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In this study, six immunocompetent calves were experimentally infected with a noncytopathic strain of
bovine viral diarrhea virus (BVDV), and the effects of the viral infection on parameters of the innate immune
response of the host were analyzed. Clinical and virological data were compared with the temporal activation
of the alpha/beta interferon-regulated Mx gene in white blood cells (WBC) and skin as well as the upregulation
of the acute-phase serum proteins haptoglobin (Hp) and serum amyloid A (SAA). The viral strain used did
provoke transient health impairment, namely, fever and leukopenia that were associated with viremia, viral
shedding with nasal secretions, and antiviral seroconversion. Complete recovery was observed within 3 weeks.
Elevated levels of SAA and Hp were apparent from days 4 to 13 and 8 to 11, respectively. In WBC, the levels
of Mx mRNA and Mx protein were elevated from days 2 to 15. In the context of this study with BVDYV, the level
of Mx protein expression in WBC provided the most telling diagnostic window to monitor the host’s ongoing

innate immune response.

After tissue injury, trauma, or infection, the vertebrate host
responds immediately with a variety of nonadaptive physiolog-
ical changes, collectively known as the innate immune re-
sponse. This response encompasses diverse countermeasures,
such as the complement system, natural killer cells, the acute-
phase response, and in the case of viral infections, the alpha/
beta interferon (IFN-a/B) system (14). Initiation of the inflam-
matory and tissue-repairing cascade occurs primarily through
recruitment of professional macrophages to the site of infec-
tion (6). Activated macrophages release a range of primary
inflammatory mediators, the most important being interleukin
1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-a). These
factors prompt the release of a range of secondary cytokines
and chemokines (e.g., IL-8, IL-12, and monocyte chemoattrac-
tant protein) from local stromal cells and resident tissue mac-
rophages. The chemotactic activities of some of these mole-
cules attract additional leukocytes to the inflammatory site,
where they release further proinflammatory cytokines (6). One
of the intensively studied systemic responses to an acute in-
flammatory stimulus is the alteration in the hepatic biosyn-
thetic profile of acute-phase proteins (APPs), such as C-reac-
tive protein (CRP), serum amyloid A (SAA), and haptoglobin
(Hp) (17, 51). In veterinary medicine, there is growing interest
in the possibility of using APPs as a marker of animal health or,
alternatively, as an indicator of disease severity (12, 29). In
cows, SAA and Hp were shown to be the most important APPs
(12).

Viral infections commonly result in the induction, release,
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and remote action of type I IFNs, notably IFN-«, IFN-3, and
IFN-w (22, 35, 36, 49, 54) as well as the newly described IFN-t
(34, 40). Released IFN-a/B acts through specific receptors
present on nucleated cells to transduce signals for the tran-
scription of numerous genes, such as the genes encoding the
double-stranded RNA (dsRNA)-dependent protein kinase
(PKR), the 2'-5'-oligoadenylate synthetase (2'-5'-OAS), and
the Mx proteins. PKR and 2'-5'-OAS are produced as inactive
precursor molecules. Once activated by viral dSRNA interme-
diates, these effectors act in conjunction with RNase L to
inhibit the host’s cell transcription machinery and ultimately
contribute to the induction of apoptosis of virus-infected cells.
In ruminants, the IFN-o/f system is unique, encompassing, in
addition to IFN-o/B/w, the trophoblast-derived IFN-7, which is
a signal for maternal recognition of pregnancy (10, 16).

The Mx genes are specifically activated by IFN-o/B and by
synthetic dsRNA, an established IFN-a/B inducer (2, 50, 60).
Mx proteins are known to exert antiviral effects, especially
towards RNA viruses, by targeting specific, yet poorly defined
steps of the viral replication cycle (25, 28, 41, 42). Recent
findings with La Crosse virus indicated an Mx protein-medi-
ated sequestration of the viral nucleocapsid protein into pe-
rinuclear complexes (32).

Pestiviruses are members of the Pestivirus genus within the
family Flaviviridae (57). This virus group comprises economi-
cally important animal pathogens, namely, classical swine fever
virus, ovine border disease virus, and bovine viral diarrhea
virus (BVDV). Pestiviruses are known for their ability to pro-
voke transplacental infection, which may lead to fetal death,
malformation, acute syndromes of the neonate, or immune
tolerance and lifelong viral persistence, depending on the stage
of gestation at which the infection takes place. Upon infection
of immune competent animals, the severity of the clinical out-
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come ranges from subclinical or very mild in the majority of
cases to acute fatal disease, depending on the virulence of the
virus strain involved (26). BVDV is unusual due to the exis-
tence of two differing biotypes, namely, cytopathic (cpBVDV)
and noncytopathic (ncpBVDYV) virus types. Following trans-
placental infection during the first trimester of gestation,
ncpBVDV is likely to provoke in the immunologically imma-
ture fetus a state of viral immunotolerance leading to lifelong
virus persistence (52, 53). Persistently infected animals usually
succumb to mucosal disease later in life either upon superin-
fection with or endogenous generation of an antigenically ho-
mologous cpBVDV (55, 57). While establishment of ncpB-
VDV persistence in the bovine fetus has been shown to
correlate with a lack of IFN-«/B production (9), acute infection
of the fetus with cpBVDYV is paralleled by the production of
endogenous IFN-a/B (9, 43).

These in vivo observations are supported by in vitro findings
showing that ncpBVDYV isolates do not induce IFN-o/B (1, 11,
39, 48) and block the induction of IFN-o/B by other activators,
such as cpBVDYV, Semliki Forest virus, and dsRNA (47, 48). A
recent in vitro study indicated impairment of several signal
transducers of the IFN-B gene by ncpBVDV, with interferon
regulatory factor 3 being responsible for the permanent inhi-
bition of IFN-«/B induction (5). On the basis of these in vivo
and in vitro observations, it was concluded that the inability of
cpBVDV to establish persistent infection in the bovine fetus
was related to its IFN-a/B-inducing capacity (1, 9, 48). How-
ever, a recent report showed that ncpBVDYV does induce IFN-
o/B in 1-month-old calves (8). This suggests that the ability of
ncpBVDYV to induce immunotolerance is dependent not only
on the viral biotype but also on the developmental stage of
both the host’s innate and adaptive immune system.

In this study and using immunocompetent calves, we ana-
lyzed the effects of a transient ncpBVDYV infection on IFN-ao/
B-regulated Mx gene expression and the acute-phase response
by determining the levels of SAA and Hp in serum. Detection
of Mx gene products in white blood cells (WBC) was chosen as
a marker for IFN-«/B upregulation rather than measuring IFN
itself. Here we show that detection of IFN-«/B-induced Mx
protein in blood samples or skin biopsy specimens may be a
useful tool to obtain information about the health status of
virally infected animals.

MATERIALS AND METHODS

Animals and virus. Six conventionally reared, outbred, colostrum-fed fattening
calves of different breeds (two males, four females; 3 to 6 months of age),
obtained from the faculty-owned cattle herd, were held in an isolated experi-
mental station, fed reconstituted milk powder, and allowed free access to water,
hay, and straw. The veterinary office of the Canton of Zurich approved all
experimental procedures. Upon arrival of the calves at the experimental station,
BVDYV antigen could not be detected in the blood samples of any of the animals,
and they were all shown to be seronegative for BVDV-specific antibodies. Dur-
ing the 4-week adaptation period, two blood and skin biopsy specimens were
taken on preinoculation days —18 and —8. On day 0, the animals were inoculated
orally with 5 X 107 of the ncpBVDV strain 110/39, grown on embryonic bovine
turbinate cells. This virus was isolated in 1995 from a 22-month-old, persistently
infected Swiss cow that showed no disease symptoms (P. Schaller, unpublished
data). Starting on the day of infection (day 0) through day 13 postinfection, the
following samples were taken daily: (i) anticoagulated jugular blood samples for
hematological examinations and isolation of WBC, (ii) sera for detection of
antiviral antibodies and APP, (iii) skin biopsy specimens for immunohistochem-
istry, and (iv) nasal swabs for virus isolation. Between days 15 and 24, similar
samples were taken on five occasions. Skin biopsy specimens were taken from the
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shoulder area after local anesthesia with lidocaine and using a commercially
available punching device that provides 6-mm-diameter skin samples (Stiefel
Laboratories, Winterthur, Switzerland). The skin biopsy specimens were either
immediately snap-frozen or fixed in 4% buffered formaldehyde solution for
immunohistochemical evaluation.

Clinical and hematological studies. The animals were examined daily with
respect to general condition, body temperature, respiratory distress (nasal dis-
charge, coughing), and diarrhea. The WBC count was determined using an
automated procedure (CELL-DYN 3500; Abbott Laboratories, Abbott Park,
1IL).

Virological examinations. Virus isolation from nasal swabs and WBC was
performed in cultured bovine embryonic turbinate cells as described elsewhere
(4, 58, 59). Serum antibodies were measured by two different methods. First, an
indirect enzyme-linked immunosorbent assay (ELISA) system targeting the non-
structural protein NS3 was performed essentially as described previously (7).
Second, conventional neutralization tests were performed with the homologous
virus strain. The presence of ncpBVDV in the inoculated cell cultures was
recorded by immunohistochemistry (48). Immunohistochemical testing for
BVDYV antigens in skin cryostat sections was performed with a panel of BVDV-
specific monoclonal antibodies (MAbs) (58, 59).

Determination of the levels of APPs in serum. Serum samples were stored at
—20°C until the end of the sampling period. SAA and Hp levels in serum were
evaluated using commercially available test kits (PHASE SAA and PHASE Hp;
Tridelta Development Ltd., Greystones, Ireland) and following the manufactur-
er’s instructions. PHASE SAA is a solid-phase sandwich ELISA, and PHASE Hp
measures the peroxidase activity of hemoglobin which, in the presence of binding
Hp, is preserved upon lowering the pH value. In the case of Hp, the sera were
additionally evaluated with a MAb-based capture ELISA (20, 27). The cutoff for
positive samples was defined as the background optical density plus twice the
standard deviation for each assay.

Detection of Mx mRNA and Mx protein in WBC and skin biopsy specimens.
Expression of Mx mRNA and Mx protein in WBC was determined as described
previously (38). Briefly, anticoagulated blood samples were collected and after
lysis of red blood cells with buffered ammonium chloride, the resulting WBC
pellet was washed with phosphate-buffered saline and stored at —80°C. For
mRNA detection, RNA was isolated using a commercial kit (RNeasy; Qiagen,
Basel, Switzerland), and reverse transcription was performed using random hex-
amers (A3500; Promega Corp., Madison, Wis.). Fluorogenic PCR of cDNA was
performed using a set of Mx-specific primers (fw, 5'-AAC ACC TGA CCG CGT
ACC A-3'; rev, 5'-GCA CGA AGA ACT GGA TGA TCA A-3') and the
internal probe (5'-[6-carboxy-fluorescein]-CAG GAA GTC AGC ACC CGC
ATC TCC-[6-carboxy-tetramethyl-rhodamine]-3") as described (38). Reactions
were run on the ABI Prism 7700 sequence detector system (Applied Biosystems,
Foster City, Calif.). To determine the actual cell number present in each indi-
vidual sample, expression of the housekeeping 18S rRNA gene was measured.
Primers and probe used to amplify the 18S rRNA were part of a predeveloped
reagent kit (4310893E; Applied Biosystems). From the respective signals, the
actual cell number present in each sample was calculated by using a previously
established 18S rRNA standard curve (37, 38). This curve was used to normalize
Mx signals measured by fluorogenic PCR to a fixed cell number. The normalized
amounts of Mx mRNA expressed in the WBC samples were then compared with
the day 0 value for the animal and finally used to calculate mean values and
standard deviations for the six animals at each time point.

Immunoblot assays with WBC lysates were performed after discontinuous
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the
proteins from 2 X 10° cells and using the anti-Mx MAb M143 (15, 32) in
conjunction with chemiluminescence (38). Quantification of Mx signals was
achieved by densitometry with the Chemilmager 5000 (Alpha Innotech Corp.,
San Leandro, Calif.) and setting the positive-control value at 100%. This control
was obtained by culturing bovine WBC overnight in the presence of 1,000 IU of
recombinant IFN-aB/D per ml (30, 38).

To determine the presence of Mx proteins in the skin of the calves, the MAb
M143 was used in conjunction with the peroxidase-based EnVision system for
primary antibody detection (K4001; DAKO Diagnostics AG, Zug, Switzerland).
Skin biopsy specimens were fixed with 4% buffered formaldehyde and prepared
for immunostaining by adopting a pronase digestion step before incubation with
the primary antibody. Confirmatory immunostaining was achieved with a second
MADb (2C12) to murine Mx1 protein, which recognizes a different epitope than
does MAb M143 (15, 32). Immunoblots showed that this MAb recognizes bovine
Mx protein, as does MAb M143 (data not shown).



304 MULLER-DOBLIES ET AL.

CLIN. DIAGN. LAB. IMMUNOL.

41
1

405 - i 1
~ 40 - i
o
o
3
g
Q 395
£
&
=
©
(@]
@ 39

385

38 T T T T T T
20 -15 -10 5 0 5 10 15 20 25
Day
v Calf 1 -5 Calf 2 ~e- Calf 3 Calf4 -+ Calf5 - Calf 6 —8—mean

FIG. 1. Rectal temperature of calves experimentally infected with ncpBVDV. The temperatures of the individual calves and the mean
temperatures for the six calves are depicted from day 18 before infection (day —18) through day 0 (day of virus inoculation) and up to day 24
postinfection. The upper and lower physiological limits are indicated by the broken lines.

RESULTS

The ncpBVDV strain 110/39 exhibits moderate pathogenic-
ity for experimentally infected calves. All six calves infected
with ncpBVDV strain 110/93 showed moderate signs of a tran-
sient acute infection, namely, reduced general health condition
and respiratory distress, as revealed by elevated body temper-
ature, sporadic coughing, and nasal discharge. These events
lasted from days 3 to 15, and full recovery was observed to-
wards the end of the third week. The body temperature
reached average values above 39°C between days 3 and 10,
showing a biphasic trend with one peak at day 4 and a second
peak at day 8 (Fig. 1). As expected for conventionally reared
outbred calves, all parameters monitored showed considerable
variability. The peripheral WBC counts declined from day 3
on, reached a nadir on day 4 with an average of 3 X 10°
WBC/ul, and rebounded to preinfection levels by day 8 (Fig.
2). Three of the six animals subsequently displayed a short
period of leukocytosis for 1 or 2 days before returning to
physiological preinoculation values.

Inoculation of calves with ncpBVDYV is followed by transient
viremia, virus shedding, and seroconversion. A WBC-associ-
ated viremia was observed in four of six inoculated animals
with one to four successful virus isolations in cell culture
between days 4 and 9. Infectious ncpBVDV could be iso-
lated from nasal swabs in five of six animals with one to four
positive cultures between days 5 and 10. Anti-NS3 antibod-
ies became apparent in five animals by day 21, while the
remaining calf was found positive at the end of the obser-
vation period (data not shown). All animals, irrespective of
virus shedding, showed a comparable rise of neutralizing
serum antibodies by day 17 (data not shown). Together,
these data clearly indicate that oral inoculation with ncpB-
VDV strain 110/39 led to a transient systemic infection in
each of the animals. This was reflected by moderate clinical
signs lasting for 2 to 3 weeks, transient viremia and virus
shedding, and the appearance of antiviral serum antibodies
towards the end of the observation period (P. Schaller, A.
Arquint, and E. Peterhaus, unpublished data).
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FIG. 2. WBC counts of calves experimentally infected with ncpBVDV. The WBC counts (10%) of individual calves and the mean values for the
six calves are depicted from day 18 before infection (day —18) through day 0 (day of virus inoculation) and up to day 24 postinfection. The upper

and lower physiological limits are indicated by the broken lines.

Transient infection with ncpBVDV is paralleled by a tem-
porary rise of the Hp and SAA APPs. The two proteins Hp and
SAA, considered the major bovine APPs, were upregulated
during the course of the infection, both showing a biphasic
response. Hp preinoculation values showed a certain variabil-
ity, namely, levels at or below the detection limit of the assay
(45 pg/ml) in three animals and comparatively high values,
approximating 75 pg/ml, in the remaining three animals. Mean
serum Hp levels were elevated from days 8 to 11 (Fig. 3). An
approximately fourfold rise of this APP occurred in five of six
animals. In calf 3, Hp levels above 100 pg/ml were observed
only once (day nine). Identical results were obtained with the
MAb-based capture ELISA (data not shown).

Mean SAA levels peaked between days 4 and 13 (Fig. 4).
Calf 5 displayed SAA levels that remained close to the prein-
fection baseline level, i.e., below the detection limit of the test
(38 pg/ml). Calf 6 showed the greatest SAA response, with a
threefold increase reached by day 9. The remaining three an-
imals displayed maximal SAA concentrations approximating
80 wg/ml. To conclude, it was observed that the levels of the
SAA and Hp APPs increase during the acute stage of the

infection, with a diagnostic window lasting from days § to 11
for Hp and from days 4 to 13 for SAA.

Expression of the Mx gene in WBC is upregulated during
transient infection with ncpBVDV. In vitro, the Mx gene is
rapidly upregulated in WBC upon stimulation with IFN-o/ or
infection with certain viruses, as shown previously (38). It was
therefore of interest whether an infection with ncpBVDYV in
vivo is accompanied by upregulation of the Mx gene, which
would be a useful indicator for the ongoing infection.

Using fluorogenic PCR with a newly designed set of bovine
Mzx-specific primers and probe, a baseline level of expression of
the Mx gene in WBC was seen even before infection. During
infection with ncpBVDYV, gene expression was upregulated
from day 2 onward (Fig. 5). Between days 3 and 9, the amount
of mRNA was on average >10-fold upregulated relative to the
amount on day 0, with a maximum on day 6 (average increase,
13.5-fold). One animal even showed a >35-fold upregulation
on day 6. After day 10, mRNA levels were still upregulated up
to fivefold, with a second minor peak on day 12 (average
increase, 5.41-fold) before declining to preinoculation values
towards the end of the observation period. This experiment
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FIG. 3. Levels of Hp in the sera of calves experimentally infected with ncpBVDYV detected by using a commercial test kit. This enzymatic test
is based on the peroxidase activity of hemoglobin which is preserved at low pH after binding of Hp. The detection limit of the test was determined
to be 45 wg/ml. The Hp levels for the individual calves and the mean values for the six calves are depicted from day 18 before infection (day —18)

through day 0 (day of virus inoculation) and up to day 24 postinfection.

was repeated with WBC samples stored at —80°C for more
than 1 year, and the results obtained in the two trials were
essentially identical.

Mx protein expression in WBC was analyzed using an im-
munoblot assay with a MAb and densitometric evaluation of
immunoreactive bands. A baseline level of expression was seen
even before infection (Fig. 6). From day 1 onward, Mx protein
expression increased dramatically, and the highest levels coin-
cided with corresponding high levels of Mx mRNA expression
on day 6. Compared to the positive control, which was defined
as 100%, average Mx protein levels on day 0 were 20% and
increased to about 325% on day 6. By day 20, Mx protein
expression in WBC reached preinoculation levels, as seen with
the corresponding mRNA.

It is possible that skin is suited for sensitive detection of Mx
protein. The presence of Mx protein in the skin of the ncpBVDV-
infected animals was analyzed by immunohistochemistry on
formaldehyde-fixed skin biopsy specimens. From day 1 on-
ward, positive signals were obtained, and the strongest signals
were seen from days 4 to 9 (Table 1). The staining pattern (Fig.
7) consisted of intracytoplasmic granular to homogenous red
staining in basal cells of the epidermis and epithelial cells of

hair follicle sheaths, in some endothelial and muscle cells of
the vessel walls, and in solitary dermal fibroblasts.

Figure 8 depicts a schematic summary of the time-ordered
manifestation of the clinical, virological, and immunological
parameters addressed in this study.

DISCUSSION

The present study characterized the temporal appearance of
effector proteins of the innate immune response during a tran-
sient infection of calves with ncpBVDV and evaluated the use
of these parameters as early indicators of viral infection. This
was achieved by determining the products of the IFN-o/B-
regulated Mx gene in WBC (38) and in skin and the levels of
the two major bovine APPs Hp and SAA in serum (12). These
parameters were compared with clinical and hematological
data as well as virological findings (viremia and viral excretion)
and the adaptive humoral immune response (Fig. 8).

By using previously established methods to detect bovine Mx
mRNA and protein (38), it was observed that transient infec-
tion of calves with a ncpBVDYV strain resulted in a significant
increase of Mx mRNA and Mx protein in WBC. The upregu-
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FIG. 4. Levels of SAA in the sera of calves experimentally infected with ncpBVDYV detected by using a commercial test kit. This test works on
the basis of a solid-phase sandwich ELISA. The detection limit of the test was determined to be 35 wg/ml. The SAA levels for the individual calves
and the mean values for the six calves are depicted from day 18 before infection (day —18) through day 0 (day of virus inoculation) and up to day

24 postinfection.

lation of WBC-associated Mx gene products started as early as
24 h and not later than 48 h postinfection, and peak levels were
reached at day 6 postinfection. The signals for Mx mRNA and
Mx protein remained elevated for a 3-week period, reflecting a
long-lasting action of endogenously produced IFN-o/f. A
baseline level of Mx expression in WBC was present in all six
calves, suggesting that the Mx gene is constitutively expressed
at low levels in the WBC of clinically healthy calves.

Upregulation of Mx gene products was the first parameter to
respond to virus inoculation. It preceded all other observed
parameters of infection, i.e., virus shedding, hematological
changes, the onset of the adaptive immune response, and even
the onset of clinical signs. In the current trial, it was possible to
compare preinoculation levels of Mx mRNA with the tran-
script levels during the acute phase of the infection for each
individual animal. This allowed us to detect increased expres-
sion in the individual, despite significant differences in animals
in the baseline expression of Mx. So far it is not known whether
the observed differences in baseline Mx expression were due to
the manifestation of other, subclinical infections or to the fact
that the calves were outbred and of different breeds.

The differences in the animals’ individual expression levels
of the Mx gene products, in particular of Mx mRNA, could be
explained in several ways. As stated above, the outbred genetic
background, age differences, and the conventional rearing con-
ditions may at least in part account for the variations between
individual calves. In contrast to findings in humans (3, 45), it is
not sufficiently known yet how the different bovine WBC sub-
sets express the Mx gene upon activation of the IFN-o/B sys-

tem. In humans, mainly monocytes and lymphocytes have been
shown to express the Mx gene, whereas Mx expression in
granulocytes was much lower (45). Assuming that this expres-
sion pattern is also valid for ruminants and considering the fact
that the observed leukopenia was mainly lymphopenia (data
not shown), the relative number of Mx-expressing cells would
then be even lower during the acute phase of the infection,
making the observed Mx upregulation even more impressive.
This could be monitored further by establishing a flow cyto-
metric protocol for Mx expression in bovine blood leukocytes.

Under our experimental conditions, we compared mRNA
levels for each animal to its day 0 value. Because this approach
is not feasible under field conditions, we need to better char-
acterize the nature of a baseline Mx expression. Some of this
information can be obtained by repeatedly testing a larger
number of healthy cattle and analyzing Mx expression levels
for confounding parameters, such as age, sex, and breed. In
this process, Mx protein levels may turn out to provide a more
robust parameter than mRNA levels. This information will be
essential to develop Mx expression protocols as a routine assay
that can be applied under field conditions.

Finally, it should be noted that the fluorogenic PCR exper-
iments performed were based on the assumption that the
housekeeping 18S rRNA transcription rate and integrity were
not influenced by the ongoing viral infection (56). Ronni et al.
(44), working with influenza virus and human lung epithelial
cells, showed that expression of glyceraldehyde-3-phosphate
dehydrogenase and B-actin mRNA sharply decreased during
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FIG. 5. Relative expression level of Mx mRNA in the WBC of calves experimentally infected with ncpBVDYV as determined by fluorogenic
PCR. The values for the individual calves and the mean values for the six calves are depicted from day 18 before infection (day —18) through day
0 (day of virus inoculation) and up to day 24 postinfection. Threshold cycle values obtained were normalized with respect to the expression of the
housekeeping 18S rRNA determined in parallel. This allowed to delineate the result according to a specified number of cells. Relative values were
calculated by the method of Livak and Schmittgen (37) and compared with the individual animal’s value obtained at day 0 (day of virus

inoculation).

ongoing viral infection. These aspects will have to be consid-
ered in future experiments.

The results obtained clearly show that measuring the expres-
sion of Mx gene products in WBC is a suitable tool to monitor
an ongoing infection with ncpBVDYV even during the incuba-
tion period. Since expression of the Mx gene is believed to be
under the strict control of IFN-a/B (50), the present Mx find-
ings imply that infection with the virus strain under study was
paralleled by endogenous synthesis and signaling of IFN-a/f3.
This observation is in agreement with a recent report showing
that transient infection of young calves with ncpBVDYV is par-
alleled by a IFN-a/B response (8). However, we cannot rule
out the possibility that ncpBVDYV could activate the Mx gene
directly, as seen with some RNA viruses (21, 31, 44, 46). This
issue has to be further addressed by determining the expres-
sion of IFN-o/B rather than Mx gene products during infection
with ncpBVDV.

From several in vitro studies, it was concluded that ncpBVDV
does not induce IFN-o/B (1, 11, 39, 48) and is therefore able to
establish persistence in the bovine fetus when infection takes
place between days 30 and 120 of gestation. Further support for
this theory comes from a recent in vivo study where it was shown
that fetuses infected with ncpBVDV in this early phase of gesta-

tion were not able to produce IFN-a/ (9). On the other hand, an
in vivo study showed that ncpBVDYV did induce IFN-o/f in im-
munocompetent calves, leading to the idea that the developmen-
tal stage of the host’s innate immune system may play an impor-
tant role in the establishment of persistence (8). Our findings that
infection with a ncpBVDV strain leads to an upregulation of the
Mx gene are therefore consistent with recent publications (8, 18)
showing an IFN-o/ response in calves upon infection with ncp-
BVDV.

The bovine trophoblast has been found to resist infection
with BVDV for up to 30 days of gestation (57). This phenom-
enon is possibly linked to the reported antiviral effect of IFN-r,
a constitutively expressed cytokine of the ruminant trophoblast
(10). Although IFN-71 resembles IFN-«/B in structure as well as
in many of its biological properties, it is not induced by virus
and is instead produced constitutively by the embryonic tro-
phectoderm during the period immediately prior to implanta-
tion (10). In conclusion, it is intriguing to learn that infection
of the immature bovine fetus with ncpBVDYV, specifically be-
tween days 30 and 120 of gestation, may ultimately lead to viral
persistence because the virus evades both the host’s innate and
adaptive immune responses.

From day 1 postinfection with ncpBVDYV, distinct levels of
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FIG. 6. Relative Mx protein levels in the WBC of calves experimentally infected with ncpBVDV. Samples of lysed WBC (2 X 10° cell
equivalents) were evaluated by immunoblot assay after SDS-PAGE and using a Mx-specific MAb (M143). Serologically reactive Mx bands were
recorded by chemiluminescence followed by densitometry. The values for the individual calves and the mean values for the six calves are depicted
from day 18 before infection (day —18) through day 0 (day of virus inoculation) and up to day 24 postinfection. (A) Relative Mx protein levels
in the WBC of individual calves and mean Mx protein levels for the six calves. (B) Original Mx SDS-PAGE profile of calf 6. A positive-control
(C+) sample was prepared by culturing WBC from a healthy cow overnight in the presence of 1,000 IU of recombinant IFN (rIFN-aB/D) per ml
and using 2 X 10° cell equivalents for the immunoblot assay (30, 38). The densitometric result obtained with the positive control was arbitrarily
defined as 100%. The individual densitometric recordings of the calves are depicted in proportion to this positive-control value.

Mx protein were expressed in the skin of the individual calves.
As all animals remained negative for BVDYV antigen in skin at
all times (4), increased Mx expression in skin was likely due to
the systemic action of endogenously produced IFN-«/f rather
than Mx expression due to local BVDV replication and con-

comitant IFN-a/f generation. This would be in line with the
findings of al-Masri and coworkers (3) who reported a strong
expression of Mx protein in the skin of humans during paren-
teral treatment with IFN-a2b.

Further studies are necessary to evaluate the sensitivity of

TABLE 1. Mx protein expression in the skin of calves transiently infected with ncpBVDV

Mx protein expression on day*:

Calf

—18 8 0 1 2 3 4 5 6 7 8 9 10 11 12 13 15 17 20 22 24
1 0 0 0 1 0 0 1 2 1 2 0 0 0 1 1 0 0 1 0 0 0
2 0 0 0 1 0 1 0 1 1 1 1 1 1 1 0 1 0 1 1 1 0
3 0 0 0 1 0 1 1 1 1 2 1 0 1 1 1 0 1 1 0 1 0
4 0 0 0 1 1 1 3 3 2 3 2 2 1 1 1 0 0 1 0 1 1
5 0 0 0 0 1 0 3 2 1 2 2 1 1 0 0 0 0 1 1 1 1
6 0 0 0 1 0 0 2 2 1 3 2 2 1 1 0 0 0 1 0 0 1

“ Mx protein expression as revealed by indirect immunostaining on formaldehyde-fixed tissue sections. Immunostaining was scored from 0 (no staining) to 3 (strong
intracytoplasmic staining) and scores of 2 and 3 are shown in boldface type. The skin of calves was tested from day 18 before infection (day —18) through day 0 (day

of virus inoculation) and up to day 24 postinfection.
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FIG. 7. Expression of Mx protein in the skin of a calf (calf 4) after
infection with ncpBVDV. Sections from a formaldehyde-fixed skin
biopsy specimen, taken at day 7 postinfection, were subjected to im-
munostaining by using the primary anti-Mx MAb M143 with the En-
Vision system (DAKO) for primary antibody detection in the presence
of AEC (3-amino-9-ethylcarbazole) chromogen. Note the intracyto-
plasmic staining, which is preferentially associated with epithelial cells
from hair follicles, sometimes with the basal cell layer of the epidermis,
and occasionally with endothelial cells. Arrows demarcate regions of
intense immunostaining. The insert depicts the lack of specific staining
in a section from a skin biopsy specimen taken 8 days before viral
infection. Magnification of the micrograph, x40.
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skin compared to WBC to monitor an upregulation of Mx gene
products as an indicator for the systemic action of endog-
enously produced IFN-a/B.

APPs have been proposed as valuable indicators of the man-
ifestation and severity of pathological conditions in humans
and animals. Levels of APPs are preferentially elevated during
acute bacterial infections, notably during bovine mastitis (13)
and less pronounced or even missing during viral infections (6,
23, 24, 33). Godson et al. (20) reported on the sequential
infection of cattle with bovine herpesvirus 1 and Pasteurella
multocida and the concomitant rise of Hp, which was prompt
and distinct after the secondary bacterial infection. At the
same time, it was recognized that the maximum level of Hp in
serum was a valuable prognostic factor and a mirror of the
disease severity. In the present study, the levels of Hp and SAA
in serum remained relatively low and increased later than Mx
gene products did. In addition, peak levels of APPs recorded
were of shorter duration than those observed with the Mx gene
products. In a recent study, Hp and SAA levels also peaked
between days 8 and 9 during experimental infection with
BVDYV, but the levels reached were generally higher than in
our study (18). This difference can be explained by the different
viral strain used and/or the different genetic background of the
animals. After infection of 1- to 2-week-old calves with another
viral pathogen (bovine respiratory syncytial virus), Heegaard
and coworkers (27) recorded maximal SAA and Hp levels
between days 6 and 8. The maximal SAA and Hp levels were

Mx mRNA a

T
10

Day post infection

FIG. 8. Schematic summary of clinical, virological, and immunological events in six calves during the course of transient infection with ncpBVDV.
The length of the bar represents the duration of the event and depicts the time-ordered manifestation of the various parameters studied.
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between days 4 to 13 for SAA and days 8 to 11 for Hp in the
present study. It was further noted that the levels of SAA
recorded during this study compared to infection with bovine
respiratory syncytial virus (27) were of similar magnitude,
whereas Hp levels observed in the present study remained
generally low. These differences could be explained either by
the different virus-induced pathologies, by the ever possible
comanifestation of secondary pathogens, or by the age of the
animals. By considering the assumption that Hp levels were a
reflection of the severity of clinical distress (12, 20, 27), the
symptoms recorded during the present study would be consis-
tent with a minor and transient health impairment.

This study finally indicated that Mx mRNA and Mx protein
were more widely applicable indicators to monitor the ongoing
infection with ncpBVDV than were Hp and SAA. In view of a
possible use of Mx gene products as early and sensitive indi-
cators for the manifestation of viral infections, three basic
questions need to be addressed, namely (i) the likely contri-
bution of IFN- to the systemic upregulation of the Mx gene in
pregnant ruminants (61), (ii) the possible manifestation of
IFN-k in the skin of cows as observed in humans (34, 40), and
(iii) the ever possible virus-specific interruption of the cascade
of IFN-o/B induction, signaling, and downstream regulation of
dependent effector genes (19, 35). In any case, the upregula-
tion of Mx gene products as an indicator for endogenously
produced IFN-a/B and of APPs as an indicator for an inflam-
matory process can be valuable tools to monitor the health
status of cattle.

In conclusion, the results of this study provided several les-
sons to be learned (Fig. 8), namely, that infection of calves with
ncpBVDV is transient and paralleled by a prompt innate im-
mune response. This is reflected by a short elevation of the
levels of the Hp and SAA APPs in serum and an early and
longer lasting activation of the Mx gene as observed with WBC
and skin samples. The innate immune response is followed by
a sustained adaptive immune response, as reflected by the
appearance of antiviral serum antibodies. Together, it seems
likely that both the innate and adaptive immune responses
contributed to the successful control of this viral infection. The
Mx findings indirectly prove that ncpBVDYV induces an IFN-
o/B response, even though the possibility of a direct Mx induc-
tion by the virus has to be ruled out by further experiments.
APP levels remained relatively low and were possibly a reflec-
tion of the mild clinical distress induced in the experimentally
infected calves, and finally, products of the Mx gene are of
prospective value to monitor the endogenous action of IFN-
o/B in cattle and other animals as well. This possibility is
currently being addressed in a field study.
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