friesian specific-pathogen-free calves were used. Calves
were obtained by cesarean section and reared in isolation.
They were housed individually in wooden boxes placed in
isolation rooms with positive air pressure. Each experimen-
tal group was housed in a separate isolation room. Persons
entering the isolation rooms changed clothes beforehand.
The calves were fed a commercial milk substitute until 6
weeks of age. Thereafter, they were fed dried grass pellets
and concentrates.
During the experiments, the calves remained free of

infections with infectious bovine rhinotracheitis virus, bo-
vine viral diarrhea virus, and parainfluenza virus type 3, as
determined by serologic examination. Two calves, one
colostrum deprived and one colostrum fed, were killed and
necropsied because of intercurrent disease (polyarthritis and
urinary tract infection, respectively).

Experimental design. In the first experiment, six specific-
pathogen-free calves were used. They were raised without
colostrum. Four of these calves were infected at an age of 3
to 4 weeks by a combined intranasal and intratracheal route.
The inoculum (see below) was administered intratracheally
(15 ml) and intranasally (5 ml; 2.5 ml in each nostril) during
four consecutive days. Two calves were mock infected with
control antigen. Four months later, the calves were
reinfected by using the same inoculation protocol, and one of
the control calves was then infected for the first time.

In the second experiment, five calves were fed colostrum
ad libitum during the first 48 h of life, and two calves did not
receive colostrum. Colostrum was obtained from postpar-
tum cows on different farms, stored at -20°C, and pooled
before use. The colostrum pool had a BRSV-specific IgGl
titer of 20,480; BRSV-specific IgG2, IgM, and IgA were not
detected. Calves ingested 4.5 to 8.5 liters of colostrum. In
this experiment, two colostrum-deprived calves and three
colostrum-fed calves were infected at 3 weeks of age and two
colostrum-fed calves were infected at 10 weeks of age in
order to study the effect of different levels of maternal
antibodies. Calves were reinfected after 3 months. Four
calves (two colostrum fed and two colostrum deprived) were
infected a third time, 3 months after the second infection.

Before and after infection, the calves were examined for
clinical signs two or three times a week. Rectal temperatures
were determined twice daily.

Sampling procedures. During the week of inoculation and
for 3 weeks thereafter, blood saniples, lung lavage fluids,
nasal and eye secretions, and feces were collected three
times weekly. Before and after this period, samples were
collected at greater intervals.
Blood collected in EDTA-containing tubes was used for

determination of hematological parameters (hemoglobin
content, hematocrit, number of leukocytes, and differential
leukocyte count). Serum was obtained from whole blood by
centrifugation and stored until assayed for albumin and
BRSV antibodies.
Lung lavage was done as described previously (13), with

60 ml of phosphate-buffered saline (sterile, isotonic, pHi 7.2).
Usually, 30 to 50 ml of fluid was recovered. After collection,
samples were divided into three parts. One part was imme-

diately processed for virologic examination. A second part
was used for determination of the total number of cells by
using a Coulter Counter (Coulter Electronics, Hialeah, Fla.).
If the number of cells was <0.5 x 105/ml of lavage fluid, the
results obtained with that sample were discarded. The re-
mainder of the lung lavage fluid was centrifuged (1,100 x g,
10 min), and the supernatant was stored until assayed for
albumin and antibodies.
Nasal and eye secretions were collected with cotton tips

(Medical Wire & Equipment Co. [Bath] Ltd., Potley,
Corsham, Wilshire, United Kingdom). One nasal swab was
processed for virologic examination immediately. A second
nasal swab and an eye swab were suspended in 1 ml of
ELISA buffer and stored until assayed for antibodies.
Blood contamination of secretions was assessed by means

of a urine test strip (Boehringer GmbH, Mannheim, Federal
Republic of Germany).

Feces samples were mixed with four parts phosphate-
buffered saline, pH 7.2, containing 0.05% Tween 80, and
stored at -70°C. Before being tested, feces samples were
centrifuged for 10 min at 1,100 x g. Feces supernatants and
nasal or eye swab suspensions were regarded as undiluted
test samples. Until being tested, all samples were stored at
-700C.
Inoculum. Calves were inoculated with a BRSV strain

isolated from a calf in a herd with severe respiratory tract
disease (herd G in reference 13). The virus was isolated and
multiplied in monolayers of secondary bovine fetal lung
cells. The fifth and sixth passages were used. After a
freeze-thaw cycle, cellular lysates were clarified by centrif-
ugation and were stored at -700C until required for use.
Immediately before the lysates were used, virus titrations
were done. Inocula contained 103 to 105 50% tissue culture
infective doses of virus per ml. Inocula were checked for the
absence of bovine viral diarrhea virus by immunofluores-
cence (IF) tests on inoculated cell cultures. Uninfected
monolayers were treated identically and used as control
antigen.

Virologic examinations. Nasal swabs were suspended in 5
ml of Hanks minimal essential medium with 2% fetal calf
serum and antibiotics. This medium was also added to lung
lavage samples in a 1:1 ratio. After incubation for 30 min at
room temperature and centrifugation (1,100 x g for 10 min),
2-ml volumes of these samples were added to monolayers of
a fetal bovine trachea cell line, grown in 25-cm2 disposable
polystyrene flasks (Corning Glass Works, Corning, N.Y.).
The cultures were incubated at 370C for up to 3 weeks.
Cultures were examined for cytopathic effect every day.
When cytopathic effect developed, or else 3 weeks after
inoculation, the cultures were examined for BRSV by an
indirect IF test by using a specific-pathogen-free calf serum
against BRSV.

Virus titrations on positive samples were done in duplicate
by using fetal bovine trachea cells. The cells (105/ml) were
mixed with 0.05-ml volumes of 10-fold dilutions of test
samples and incubated for 7 days in 24-well tissue culture
cluster plates (Corning). The test was read for cytopathic
effect.

Isotype-specific BRSV ELISAs. BRSV-specific IgGl and
IgG2 were detected and titrated in indirect double antibody
sandwich assays, as described previously (Kimman et al., in
press). Briefly, ELISA plates coated with the immunoglob-
ulin fraction of a horse serum against human RSV (Flow
Laboratories, mnc., McLean, Va.) were incubated succes-
sively with BRSV antigen (50% ammonium sulfate precipi-
tate of a BRSV-infected cellular lysate), test sample, horse-
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radish peroxidase-conjugated monoclonal antibody against
bovine IgGl or IgG2, and finally with substrate. For detec-
tion of BRSV-specific IgA and IgM, antibody capture assays
were used (Kimman et al., in press). ELISA plates coated
with a monoclonal antibody against bovine IgA or IgM were

incubated successively with test sample, BRSV antigen,
horseradish peroxidase-conjugated horse anti-human RSV
IgG, and substrate.

Serial twofold dilutions of samples were made in the
ELISA plate starting at a dilution of 1/20, except for the IgGl
ELISA, for which a starting dilution of 1/80 was used. The
starting dilution for the other samples (lung lavage fluids,
nasal and eye secretions, and feces) was 1/2. Samples
obtained during booster reponses were sometimes tested
with a starting dilution of 1/80.

Selected lung lavage samples were concentrated. After
dialysis against deionized water, the samples were freeze-
dried. Subsequently, the residue was dissolved in 500 Fl of
ELISA buffer and tested as described above.

In each plate, a standard positive and negative sample
were included. Each sample was also tested in the lowest
dilution with control antigen to check for nonspecific bind-
ing. Color development was measured with a Titertek-
multiskan (Flow) at 450 nm. The matrix was set per plate
according to the maximum E450 value obtained with the
standard positive serum. As a result, one matrix unit corre-

sponds to 1/10 of the maximum value obtained with the
standard positive serum. The titer was taken as the highest
dilution of a test sample scoring one matrix unit above the
value obtained with the standard negative sample.

Total IgA concentrations. Total IgA concentrations were

determined in a double antibody sandwich assay, as de-
scribed previously (Kimman et al., in press). The starting
dilution was 1/10.
Albumin. Albumin was determined in radial immunodiffu-

sion plates.
Field outbreaks. During two field outbreaks (A and B) of

severe respiratory tract disease, four and five calves, respec-

tively, were sampled at regular intervals in a manner identi-
cal to that for the experimental animals. BRSV involvement
was demonstrated by IF on lung lavage cells of all nine
calves and by virus isolation from lavage fluid from one calf
(outbreak A). BRSV was also demonstrated both by IF and
virus isolation in lung tissue of three other calves that died
during outbreak A and in one calf from outbreak B that was
killed. Serologic examinations failed to demonstrate the
involvement of bovine viral diarrhea virus, infectious bovine
rhinotracheitis virus, or parainfluenza virus type 3 in these
outbreaks.

Calves had the following ages at the onset of disease; 10,
12, and 16 (two calves) weeks (outbreak A); 3 (two calves),
6 (two calves), and 7 weeks (outbreak B).

RESULTS

Clinical, hematological, and postmortem findings. At 5 to

10 days post-initial inoculation day (PID), BRSV-infected
animals, both colostrum deprived and colostrum fed,
showed mild signs of disease. They had slightly elevated
body temperatures (39.3 to 39.4°C), coughed during forced
respiration, and had slightly abnormal breath sounds on

auscultation. Hematological parameters showed insignifi-
cant changes within the normal range.

Two calves, one colostrum deprived and one colostrum
fed, were killed on day 8 PID because of intercurrent disease
and were examined pathologically. The colostrum-fed calf

had a serum IgGl titer of 1,280 against BRSV on the first day
of inoculation. Both calves had several areas (1 to 10 cm2) of
red consolidation in the ventral parts of the lung. Bronchial
lymph nodes were enlarged and edematous. Histologically,
atelectasis of alveoli and a catarrhal and necrotizing
bronchiolitis were observed in these consolidated areas.
Syncytial giant cells were occasionally observed. The con-
solidated areas of both calves were positive for BRSV by the
IF test and virus isolation.

Reinfected and control animals did not show clinical signs.
Diffusion of serum proteins into lung lavage fluid. Albumin

concentrations in 69 corresponding serum and lung lavage
samples, obtained during the first experiment, were deter-
mined in order to estimate the contribution made by serum
to the lung lavage fluid. The ratio between the albumin
concentrations in lung lavage fluid and serum was 4.9 x 10-4
± 3.1 x 10-4 (mean ± standard deviation). This indicates
that the contribution made by serum antibodies to the
antibody titers determined in the lung lavage fluids can be
neglected.

Antibody responses. (i) Colostrum-deprived animals. The
primary antibody response to BRSV of colostrum-deprived
(seronegative) calves was first detected at about 8 to 10 days
PID, when BRSV-specific IgM and IgA appeared nearly
simultaneously in serum, lung lavage fluid, secretions, and
feces. BRSV-specific IgGl appeared in sera on days 13 to 17
PID, whereas IgG2 appeared still later in the sera, varying
from nearly 1 to 3 months after inoculation. Low titers of
BRSV-specific IgGl and IgG2 were occasionally detected in
secretions and feces, but only in blood-contaminated sam-
ples. All colostrum-deprived animals reacted similarly. The
immune response of the calf that was 5 months old when first
inoculated strongly resembled that seen in the calves inocu-
lated at nearly 1 month of age. The characteristics of the
responses of all colostrum-deprived animals are summarized
in Table 1. The responses ofone animal are illustrated in Fig.
1.
IgM was detectable in the different samples for various

lengths oftime (Table 1). IgA was found in serum for 12 to 29
days but was not detected in the serum of one animal. This
calf was not IgA deficient, since it did show a mucosal IgA
response. Most variation between animals was seen in the
IgA responses in the lung and nasal or eye secretions. After
an initial phase with a peak on day 13 to 14 PID, identical for
all animals, IgA usually remained detectable for the total
observation period (>2.5 to >3.5 months). In four calves,
IgA titers showed a more or less fluctuating and gradually
rising course, whereas in two calves a remarkable biphasic
pattern was observed. Responses in the lungs, nose, and
eyes of individual animals were quite similar. To examine
whether variations in total IgA concentrations could explain
these patterns (intraisotype competition [37; Kimman et al.,
in press] or sampling errors), the samples were also tested in
the IgA double antibody sandwich assay for total IgA. Some
examples of the patterns are shown in Fig. 2. Apparently,
variations in total IgA cannot explain the fluctuations seen in
BRSV-specific IgA.

In feces, low levels of IgM and IgA were detected for short
periods (Table 1), but not in the 5-month-old calf. This was
probably due to an age effect, since the total IgA concentra-
tions in feces gradually decreased during aging. IgA was
never detected in feces of calves older than 3 months.
Proteolytic breakdown of IgA in feces after sampling, as an
explanation for this phenomenon, was unlikely, since the
BRSV-specific IgA titer of known positive samples was not
decreased if they were added to such fecal samples.
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TABLE 1. Antibody responses against BRSV after primary infection of colostrum-deprived calves (n = 6)

Mean day Mean day Mean no. of
Specimen and PID of first PID of days Mean peak/plateau

antibody detection reaching detectable titer (range)
(range) ~~~peak/plateau (range)(range) ~~~~~titer (range)

Serum
IgM 9.2 (8-10) 11 (10-13) 22.7 (15-29) 2,133 (1,280-2,560)
IgAa 12 (10-14) 14 (13-16) 20.4 (12-29) 97 (4-160)
IgG1 14.8 (13-17) 33.6 (24-38) b 2,347 (1,280-2,560)
IgG2 53.2 (25-86) 71.2 (38-90) C 328 (40-640)

Lung
IgM il (8-18) 11.3 (10-18) 7 (1-17) 41 (2-128)
IgA 11.2 (10-14) 13.8 (10-18) d 61 (16-128)

Nose
IgM 10.3 (8-15) 12.2 (10-14) 13.3 (6-24) 25 (8-64)
IgA 12.2 (10-13) 12.6 (11-13) d 43 (32-64)

Eye
IgM 10.3 (9-13) 12.5 (10-15) 12.5 (8-22) 39 (4-128)
IgA 13.2 (13-14) 14.2 (13-18) e 62 (8-128)

Fecesf
IgM 10.6 (10-13) 11.2 (10-13) 5.2 (1-8) 57 (4-128)
IgAg 11 (10-13) 12 (10-13) 4.3 (1-8) 5 (2-8)
a Excluding one nonresponding calf.
b >2.5->4 months.
c >2->4 months.
d 2->3.5 months.
e >2.5-3.5 months.
f Excluding one 5-month-old calf (see text).
g Excluding two nonresponding animals.

After reinfection, the calves developed a secondary im-
mune response characterized by a rapid (4 to 8 days PID)
and strong (titers up to 20,480) local IgA response in the
respiratory tract. This response was more pronounced in the
nasal and eye secretions than in the lung lavage fluid. IgM
was detected again in most secretions, but not in the lung
lavage samples of three calves. This IgM response did not
start earlier than during the primary response, but it lasted
longer and reached higher titers (Table 2). In the sera, on the
contrary, no IgM was detected, but a secondary IgA re-
sponse became detectable on day 6 to 7 PID and remained
detectable for 3.5 months (one animal) or longer. In the sera,
there was a further, rapid increase in BRSV-specific IgGl
and IgG2 (Table 2; Fig. 1B). In feces, no secondary response
was detected, which may be explained by the older age of
the calves when reinfected (see above).
Two calves were infected a third time. These two animals

gave responses similar to those recorded after the second
series of inoculations, although one animal with serum IgGl
and IgG2 titers of 10,240 did not have a further increase in
these titers.

(ii) Colostrum-fed calves. Colostrum feeding during the
first 48 h of life resulted in serum IgGl titers of 1,280 (three
calves) and 2,560 (two calves) 1 week after birth. In feces
and secretions, IgGl was not detectable unless the samples
were contaminated with blood.

After infection of these seropositive calves, not only the
serum but also the mucosal antibody responses were
strongly or totally suppressed. In two calves, which were
infected at an age of 3 weeks when serum BRSV IgGl titers
were 1,280 and 2,560, the only response detected was a weak
and short-lasting serum IgM response in one of them. The
preinoculation BRSV IgGl serum titer in this calf was 1,280.
The results obtained with this animal are shown in Fig. 3.
Other responses could not be detected in the normal assays.
However, after maximal concentration (i.e., 14 to 40x) of

lung lavage fluids, trace amounts of BRSV-specific IgM, but
not of IgA, were detected 13 to 17 days PID.

In the two animals infected at 10 weeks of age, when
preinoculation BRSV IgGl serum titers were 640 and 1,280,
all responses were still markedly suppressed. Weak and
short-lasting IgA responses were detected in serum and
respiratory secretions of the calf with the preinoculation titer
of 640. In this calf also, IgM could be demonstrated in nasal
and eye secretions. In the second calf, only a weak and
short-lasting nasal IgA (1 day) and IgM (10 days) response
was found.

In general, there was a tendency for responses to be more
suppressed when preinoculation serum BRSV-specific IgGl
was higher (Fig. 4).
The half-life for serum BRSV-specific IgGl in the four

colostrum-fed calves was calculated from the moment of
inoculation over 2.5 to 3 months. Values were 21.5, 30 (two
calves), and 31.5 days.

After reinfection of the colostrum-fed calves, strong and
rapid IgA responses were observed, closely resembling
those seen in colostrum-deprived animals, though not reach-
ing such high titers (Table 3; Fig. 3B and 5). In the sera of
three of four animals, a rapid and significant increase in
BRSV-specific IgGl antibodies was observed, and all four
animals had a rapid IgG2 response. A comparison of the
BRSV-specific IgA antibody activity in nasal fluids after
primary and secondary infection of colostrum-deprived and
colostrum-fed calves is shown in Fig. 5.
Two colostrum-fed calves were infected a third time when

they were 6 months old. Again, rapid serum and local IgA
and serum IgGl and IgG2 responses were seen. Peak IgA
titers in respiratory secretions now reached values nearly as
high as those after the second or third inoculation of
colostrum-deprived calves. Also, local IgM responses were
observed that were similar to those seen after the second
inoculation.
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FIG. 1. Kinetics of antibody activity to BRSV in serum, lung lavage fluid, nasal and eye secretions, and feces of a colostrum-deprived calf
(no. 1973) after primary (A) and secondary (B) infection with BRSV. Symbols: A, days of inoculation; +, positive virus isolation.
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FIG. 2. Comparison of BRSV-specific IgA and total
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IgA; -, total IgA; 1 t t days of inoculation.

Virologic examinations. After primary infection,
was isolated in about equal amounts from the lung
fluids of both colostrum-fed and colostrum-deprived
from days 3 to 8 PID. Results are shown in Table 4
nasal swabs, the virus was isolated only occasionaliI
low titers. After the second and third infections, nc
was isolated.

Field observations. Two naturally occurring, sev<
breaks of BRSV-associated disease allowed the stud
local immune response in nine calves from the fi(
animals except one had BRSV-specific IgGl serum t
the first day of illness. These were most probably ma
derived, because of the age of the calves and becau
and IgA serum and local responses developed aft
The IgGl titers in serum on the first sampling day w
and 320 (three calves) in calves from outbreak A
1,280 (three calves), and 2,560 in calves from outbrc

Essential differences between the antibody response
natural and experimental infection were not found.

TITER

eral, the responses in calves from the field were stronger.CALF 1974 The different levels of preexisting maternal antibodies appar-
ently caused quantitatively different responses between
these calves. For example, serum IgGl responses, defined as
a twofold or higher increase in titer, were observed in only
three calves. Preexisting BRSV-specific IgGl titers in sera of
these calves were <80, 80, and 320. Serum IgM responses

-|---- were seen in all nine calves, with peak titers varying from 20
to 10,240. Corresponding IgGl titers in serum were 2,560

F 1974 and <80, respectively. Serum IgA responses were observed
in only three animals with preexisting BRSV IgGl titers in
serum of <80 and 320 (two calves). Finally, serum IgG2
seroconversion was observed in four animals with corre-

/,. sponding BRSV IgGl titers in serum of <80, 80, and 320
(two calves).

In nasal, eye, and lung fluids, IgM and IgA responses of
various heights and durations were observed in all calves,

3' 40 except the calf with a BRSV IgGl titer in serum of 2,560.
:ULATION The serum and mucosal responses were often short and

lIgA in insignificant in the animals of outbreak B (younger animals).specific The animals of outbreak A (older animals) had stronger
responses that were of longer duration. For example, the
animal without preexisting maternal antibodies had a peak
nasal IgA titer of 256, and IgA could still be detected 3

BRSV months after the onset of disease.
D lavage
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DISCUSSION
Several studies failed to demonstrate a clear protective

activity of maternal antibodies against BRSV in calves (11,
13, 20, 23, 30). This was confirmed in this study. After
experimental infection, virus was isolated from lung lavage
fluids in about equal amounts and during the same period
from colostrum-deprived and colostrum-fed calves. Further-
more, severe clinical symptoms were observed during a
natural outbreak of respiratory tract disease, probably due to
BRSV, in a herd of young calves with moderate to high
levels of maternal antibodies to this virus.
There has been much controversy about this subject (31).

Although human infants less than 3 weeks old are relatively
spared from severe RSV disease, the correlations between
the levels of maternal antibodies and protection are imper-
fect, and severe disease does occur in the presence of
moderate levels of antibody. Protection against virus repli-

TABLE 2. Antibody responses against BRSV after reinfection of colostrum-deprived calves (n = 5)

~Mean day PID of Mean day PID of Mean no. ofdaysMenealaeatirSpecimen and first detection Meand detectable Mean peak/plateau titer
antibody (range) peak/plateau titer (range) (range)

Seruma
IgA 6.6 (6-7) 8.2 (7-11) b 992 (160-2,560)
IgG1 7 (6-9)C 13.2 (9-23) d 10,240
IgG2 7.8 (6-1l)C 21.7 (16-24) d 3,360 (640-5,120)

Lung
IgMe 17 (16-18) 18 4.5 (1-8) 3 (2-4)
IgA 7.5 (6-11) 9 (8-11) d 582 (32-1,280)

Nose
IgM 9.8 (9-11) 18 (13-23) 33.4 (15-70) 112 (16-256)
IgA 6 (4-7) 9.4 (8-11) d 14,336 (10,240-20,480)

Eye
IgM 9 (8-11) 19 (13-30) 62.2 (27-72) 118.4 (64-128)
IgA 7 (6-8) 9 (8-11) d 14,592 (1,280-20,480)
a No IgM responses were detected for serum.
b 3.5->4 months.
Increase in titer.

d >2.5->4 months.
e Excluding three animals for which no IgM was detected in lung lavage samples.
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FIG. 3. Kinetics of antibody activity to BRSV of a colostrum-fed
calf (no. 2290) after primary (A) and secondary (B) infection with
BRSV. After primary infection, responses were not detected in
nasal and eye secretions and feces, as shown for the lung lavage
fluid. Symbols: 6, days of inoculation; +, positive virus isolation.

cation in the lungs, but not in the nasal passages, of mice (35)
and cotton rats (25, 27, 39) was afforded by passive transfer
of serum and certain monoclonal antibodies directed against
the large G and F glycoproteins. Infant ferrets, however,
were not protected by passive transfer of serum containing
high titers of neutralizing antibody (33). Perhaps these equiv-
ocal results can in part be explained by quantitative differ-
ences in the amount of passively transferred antibodies.
Large quantities of antibodies have to be administered to
protect mice and cotton rats against virus multiplication in
the lungs (27, 35). Species differences, however, also seem

to play a role.
This study clearly demonstrates that IgM and particularly

IgA are the predominant antibody isotypes in the respiratory
tract after BRSV infection, with IgA especially prominent
after reinfection. It also shows that not only serum antibody
responses, but also local antibody responses, are strongly
suppressed by maternal antibodies. These observations on
the mucosal immune response in the bovine agree rather well
with those made by Van Zaane et al. (38), studying the
intestinal antibody response after rotavirus infection. How-
ever, the immune response after rotavirus infection occurred
earlier (5 days after inoculation) than after BRSV infection
(10 days). Because rotavirus multiplies faster than BRSV,
this may be an indication of an important role for virus
multiplication and amount of viral antigen in the induction of
a mucosal immune response.
A remarkable finding was the nearly simultaneous appear-
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FIG. 4. Correlation between the preinoculation BRSV IgGl titer
in serum (maternally derived) and the peak IgM (0) and IgA (FI)
titers observed in nasal fluid after primary BRSV infection.

ance of IgM, shortly followed by IgA, in all samples, even
feces, after first infection. Although it cannot be excluded
that the virus reached the gastrointestinal tract or that the
antibodies demonstrated in feces were swallowed or ex-
creted by the liver, the findings suggest circulation of im-
munocompetent cells to mucosae distant from the site of
priming and possibly a tendency to return to the sites of
origin, as is the current hypothesis (10, 24). A practical
application would be the possibility of priming the mucosae
of the intestinal tract, which in ruminants is not easily
reached, by antigen presentation via the respiratory route
(D. van Zaane, J. IJzerman, and P. W. de Leeuw, Proceed-
ings of the International Conference on Mucosal Immunity,
Niagara Falls, in press).
The pattern of antibody response after reinfection yielded

clear evidence for mucosal memory, characterized by strong
and rapid IgA responses (Fig. 5). This effect was observed
even in calves in which a primary IgA response was not
detected because of the suppressive action of maternal
antibodies. These observations are important, considering
the need to protect calves at an early age, when they possess
maternal antibodies. The presently available live BRSV

vaccines, which are applied intramuscularly, however, are
not effective in calves with maternal antibodies (40). The
same is true for children (3) and cotton rats (26).
Responses in the lung closely resembled those in the nose

and the eye. The site that is sampled by lung lavage is not
exactly defined, but probably a mixture of upper and lower
respiratory tract material is collected. Apparently, the upper
respiratory tract and the eye react as a whole. Our results
suggest that sampling of the nose or the eye may give
valuable information about immune reactions deeper down
the airways.

Quantitative analysis of immunoglobulin recovered from
the lower respiratory tract is difficult because of a variable
dilution factor and variations in composition (5, 9, 12).
Usually, a correction for the contribution made by serum
proteins is necessary. Albumin was chosen for this purpose
because it is not produced, actively secreted, or degraded in
the lung and because its molecular weight is in the middle of
the molecular-weight range of the serum proteins (5, 9, 12,
29). In our study, the contribution made by serum appeared
to be negligible. This indicates that the BRSV-specific IgA
and IgM, demonstrated in our lung lavage samples, were
locally produced, selectively secreted, or both.
Although IgGl has been reported to occur in lower respi-

ratory tract fluids (5, 17, 32), we found BRSV-specific IgGl
only in blood-contaminated samples. There is no active
transport of IgGl from serum to the air spaces of the lung
(Kimman et al., in press), and thus the failure to regularly
detect BRSV-specific IgGl in lung lavage samples must
probably be explained by the strong dilution of passively
diffused serum proteins in the lung lavage fluid.
The close correlation in time between appearance of

antibodies and disappearance of virus after first infection
suggests that IgM, IgA, or both play an important role in
recovery after infection. Similar observations have been
made in children (18, 19). On the other hand, calves with
maternal antibodies and strongly suppressed IgM and IgA
responses did not shed virus for a longer period of time. So
it may be that even small quantities of IgM, which were
always present, contribute to recovery. Other mechanisms,
like cytotoxic cells (2, 14, 34), interferon (7), and maternal
serum IgGl, may also have contributed to recovery.

TABLE 3. Antibody responses against BRSV after reinfection of colostrum-fed calves (n = 4)

Mean day PID Mean day PIDMeandayPID ~~~ofreaching Mean no. of days
Specimen and of first o Mean peak/plateau

antibody detection peak/ detectable titer (range)(range) plateauu titer (range)(range) ~~~~~(range)
Seruma
IgA 6 8 15.3 (12-19) 600 (160-1,280)
IgGlb 6.7 (6-8)c 13.7 (10-18) d 5,973 (2,560-10,240)
IgG2 7.5 (6-8)c 20 (10-44) d 1,280

Lung
IgMe 9 (8-10) 9 (8-10) 2 (1-3) 3 (2-4)
IgA 6 8 d 533 (320-640)

Nose
IgM 8 12.7 (8-20) 17 (10-24) 18 (8-32)
IgA 6.5 (6-8) 9.2 (8-13) d 2,080 (640-5,120)

Eye
IgM 8 11.5 (10-13) 24 164 (16-256)
IgA 7 (6-8) 11.5 (10-13) d 5,120 (2,560-10,240)
a No IgM responses were detected for serum.
b Excluding one nonresponding animal.
c Increase in titer.
d >2.5 months.
e Excluding two animals for which no IgM was detected in lung lavage samples.
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FIG. 5. Comparison of the BRSV-specific IgA activity in nasal
fluids after primary infection of colostrum-deprived (El) and
colostrum-fed (O) calves and after secondary infection of colostrum-
deprived (O) and colostrum-fed (*) calves. Each point represents
the mean BRSV-specific IgA titer of the indicated number of calves.

Unsuccessful attempts to recover virus after reinfection of
colostrum-fed calves, which had no detectable BRSV-
specific IgA levels at the moment of reinfection, suggest that
the capacity to mount a mucosal memory IgA response,
rather than merely the presence of IgA, may be important in
inhibiting virus multiplication. The mechanism by which IgA
operates remains to be elucidated, however, because of the
observed poor correlation between IgA and virus neutraliza-
tion, both in calves (Kimman et al., in press) and in childreri
(18).
A peculiarity of the IgA response in the respiratory tract

after BRSV infection, when for instance compared with the
intestinal IgA response after rotavirus infection (38), was its
long duration and course. Responses sometimes steadily
increased or showed a second peak. The most probable
explanation for these phenomena is persistence or reactiva-
tion of the virus, or both. Persistent RSV infections have
been reported (1, 6, 21, 22, 28). They could also offer an

TABLE 4. Virus titers in lung lavage fluids of colostrum-deprived
and colostrum-fed animals after primary BRSV infection

Preinoculation BRSV log TCID50 titer
Animal no. serum IgGl on PIDa:

titer 3 6 8 10

Colostrum deprived
1972 0.2 3.8
1973 0.2 1.8 0.2
1974 1.8 0.2
1975 0.2
1981 1.3 3.8 b
2286 1.6 0.2
2287 3.1 0.2

Colostrum fed
2289 2,560 1.6
2290 1,280 1.6 1.6
2291 1,280 3.6 2.1 b
2315 640 0.2
2316 1,280 0.2 1.8

aTCID50, 50%90 tissue culture infective dose. No measurable titers were
recorded on PID 1.

b Calf was killed.

explanation for the annual recurrence of BRSV infections
even in closed herds of cattle.
Of all isotypes, IgM seems least susceptible to suppression

by maternal antibodies, as already observed in previous
studies (Kimman et al., in press; F. Westenbrink and T. G.
Kimman, Am. J. Vet. Res., in press). This makes BRSV-
specific serum IgM especially suitable for diagnostic pur-
poses and epidemiologic studies of BRSV infections in
young calves. Since IgM was not detected in serum after
reinfection, BRSV-specific serum IgA might provide a better
tool to monitor reinfections in older animals.
Our experimental infection provoked only mild signs of

disease, even though our infection protocol strongly resem-
bled that of Bryson et al. (4). Those authors observed more
severe clinical signs. Probably the infective dose was still too
low, as suggested by the observation that naturally infected
calves had stronger antibody responses than experimentally
infected calves. There are also indications that infectivity of
BRSV for calves is rapidly lost by only a few passages in
vitro (31).
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