Histol Histopathol (1998) 13: 129-136
DOI: 10.14670/HH-13.129
http://www.hh.um.es

Histology and
Histopathology

From Cell Biology to Tissue Engineering

Characterization of natural occurring Pneumocystis
carinii pneumonia in pigs by histopathology, electron
microscopy, in situ hybridization and PCR amplification

J.A. Ramos Varal, J-J. Lu2, A.J. da Silva?, K.T. Montone5, N.J. Pieniazek?, C-H. Lee3,

L. Pérez5, B.A. Steficek!, R.W. Dunstanl, D. Craft6 and G.L. Watson'

'Animal Health Diagnostic Laboratory, Michigan State University, East Lansing, MI, USA, 2Department of Pathology, Tri-Service
General Hospital, Taipei, Taiwan, 3Department of Pathology and Laboratory Medicine, Indiana University School of Medicine,
Indianapolis, In, USA, 4Division of Parasitic Diseases, Centers for Disease Control and Prevention, Atlanta, GA, USA,
5Department of Pathology and Laboratory Medicine, University of Pennsylvania, Medical Center, Philadelphia, PA, USA and
6Department of Pathology, Michigan State University, East Lansing, MI, USA

Summary. Macroscopic. histologic, ultrastructural.
microbiologic. in situ hybridization (ISH) and PCR
detection results in three 8-week-old pigs naturally
infected with Pneumocystis carinii (PC) are described.
All animals had a nonsuppurative interstitial pneumonia
and intra-alveolar Pneumocystis organisms with foamy
cosinophilic and PAS positive appearance. Ultra-
structurally. PC trophozoites and cysts were observed in
pigs No. 2 and No. 3. with the former being much more
numerous. PC organisms were located on the alveolar
surface or within the alveolar septa. Trophozoites had
numerous filopodia and were thin-walled. Cysts had no
or few filopodia. were thick-walled and contained
intracystic bodies. Using non-isotopic ISH on formalin-
fixed. paraffin-embedded lung tissue sections, PC DNA
from pigs No. 2 and No. 3 hybridized with a probe
specific for PC ribosomal RNA (rRNA). Using primers
specific for mitochondrial rRNA gene (pAZ102-
E/pAZ102-H), and for the internal transcriber spacers of
ribosomal gene of PC, PCR methods amplified a product
in the lung of pigs No. 2 and No. 3 using either frozen or
formalin-tixed and paraffin-embedded lung tissue. DNA
from Pig No. I samples did not amplify with any primer.
This is the first time that molecular biology techniques
(in sing hybridization and PCR) have been applied to the
study of porcine pneumocystosis.
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Introduction

Pneumocystis carinii (PC) is an unicellular
cukaryote that inhabits the lungs of a wide variety of
homeothermic terrestrial vertebrates (Armstrong and
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Cushion, 1994). The taxonomy of PC is controversial
(Sukura, 1995). Some authors classify this organism as a
protozoan because of its morphologic similarities to
protozoa and susceptibility to some antiprotozoan drugs.
Other authors classify PC as a member of the tungi
considering that its ribosomal RNA has a high homology
to the group of fungi Rhizopoda/Myxomycota/Zygo-
mycota group (Watanabe et al., 1989). PC emerged as a
leading cause of opportunistic infection and mortality in
HIV-positive patients in the 1980s (Walzer, 1993).

Two major life stages have been found in the lungs
of infected animals: trophozoites and cysts (Ruffolo,
1994 Sukura. 1995). Trophozoites are irregular. 1-5 ym
in diameter, thin-walled and with a variable number of
filopodia (tubular expansions of the cell membrane and
cell wall) (Bedrossian, 1989). The cytoplasm of tropho-
zoites contains mitochondria, rough endoplasmic
reticulum, ribosomes. glycogen particles, lipid droplets
and dense round bodies. The cyst stage is round, about 5
um in diameter. thick-walled, usually smooth without
filopodia. and contains intracystic bodies with
morphological features similar to free trophozoites. The
cyst wall has an outer dense layer containing chitin. a
middle electron-lucent layer containing glucan
(Matsumoto et al.. 1989) and a cell membrane.

Lesions produced by PC occur primarily in the
lungs. Disseminated infections in immunocompromised
human beings have been reported (Travis, 1994). The
classic histopathologic finding is a prominent eosino-
philic. PAS-positive foamy intra-alveolar material
accompanied by a mild. interstitial pneumonia and
proliferation of type Il pneumocytes (Travis, 1994). The
alveolar exudate consists of different stages of PC with
the cyst wall stained by Gomori methenamine silver
(GMS) or toluidine blue O stains (Holten-Andersen and
Kolmos. 1989). A broad spectrum of pulmonary changes
can be seen in human beings and animals with chronic
infections. These changes can be related to progression
of the disease while others are due to associated
pathogens (Kucera et al., 1968; Morin et al.., 1990:
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Kondo et al., 1993; Koziel et al., 1993; Travis, 1994).

P. carinii pneumonia in domestic animals has been
described in foals (Ainsworth et al.. 1993): goats
(McConnell et al., 1971): dogs and cats (Settnes and
Hasselager, 1984 Sukura et al.. 1996). There are several
reports of PC pneumonia or detection of this organism in
pigs (Kucera et al., 1968: Seibold and Munnell. 1977:
Fujita et al., 1989; Bille-Hansen et al.. 1990: Kondo et
al., 1993).

In this study we compare the macroscopic.
histopathologic. electron microscopic and microbiologic
features of a natural PC infection of three pigs with those
described in the literature. In addition. this is the first
report describing molecular biology techniques (in siru

hybridization and PCR) for the study and diagnosis of

porcine pneumocystosis.
Materials and methods
Animals, histopathology and electron microscopy

Tissues were collected from one male (Pig No. 1)
and two female (Pigs No. 2 and 3) 8-week-old pigs (pigs
No. I and No. 2 were from the same farm), fixed in 10%
neutral buffered formalin and processed routinely for
histopathology. Six-micron lung sections were stained
with HE, Giemsa, PAS and Gomori's methenamine
silver (GMS) stains. Formalin-fixed lungs from pigs No.
2 and No. 3 were postfixed in 1% OSO,. processed and
embedded in a mixture of Epon-Araldite, stained with
uranyl acetate and lead citrate and examined with a
Philips 301 transmission electron microscope at 60 Kv.

In situ hybridization

The in situ hybridization technique (ISH) to
demonstrate Pneumocystis carinii has been described
elsewhere (Montone, 1994). Briefly, five-micron
sections were deparafinized, rehydrated and digested
with a solution (2.5 mg/ml) of pepsin at 105 °C for 3.0
minutes. The bl()lll] labeled ollgonucleotlde probe.
consisting of 22 base sequences (5’ -TCTCTGAGGTA
TGGCCGTAACT-’% ) complementary to the first 22
nucleic acid sequences of PC 5S rRNA, was diluted to
200 ng/ml in a non-formamide based cocktail. The probe
solution was applied to the slides and the tissues were
heated at 105 °C for 2 min. to denature any secondary
rRNA structures. The tissue target and the probe
hybridized for 10 min at 40 °C. Streptavidin-peroxidase
was the detection system with diaminobenzidine as
the chromogen. Sections were counterstained with
hematoxylin. Negative controls included sections
containing a variety of bacteria, fungal or protozoal
organisms including Aspergillus flavus and Toxoplasma
gondii. Another negative control was substitution of the
specific PC probe by an unrelated probe targeting the 5S
rRNA of Aspergillus nucleic acids 1-22. Human
lung naturally infected with PC was used as positive
control.

Polymerase chain reaction

The polymerase chain reaction (PCR) was
performed according to established protocols using
frozen or formalin-fixed. paraffin-embedded lung
(Wakefield et al.. 1990: Lee et al.. 1993: Lu et al..
1994). Briefly. 50 gm-thick paraffin sections were
deparaffinized or thawed. homogenized. and centrifuged.
Pellets were washed with PBS-EDTA buffer several
times. The pellet was resuspended and digested with
proteinase K diluted in digestion buffer and incubated at
55 °C for 45 min. The mixture was extracted with
phenol and chloroform. The DNA present in the aqueous
phase was precipitated with ethanol which was then
removed by vacuum drying. The DNA was dissolved in
S50 pl of Tris-EDTA buffer (PCR solution). The
oligonucleotide primers used for both paraffin and
frozen samples were pAZ102-E (5’-GATGGCTGTTTC
CAAGCCCA-3") and pAZI102-H (5-GTGTACGTTGC
AAAGTACTC-3"), that target the mitochondrial rRNA
coding region in rat- and human-derived PC DNA.
Amplification with these primers results in a fragment of
approximately 350 base pairs (bp). In addition. a nested
PCR with primers amplifying the internal transcribed
spacer (ITS) was used. The nested PCR was performed
using primers 1724 F (5"-AAGTTGGTCAAATTTGGT
C-3") and ITS2R (5’-CTCGGACGAGGATCCTCGCC-
3%) for the first step and primers ITSIF (5'-CGTAGG
TGAACCTGCGGAAGGATC-3") and ITS2R1 (5°-
GTTCAGCGGGTGATCCTGCCTG-3") for the second
step (nested) (Lu et al., 1995). Amplification of a
diagnostic fragment of 550 bp is specifically obtained
with the ITS nested PCR for P. carinii.

PCR with pAZ primers was performed in a 100 yl
mixture containing template DNA, PCR buffer. 20 pmol
of PCR primers. 0.2 mM of the four deoxynucleoside
triphosphates, and 2 U of Tag/ DNA polymerase. PCR
was performed in two stages. The initial stage was 35
cycles, with each cycle consisting of 1.5 min at 94 °C.
1.5 min at 55 °C, and 3 min at 72 °C. The tinal stage was
extension at 72 °C for 10 min. The PCR products were
electrophoresed in a 2% agarose gel and stained with
ethidium bromide to determine the sizes of the amplified
products. For nested ITS PCR the same conditions for
the pAZ primers were used, but the annealing
temperature was 50 °C for the first PCR reaction and
65 °C for the second nested PCR reaction (Lee et al.,
1993: Lu et al., 1994). Rat lung experimentally infected
with PC was used as a positive control. Non-infected rat
lung and liver from all three pigs were used as negative
controls.

Bacteriological and virological examination

Lung, spleen, liver and small intestine were cultured
for bacterial pathogens. Samples of spleen, liver and
lung were tested by fluorescent antibody and virus
isolation for pseudorabies virus, and lung was tested by
both methods for influenza virus, and porcine
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reproductive and respiratory syndrome (PRRS) virus.
Results
Gross lesions

All pigs were emaciated. Pig No. | had a rough hair
coat with arcas of hyperkeratosis on its dorsum and tail.
The pericardial sac and the epicardium were almost
completely adhered to one another. The lungs were
diffusely congested with consolidation of the left middle
lobe. Tracheobronchial and cervical lymph nodes were
enlarged. Pig No. 2 had also a rough hair coat with areas
of alopecia and hyperkeratosis along the head and spine.
An umbilical abscess was noted. There was mild
fibrinous peritonitis. The lungs did not collapse. were
palpably firm and mottled red. The cranioventral lobes
were consolidated. Pig No. 3 lung had cranio-ventral
atelectatic areas with lobular pattern.

Histopathology

An interstitial pneumonia associated with organisms
consistent with PC was present in all pigs examined
although organisms and the intensity of the lesions were
much more extensive and severe in pigs No. 2 and No. 3.
The alveolar septa were congested and thickened with a
mild to moderate number of lymphocytes. plasma cells.
macrophages and fewer neutrophils. The alveolar lumen,
and occasionally the alveolar ducts and respiratory
bronchioles contained edema fluid, fibrin, and a foamy
eosinophilic material (Fig. 1) that was strongly PAS
positive and consisted of small round bodies (Fig. 2).
Most of these bodies had single central basophilic dots,
and were considered PC trophozoites. Some bodies had
a thicker cell wall and multiple (up to 8) basophilic dots
(Fig. 3) and were considered PC cysts containing
intracystic bodies. A GMS stain stained the cyst wall in
all pigs (Fig. 4). Pigs No. 2 and No. 3 had also a
bacterial bronchopneumonia affecting the cranial lobes
with numerous neutrophils and fewer macrophages in
the small airways and alveoli. In addition. pig No. 3 had
peribronchiolar and perivascular lymphoplasmacytic
aggregates. Necropsies of 6 other 1-month-old pigs from
the farm where pigs No. | and No. 2 where housed did
not reveal PC but multiple bacterial pathogens were
isolated.

In situ hybridization

Lung from pig No. | was negative when tested with
a probe for PC rRNA but lung from pigs No. 2 and No. 3
gave an intense granular brown reaction (Fig. 5)
that was localized in the areas where PC organisms
were observed by histopathology and electron
microscopy. Most of the reaction appeared to be
related to trophozoites. There was no background
staining. Positive and negative controls performed as
expected.

Electron microscopy

The lungs from pigs No. 2 and No. 3 were
examined. The alveolar surfaces were covered by single
or multiple layers of irregular shaped bodies, 3-5 ym in
length. with a 20-25 nm cell wall (Fig. 6). The
morphology of these organisms was consistent with
trophozoites of PC. Variable numbers of filopodia, less
than 100 nm in diameter, were arising from the surface
of the trophozoites. Cross section of these expansions
revealed that they had a central hollow core surrounded
by spikes (Fig. 7). Tubular expansions from adjacent
trophic forms were intermingled or very close to the
surface of alveolar cells but no direct contact was
observed. Type I pneumocytes had cytoplasmic
projections that partially surrounded trophozoites. Other
structures. identified as PC cysts, were 3-5 ym in
diameter, round to ovoid, and were intermingled with
trophic forms (Fig. 8). The wall of the cysts was 80-90
nm in thickness. with a smooth surface and had three
identifiable layers: an outer dense layer, a middle and
thicker electron-lucent layer, and an inner cell
membrane. Most of the cysts had one or more (up to 6)
intracystic bodies. Some cysts were collapsed. crescent-
shaped, and empty. The ratio of trophozoites:cysts was
usually higher than 100:1. Both trophozoites and cysts
were seen in the interstitium.

Polymerase chain reaction

There were no PCR-amplified products when PCR
with pAZ primers and nested ITS PCR were performed
on frozen or paraffin-embedded lung tissue of pig No. 1.
Lung samples (paraffin-embedded and frozen) from pigs
No. 2 and 3 were amplified by both types of PCR. The
molecular size of the amplified products for PCR with
pAZ primers and for nested ITS PCR was approximately
350 bp and 550 bp respectively (Fig. 9). Positive and
negative controls performed as expected.

Microbiology and virology

Fluorescent antibody test and virus isolation were
negative for pseudorabies, PRRS, and swine influenza in
all pigs. Haemophilus parasuis was isolated from lung
of pigs No. | and No. 3 and Streprococcus suis type 11
was isolated from lung of pig No. 2. Actinomyces
pyogenes and Pasteurella multocida were isolated from
the umbilical abscess. Bordetella bronchiseptica was
also isolated from lung of pig No. 3.

Discussion

This report describes macroscopic changes.
microscopic lesions. ultrastructural changes. in situ
hybridization and PCR studies in three pigs with
pulmonary pneumocystosis. Microscopic changes in the
lungs were consistent with a diagnosis of acute to
subacute interstitial pneumonia due to PC and



Fig. 1. Pig No. 2. Lung. Interstitial pneumonia. Eosinophilic foamy exudate in alveoli (arrowheads) and interstitium (circles) containing Pneumocystis
organisms. HE stain. Bar: 80 ym.

Fig. 2. Pig No. 3. Lung. Interstitial pneumonia. The alveolar septa are thickened with lymphocytes, plasma cells and foamy macrophages interspersed
between Pneumocystis organisms. The foamy exudate is strongly PAS positive (arrowheads). PAS stain. Bar: 40 ym.

Fig. 3. Pig No. 2. Lung. Trophozoites (arrowheads) and cysts (arrows) containing intracystic bodies are admixed. HE stain. Bar: 8 ym.
Fig. 4. Pig No. 2. Lung. The wall of the cysts (arrowheads) is strongly stained with Gomori’s methenamine silver stain. GMS stain. Bar: 20 yum

Fig. 5. Pig No. 3. Lung. The foamy exudate has a brown strong reaction (arrowheads) for P. carinii ribosomal RNA by in situ hybridization. Streptavidin-
peroxidase. Bar: 20 ym.
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concurrent bacterial pneumonia (Travis. 1994). Swine
pnecumocystosis is more common between 6 and 11
weeks of age (Kucera et al., 1968; Seibold and Munnell.
1977: Bille-Hansen et al., 1990; Kondo et al.. 1993). The
interstitial pneumonia is initially multifocal but
eventually becomes diffuse. Although microorganisms
capable of producing pneumonias were isolated from all
pigs. the most likely cause of the pulmonary interstitial

lesions was PC. The lesions found in the cranial lobes of

pig No. 2 were most likely produced by Streprococcus
suis type 11 and the cuffing pneumonia in pig No. 3 by
Mycoplasma sp. although there was no isolation of this
organism. Bacterial or viral infections have been
reported in cases of swine PC pneumonia (Kucera et al..
1968: Seibold and Munnell, 1977; Morin et al.. 1990:
Kondo et al.. 1993).

Incomplete descriptions of the ultrastructure of

swine PC are available in the literature (Seibold and
Munnell. 1977: Kondo et al.. 1993). PC from pigs No. 2
and No. 3 were morphologically indistinguishable from
other PC by electron microscopy (Bedrossian, 1989). We
detected two different stages. the more numerous
trophozoite. usually with filopodia, and the cyst stage. It
has been hypothesized that tilopodia are involved in the
reproduction of trophozoites. transfer of nutrients and/or
the attachment to alveolar cells (Bedrossian. 1989).
None of these hypotheses has been proven convincingly.

We observed that trophozoites were in close contact with
pneumocytes with the epithelial cells “embracing™
trophozoites by means of cytoplasmic projections. This
contact required the smooth portion of the trophozoite
cell wall to undulate and conform to the irregularities of
the pneumocytes. but no filopodia were observed in the
region of contact (Bedrossian, 1989; Pottratz and Martin,
1994). Close contact between epithelial alveolar cells
and cysts was not seen. Receptors in the alveolar
epithelium and macrophages for vitronectin, fibronectin,
mannose. surfactant protein D or the Fc fraction of
immunoglobulins in macrophages mediate the
attachment of PC (Pottratz and Martin, 1994: Limper,
1995). PC contains a major mannose-rich surface
antigen complex termed glycoprotein A (Pottratz and
Martin. 1994: Limper, 1995). It has been suggested that
the susceptibility of HIV-infected patients to PC is
related to impairment of the alveolar macrophage
mannose receptor by HIV (Koziel et al.. 1993). PC not
only attaches to macrophages, but when this binding is
through mannose (glycoprotein A) or immunoglobulins
(Fc receptor in macrophages). it activates macrophages
and phagocytosis of PC (Pottratz and Martin, 1994).
Ribosomal RNA are abundant RNA sequences
found within all eukaryotic and prokaryotic cell types.
These sequences are conserved, and they are widely
utilized for the phylogenetic classification of infectious

Fig. 6. Pig No. 2.
Lung. The alveolar
surface (arrowheads)
is covered with
several layers of P.
carinii organisms,
most of them
trophozoites (stars).
There is also a
collapsed cyst (open
arrow). The
interstitial infiltrate
contains plasma cells
(long arrows).
Capillaries are
dilated with
erythrocytes and
neutrophils (short
arrows). There are
numerous filopodia
(F) between
trophozoites.
Pneumocyte type |l
(circle). Uranyl
acetate and lead
citrate stain.

Bar: 470 nm.



organisms (Olsen and Woese. 1993). Using non isotopic
in situ hybridization (ISH) we demonstrated the presence
of rRNA specific for PC in the foamy alveolar exudate.
This technique proved to be simple and quick to perform
(Montone, 1994). Other advantage of this technique was
an intense and specific reaction in paraffin-embedded
tissues. The intensity of the reaction using paraffin
embedded lung sections of pig No. 2 was comparable to
the human control. The synthesis of oligonucleotides for
different areas of the PC genome might be appropriate
for retrospective epidemiological studies and classifi-
cation of PC isolates.

The PCR technique proved to be a reliable and
specific method to detect different components of swine
PC genome. Primers specific for PCR amplified the
genome of swine PC in pigs No. 2 and 3. either using
frozen or formalin-fixed and paraffin-embedded lung
tissue. PCR is being used frequently in the diagnosis of
human PC pneumonia as well as for epidemiologic
studies (Wakefield et al.. 1990; Lee et al.. 1993: Lu et
al., 1994). We used different primers for mitochondrial
rRNA, and for the ITS regions. Amplification of ITS

Fig. 7. Pig No. 2. Lung. Detail of the filopodia showing on cross and longitudinal sections
a central hollow structure surrounded by spikes (arrowheads). Uranyl acetate and lead
citrate stain. Bar: 26 nm.

L
- e .

Fig. 8. Pig No. 2.
Lung. The cell wall of
a cyst has three
defined layers: an
outer electrondense
layer (curved
arrows), a middle
electronlucent layer
(arrows) and the
inner cell membrane
(arrowheads). The
cyst contains a
rudimentary
cytoplasm (star).
There are four
intracystic bodies (l).
Uranyl acetate and
lead citrate stain.
Bar: 61 nm
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regions is being used in human beings and laboratory
animals for typing of PC strains (Lu et al., 1994) and has
been considered by some authors one of the best PCR
methods to detect human PC (Lu et al., 1995). Due to the
lack of other studies in swine we could not determine
whether this approach will be suitable in the porcine
species. Although PCR has been described to detect PC
in infected horses and dogs, the primers used did not
include those for ITS regions (Peters et al.. 1994; Sukura
et al.. 1996).

Samples trom pig No. | did not hybridize with the
specific probe for PC and did not amplify the PC
specific DNA band by PCR using the same conditions
and primers as those for pigs No. 2 and No. 3. Further-
more. samples from all pigs were processed in an
identical way. These results are puzzling and a definitive
explanation is lacking. One possibility could be that due
to the multifocal nature of the foamy exudate in pig No.
I. sampling may have influenced the detection of PC
when using frozen sections. However. both ISH and
PCR techniques were also done using paraffin sections
with organisms resembling PC, as demonstrated by HE
and GMS stains. although much less abundant than in
the other two pigs. Another possibility entertained was
the existence of different strains of PC in swine. as it has
been described in other species (Gigliotti et al.. 1993),
but pigs No. I and No. 2 were housed in the same barn

-«100

-«1500

-« 550

Fig. 9. Ethidium bromide stained agarose gel analysis of
PCR-amplified products using primers pAZ102-E/pAZ102-H
(lanes 1-5) and nested ITS PCR (lanes 6-10). Lanes 1 and
6: sample from pig No. 1 which was negative in both types of
PCR. Lanes 2 and 3: amplified products obtained with pAZ
primers of pigs No. 2 and 3 respectively. Lanes 7 and 8:
amplified products obtained by nested ITS PCR of pigs No. 2
and 3 respectively. Lanes 4 and 9: positive control (lung
sample from a rat infected with P. carinii) for PCR with pAZ
primers and nested ITS PCR. Lanes 5 and 10: negative
PCR controls (lung sample of uninfected rat). Lane S:
contains the 100 base pair ladder standard. Molecular sizes
(in base pairs) are shown on the right and left sides of the
figure.

which makes it more likely that both animals were
infected with the same strain of PC. Furthermore. pAZ
primers were designed on conserved regions of PC and
amplify rat. ferret. human and other PC strains which
makes unlikely that PCR negative result in pig No. |
was due to the presence of a different strain. Sensitivity
of both ISH and PCR may be an issue in this case. It has
been shown that in some cases ISH using digoxigenin
labeled probes is more sensitive than when biotin
labelled probes are used (McQuaid et al., 1995). In our
case we used only biotin labelled probes.

We conclude that in addition to the “classic”
morphological methods to study and diagnose pneumo-
cystosis in the porcine species, molecular biology
techniques can be successfully used in porcine PC
infections. Future research using molecular biology
techniques will include epidemiologic studies in the
swine population as well as the complete sequencing of
the amplified porcine PC products and comparison with
those from other species.
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