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Summary

Two groups of five pigs aged 6 weeks were each infected oronasally with one of two different European
isolates of porcine reproductive and respiratory syndrome virus (PRRSV). The animals were killed
sequentially at 4, 7, 14 or 21 days post-inoculation for examination. The methods used consisted of
histopathology, and mono- and double-labelling techniques based on in-situ hybridization, immuno-
fluorescence and immunohistochemistry. Porcine alveolar macrophages (PAMs) contained large amounts
of PRRSV antigen and PRRSV RNA, as shown by double labelling with (1) either PRRSV immuno-
fluorescence or PRRSV-specific in-situ hybridization with digoxigenin-labelled riboprobes, and (2) im-
munolabelling with Mac 387 antibody for calprotectin. Expression of PRRSV-RNA was not detectable
in cytokeratin-positive hypertrophic and proliferating pneumocytes or in cells of alveolar ducts or
bronchiolar epithelium. The use of two-colour immunofluorescence with confocal laser scanning microscopy
and double labelling with in-situ hybridization-immunohistochemistry showed that PAMs were the only
pulmonary target cells. This contradicts earlier reports that epithelial pulmonary cells may also be infected
by PRRSV.  2001 Harcourt Publishers Ltd

Introduction and porcine respiratory coronavirus, an important
cause of respiratory disease in juvenile pigs. Mul-Since its first appearance in 1987 in the USA
tisystemic wasting syndrome after co-infection with(Keffaber, 1989) and 1990 in Europe (Lindhaus
porcine circovirus also contributes to economicand Lindhaus, 1991), porcine reproductive and
losses in the field (Rosell et al., 1999). PRRSV hasrespiratory syndrome (PRRS) has become endemic
been isolated in the USA [e.g. strains VR-2332in many swine-producing countries. In addition to
(Benfield et al., 1992), ISU79 and ISU1894 (Mengcausing infertility and abortion in sows, PRRS virus
et al., 1996)], Europe (Lelystad virus; Wensvoort et(PRRSV) is, together with swine influenza virus
al., 1991) and Japan (EDRD-1; Saito et al., 1996).
Isolates of PRRSV, now classified in the genusCorrespondence to: J. P. Teifke, BFAV, Institut für Infektionsmedizin,

Boddenblick 5a, 17498 Insel Riems, Germany. Arterivirus (family Arteriviridae, order Nidovirales), ex-
This publication is dedicated to the memory of the late Prof Dr hibit remarkable genetic and antigenic variationHelmut Wege, director of the Institut für Virusdiagnostik, BFAV,
Insel Riems. (Halbur et al., 1995). Extensive experimental studies
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have shown that all European strains correspond Tissue Samples
to USA isolates of low virulence (Beyer et al., 2000; Pneumonic lung samples from three different sitesvan Reeth and Nauwynck, 2000). Susceptibility,

were either snap-frozen in n-heptane and stored atclinical signs and lesions vary markedly, depending −70°C until used for the preparation of cryostatparticularly on viral strain (Rossow, 1998) but also
sections or immediately fixed in 4% buffered para-on infection route, age of pigs, their immune status
formaldehyde and processed for paraffin-wax em-and genetic predisposition, and on viral co-in-
bedding. For histopathological examination, serialfection (Ellis et al., 1999) or bacterial superinfection.
sections (3 �m) were dewaxed, placed on organo-It is widely accepted and consistent with the
silane-coated slides and stained with haematoxylinknown biological properties of arteriviruses that in
and eosin (HE). For double labelling procedures,infected pigs PRRSV replicates preferentially in
cryostat or paraffin-wax sections (3 �m) were used.alveolar macrophages (Rossow, 1998). ‘‘Co-local-

ization’’ of isotopically labelled PRRSV-RNA
within macrophages labelled by the monoclonal

Immunofluorescence, Two-colour Immunofluorescence andantibody (mAb) Mac 387 has been demonstrated
Confocal Laser Scan Microscopyin porcine lymph nodes but not in lungs (Lawson

et al., 1997). Studies on the tropism of PRRSV Cryostat sections were fixed with acetone (−20°C)
have been limited by the identification of infected for 10 min and than treated at room temperature
pulmonary cells on the basis of morphological with bovine serum albumin (BSA) 5% in phosphate-
criteria only (Rossow et al., 1996). The use of buffered saline (PBS) for 20 min. Sections wereimmunohistochemistry (IHC) or in-situ hy- incubated with PRRSV nucleocapsid protein (N)-bridization (ISH) on serial sections has suggested, specific mAbs; mAb P3/27 (IgG1) was appliedhowever, that European, North American and Kor- for evaluation of PRRSV antigen distribution andean strains of PRRSV replicate in bronchiolar quantification, as previously described (Beyer et al.,epithelial cells (Pol et al., 1991), alveolar duct cells

2000), and mAb P14/a34-3 (IgG2a) was used for(Magar et al., 1993), and pneumocytes (Pol et al.,
two-colour immunofluorescence. Both mAbs were1991; Sur et al., 1996; Cheon et al., 1997). We
diluted 1 in 2 in PBS containing BSA 2% (2%describe here the results of a double labelling pro-
BSA-PBS). As secondary antibody for P14/a34-3,cedure on cryostat and paraffin-wax sections to
a fluorescein-isothiocyanate (FITC)-labelled goatinvestigate the tropism of PRRSV in the lungs of
anti-mouse IgG2a (�) was used (Caltag Laborat-experimentally infected pigs. The methods used
ories, Burlingame, CA, USA), diluted in 2% BSA-were (1) two-colour immunofluorescence analysed
PBS and mixed at the ratio of 3:1 with 0.005%by confocal laser scanning microscopy, or (2) non-
Evans blue solution to decrease autofluorescenceradioactive ISH-IHC double staining.
of granulocytes. For immunohistochemical double
labelling, the sections were incubated consecutively
with mAb Mac 387 (IgG1; Linaris BiologischeMaterials and Methods
Produkte, Wertheim-Bettingen, Germany), which

Animals and Procedure recognizes cytoplasmic antigen L1 (calprotectin)
in macrophages (Brandtzaeg et al., 1988) and, asThe design of the infection study in general ac-
secondary antibody, an indocarbocyanin (Cy5)-corded with previously published procedures (Beyer
labelled goat anti-mouse IgG1 (Caltag Laborat-et al., 1998, 2000). Briefly, 10 conventionally raised,
ories; 1 in 800 in PBS). Sections were sealed in6-week-old weaner pigs were infected oronasally
glycerol buffer containing 1,4-diazobicyclo(2,2,2)-with 105 tissue culture infectious doses 50%
octane (DABCO) 25 mg/ml. For scanning and pho-(TCID50) of PRRSV. Five animals (nos 1–5) re-
tography, an LSM510 (Zeiss, Göttingen, Germany)ceived the isolate ‘‘Cobbelsdorf’’ and five (nos 6–10)
was used. FITC was irradiated at 488 nm andthe isolate ‘‘I10’’; four animals (nos 11–14) were
detected via a 505–530 nm band pass filter. Cy5mock-inoculated, serving as controls. Initially, all
was irradiated at 633 nm and detected with apigs were serologically negative for PRRSV. On
650 nm long pass filter. The pinhole diameters ofdays 4, 7, 14 and 21 days post-inoculation (p.i.),
each detection channel were set at 100 �m. Two-pigs (one or two from each of the three groups)
channel frame-by-frame multitracking was used forwere killed and subjected to necropsy. The lungs
detection to avoid ‘‘crosstalk’’ signals. The differentof all pigs were immunohistochemically negative
frames were scanned separately, with appropriatefor porcine circovirus 2 (PCV-2; antibody kindly

provided by J. Ellis, Saskatoon). installation of the optical path for excitation and
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emission of each scan (according to the manu- Immunohistochemistry (IHC)
facturer’s instructions). ISH was followed by IHC with the avidin–

biotin–peroxidase complex (ABC) method, as de-
scribed previously (Teifke et al., 1998). For the
detection of a broad spectrum of cytokeratins in
epithelial pulmonary cells, sections were treated

In-situ Hybridization (ISH) with a mixture of three murine mAbs (AE1, AE3
and Ks 13.1; Linaris Biologische Produkte) againstFor ISH, a PRRSV strand-specific digoxigenin-
different cytokeratins (1–8, 10, 13–16, 19). Tolabelled RNA probe was used. A 245 bp DNA
detect porcine alveolar macrophages (PAMs), mAbfragment, located in the overlapping ORF 6 and
Mac 387 was used as described above. For epitope7 of PRRSV, was amplified by reverse tran-
recognition on paraffin-wax sections, antigen de-scriptase–polymerase chain reaction (RT-PCR) (5′
masking procedures were necessary. The sectionsprimer: 5′-GCC TTT AGC ATC ACA TAC ACA
were microwave-irradiated for 10 min in a Hi-CC-3′, position 3962–3984 and 3′ primer: 5′-CAC
stosafe-Enhancer (Linaris Biologische Produkte) forAAT CTG CAT CTG GAA GTG AT-3′, position
cytokeratin labelling or digested with 0.1% pronase4184–4206; position according to Conzelmann et
(Linaris Biologische Produkte), according to theal., 1993), starting from RNA obtained from a
manufacturer’s instructions, to detect calprotectin.lymph node of a piglet infected with PRRSV
By means of the ABC method and an immuno-‘‘Cobbelsdorf’’. The DNA was cloned into the
peroxidase kit (Vectastain Elite ABC Kit, VectorpGEM-T-Easy plasmid vector and in-vitro tran-
Laboratories, Burlingame, CA, USA), a bright redscription was performed with the RiboMAXTM

signal was produced from the substrate, 3-amino-system (Promega Corp., Madison, WI, USA) to
9-ethylcarbazole (Dako AEC substrate-chromogenyield digoxigenin-11-dUTP (Roche Molecular Bio-
system; Dako, Carpinteria, CA, USA). The sectionschemicals, Mannheim, Germany) sense (Sp6) and
were counterstained with Mayer’s haematoxylin,antisense (T7) riboprobes. ISH was performed es-
and mounted with aqueous medium (Aquatex;sentially as described by Zurbriggen et al. (1998) and
Merck, Darmstadt, Germany).always preceded immunohistochemistry. Briefly,

Morphometric analysis and quantification ofafter dewaxing, slides were incubated for 20 min
Mac 387-positive cells (number/�m2) or cy-in 0.2 M HCl to remove basic proteins, followed
tokeratin-positive tissue area (%) were performedby a 2-min wash in 2× standard saline citrate
with the KS300 image analysis system (Zeiss).(SSC). For proteolytic digestion, slides were in-
Calibration and threshold determination were car-cubated for 15 min (37°C) in proteinase K (Roche)
ried out once for each section, with a ×20 ob-5 �g/ml. After postfixation for 5 min with 4% para-
jective. On each tissue section, at least 20 randomlyformaldehyde, two washes in 2×SSC, and acet-
selected neighbouring fields were measured, start-ylation in 0.1 M triethanolamine buffer containing
ing within the lung area showing the most prom-acetic anhydride 0.25% (v/v), the sections were

prehybridized for 60 min (50°C) in 50% forma- inent pneumonic lesions. The median values of the
mide, 4×SSC, 2×Denhard’s solution and yeast- parameters measured were calculated.
RNA 500 �g/ml. Hybridization was performed
overnight under the same conditions with addition
of 10% dextran sulphate (w/v) and labelled probes Results
(5 ng/�l). To digest any unbound probe, the sec-

PRRSV-RNA was present in the cytoplasm oftions were treated with RNase T1 and DNase-free
large, round to oval cells, which were scatteredRNase (Roche). The sections were then given 10-
throughout the lung but concentrated in collapsedmin washes, twice in 2×SSC (55°C) and twice in
alveoli or within the intra-alveolar cellular debris of0.2×SSC (55°C). For immunological probe de-
pneumonic areas (Fig. 1). Occasionally, the strongtection, the sections were incubated for 2 h with an
intensity of the hybridization signal overrode theanti-digoxigenin-alkaline phosphatase conjugate (1
cellular borders (Fig. 2). On paraffin-wax sections,in 500; Roche). Nitro-blue tetrazolium (NBT) and
immunohistochemical double labelling with Mac5-bromo-4-chloro-4-indolylphosphate were used as
387 identified PRRSV-infected cells as pulmonarysubstrates for colour reaction. Overnight de-
macrophages (Figs 3 and 4). In addition, PRRSV-velopment of the dark blue signal was stopped
RNA-positive cells with strong hybridization signalsin Tris-EDTA (ethylenediaminetetraacetic acid)

buffer (pH 8.0). that remained unlabelled by Mac 387 had the
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Figs 1 and 2. Lung of pig no. 2, inoculated with PRRSV- Figs 3 and 4. Lung of pig no. 8, inoculated with PRRSV-isolate ‘‘Cobbelsdorf’’; 7 days p.i. Double label- isolate ‘‘I10’’; 14 days p.i. Double labellingling with PRRSV-RNA in-situ hybridization with PRRSV-RNA in-situ hybridization andand broad-spectrum cytokeratin immuno- Mac 387 immunohistochemistry. Haema-histochemistry. Haematoxylin counterstain. toxylin counterstain. Paraffin wax-embeddedParaffin wax-embedded tissue. (Fig. 1) Between tissue. (Fig. 3) Mac 387 labelling is mainlylarge numbers of cytokeratin-expressing pneu- confined to abundant cytoplasm of macro-mocytes are solitary cytokeratin-negative cells phages. Many macrophages lack a PRRSV-with intense cytoplasmic PRRSV-RNA-spe- RNA-specific hybridization signal. In the cyto-cific hybridization signals (arrows). Co-local- plasm of several Mac 387-positive cells onlyization of PRRSV-RNA within cytokeratin- small spots (arrow) of hybridization signals forpositive cells is not observed. Bar, 50 �m. (Fig. PRRSV-RNA are detectable. Bar, 20 �m. (Fig.2) A nest of PRRSV-RNA-positive, cy- 4) Co-localization of the red Mac 387 labellingtokeratin-negative cells is surrounded by with the black PRRSV-RNA hybridization sig-numerous hyperplastic cytokeratin-positive nal to the abundant cytoplasm of larger ovalpneumocytes. Bar, 20 �m. cells This unequivocally identifies these cells as
PRRSV-infected macrophages. Bar, 20 �m.

morphological features of pulmonary macro-
phages; however PRRSV-RNA was not detected PRRSV-specific hybridization signals (Table 1). In

advanced stages of pneumonia, the number ofin cytokeratin-positive cells. By means of im-
munolabelling, PRRSV-antigen was detectable as PRRSV antigen-positive cells had decreased strik-

ingly. Two-colour immunofluorescence revealedbrilliant fluorescence with mAbs P3/27 and P14/
a34-3. Nucleoprotein of PRRSV was detectable in unequivocally that cells positive for PRRSV antigen

were also positive for the macrophage-specific an-cells lining the alveolar walls (Fig. 5A). The number
of PRRSV antigen-positive cells peaked on day 7 tigen calprotectin (Figs 5B and 5C). The number

of Mac 387-positive cells (mainly macrophages withp.i. and, except for day 4 p.i. was usually sub-
stantially higher than the number of cells with a few granulocytes, as judged by their morphology)
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Fig. 5 A,B,C. Lung of pig no. 7, inoculated with PRRSV-isolate ‘‘I10’’; 7 days p.i. Two-colour immunofluorescence, cryostat
section. (A) Bound PRRSV-N-specific mAb P14/a34-3 corresponds to green FITC fluorescence. (B) Bound mAb
Mac 387 corresponds to red Cy5 fluorescence. (C) In the overlay, yellow represents PRRSV-infected alveolar
macrophages (PAMs). Two PRRSV-infected PAMs are located in the alveolar septa, together with cellular
debris. Brilliant cytoplasmic FITC fluorescence for PRRSV-antigen, co-localized with Mac 387 specific Cy5-
fluorescence. Bar, 12 �m.

increased rapidly after infection to values 10 times of the main stimuli for the production of monocyte-
attracting chemokines (van Reeth and Nauwynck,higher than in mock-inoculated controls. Only a

small fraction of Mac 387-positive cells showed 2000). Attraction of granulocytes may result from
release of an alveolar macrophage chemotacticPRRSV-specific fluorescence, but all cells positive

for PRRSV antigen displayed Mac 387-specific factor, AMCF II, which is selectively ‘‘upregulated’’
in PAMs shortly after infection (Beyer et al., 1998).fluorescence. The cytokeratin-labelling pattern on

paraffin-wax sections and morphometric quan- Only a small percentage of PAMs in broncho-
alveolar lavage fluid from infected animals wastification of cytokeratin-positive areas reflected the

hypertrophy and greatly increased proliferative ac- found to be PRRSV antigen-positive (Duan et al.,
1997). This accords with our observation of a largetivity of type II pneumocytes early in PRRSV

infection. It was notable that PRRSV-RNA could number of Mac 387-positive but PRRSV antigen-
and PRRSV-RNA-negative cells in lung tissue. Thenot be detected within cytokeratin-positive bron-

chiolar epithelium, alveolar ducts or densely packed lower number of PRRSV-RNA-positive cells than
PRRSV antigen-positive cells from day 7 p.i. on-pneumocytes.
wards may have reflected differences in chemical
as well as biological half-life, i.e. pronounced de-

Discussion gradation of viral RNA during tissue processing or
a shorter half-life of viral mRNA than that ofPrevious reports have described the detection of
accumulating viral protein. ISH reliably detectsPRRSV antigen in nasal turbinate epithelium (Ros-
a small proportion of PRRSV-infected cells insow et al., 1996), pulmonary epithelial cells (Pol et
formalin-fixed, paraffin wax-embedded tissuesal., 1991), type II pneumocytes (Halbur et al., 1994),
(Lawson et al., 1997). Two-colour immuno-and vascular endothelium (Halbur et al., 1995) by
fluorescence with laser scan microscopy showedmeans of mono-labelling techniques on consecutive
that nearly all cells per visual field positive forsections. We had been unable to confirm these
PRRSV antigen were also immunolabelled by Macobservations in an earlier study (Beyer et al., 2000).
387. ISH-IHC was less effective in demonstratingThe present study was designed to investigate the
co-localization of viral RNA in Mac 387-positivepulmonary tropism of two European PRRSV isol-
cells. The strong black hybridization signal prob-ates. The double labelling technique enabled a
ably overrode the faint red Mac 387-specific signal,large number of lung samples to be examined. The
resulting in a larger number of PRRSV-RNA-striking increase in the number of macrophages
positive cells than of cells with dual labelling. Macand to a lesser extent the number of granulocytes
387 reacts with the leucocyte antigen L1, alsoseen shortly after inoculation was possibly due to

the prolonged secretion of interleukin (IL)-1, one known as calprotectin, a myelomonocytic protein
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formalin resistant myelomonocytic L1 antigen. Journaland monocytes. Possibly the intracellular cal-
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a member of the arterivirus group. Virology, 193,positive bronchiolar epithelium or pneumocytes.
329–339.The apparent contradiction with results of other Duan, X., Nauwynck, H. J. and Pensaert, M. B. (1997).
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