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Abstract

The genus Pneumocystis comprises potential pathogens that reside normally in the lungs of a wide range of
mammals. Although they generally behave as transient or permanent commensals, they can occasionally
cause life-threatening pneumonia (Pneumocystis pneumonia; PCP) in immunosuppressed individuals. Sev-
eral decades ago, the presence of Pneumocystis morphotypes (trophic forms and cysts) was described in
the lungs of normal cats and cats with experimentally induced symptomatic PCP (after immunosuppression
by corticosteroids); yet to date spontaneous or drug-induced PCP has not been described in the clinical
feline literature, despite immunosuppression of cats by long-standing retrovirus infections or after kidney
transplantation. In this study, we describe the presence of Pneumocystis DNA in the lungs of normal cats
(that died of various unrelated causes; n = 84) using polymerase chain reactions (PCRs) targeting the mi-
tochondrial small and large subunit ribosomal RNA gene (mtSSU rRNA and mtLSU rRNA). The presence
of Pneumocystis DNA was confirmed by sequencing in 24/84 (29%) cats, with evidence of two different se-
guence types (or lineages). Phylogenetically, lineage1 (L1; 19 cats) and lineage 2 (L2; 5 cats) formed separate
clades, clustering with Pneumocystis from domestic pigs (L1) and carnivores (L2), respectively. Results of
the present study support the notion that cats can be colonized or subclinically infected by Pneumocystis,
without histological evidence of damage to the pulmonary parenchyma referable to pneumocystosis. Pneu-
mocystis seems most likely an innocuous pathogen of cats’ lungs, but its possible role in the exacerbation of
chronic pulmonary disorders or viral/bacterial coinfections should be considered further in a clinical setting.

Key words: Pneumocystis, cat, mtLSU rRNA, mtSSU rRNA.

Introduction

The genus Preumocystis is used to describe related fungi that
have evolved to live in the lower respiratory tract of mammals."
They are transmitted by aerosols, with animals typically becom-
ing infected during the neonatal period, resulting in persistent,
sometimes lifelong infections.?>3 They generally are believed to

be transient or permanent commensals, colonizing very limited
portions of the lungs, while causing minimal or no damage to the
host.*3 Prneumocystis is highly adapted for an existence in host
lung, with strict dependence on its mammalian host for nutrients
and a stable environment, while utilizing efficient strategies for
immune evasion, thereby facilitating persistence in its host. The
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Pneumocystis genomes sequenced to date have all demonstrated
a contracted genome compared to those of other closely related
fungi, revealing adaptative mechanisms to live exclusively in
mammalian hosts, very similar to a parasite/host relationship.®>”

This group of fungi does, however, have the potential to be-
have as an opportunistic pathogen in certain settings, such as se-
vere malnutrition (e.g., in child refugees after the Second World
War), immunosuppressive drug therapy (e.g., after solid or-
gan transplantation) or inherited or acquired immunodeficiency
states (including AIDS due to long-standing human immunodefi-
ciency virus (HIV) infection).>:® Generally, Preumocystis species
show great host selectivity, such that every mammalian group
studied has only one or two specific Preumocystis species with
which it is strongly associated.®>’

Pneumocystis has the capacity to cause life-threatening pneu-
monia (Prneumocystis pneumonia; PCP) in immunosuppressed
individuals, including human transplant recipients, patients re-
ceiving immunosuppressive drugs (corticosteroids, methotrex-
ate, azathioprine, calcineurin inhibitors, tumor necrosis factor
a [TNFa] antagonists, etc.) and patients with HIV/AIDS.!0-12
The parallelism between HIV/AIDS in human patients and fe-
line leukemia virus (FeLV) infection in cats has been consid-
ered in relation to the pathogenesis of feline pneumocystosis,
although no association could be established.!3> Perhaps more
surprisingly, the same is true of the feline immunodeficiency
virus (FIV).!'* Spontaneous PCP in cats has not been reported.
Cats receiving renal transplants, for example, have never de-
veloped PCP despite being susceptible to numerous other oppor-
tunistic pathogens such as Toxoplasma gondii and Cryptococcus
neoformans/ Cryptococcus gattii because of prednisone and cy-
closporine administration." PCP can, however, be produced in
contrived experimental settings.!®

Pneumocystis in cats was first described by investigators in
Mexico and Denmark from 1950 to 1980'7-' (reviewed in
Table 1) based on characteristic morphology of trophic forms
and cysts in feline lung specimens. There was no evidence of
symptomatic PCP in these cats, which therefore were considered
to be colonized or infected subclinically. Later, a small number
of studies investigated cats as potential animal models for Preu-
mocystis infection, probably drawing upon the notion that cats
might be susceptible to recrudescent Preumocystis infection, as
they are to toxoplasmosis following reactivation of Toxoplasma
gondii bradyzoite cysts. In these studies, cats were administered
extremely high doses of corticosteroids, and as a result, a
proportion of them developed PCP pneumonia'®-2? (Table 1).

Although lower airway disease in cats has been studied ex-
tensively in companion animal medicine using modalities includ-
ing radiology, computed tomography, bronchoalveolar lavage
(BAL) cytology, microbiology, and examination of lung tissues
at biopsy or necropsy, no clinical cases of pneumonia due to
Pneumocystis occurring in cats have been described in the clin-
ical veterinary literature to the best of our knowledge. There

are, however, currently no molecular tools to assist the diag-
nosis of pneumocystosis in cats with atypical lung disease, or
to determine if Prneumocystis may play a role in exacerbating
clinical signs in cats with comorbid lung disease, for example,
viral pneumonia (feline calicivirus, feline herpesvirus type 1, pox
virus, etc.), “feline asthma” and mycoplasma disease of the lower
airways. In addition, studying Prneumocystis in cats affords us
the opportunity of determining the taxonomy of feline Prneumo-
cystis in relation to Pneumocystis species encountered in the full
range of mammalian species.

The aim of this study was to establish if Preumocystis DNA
could be detected in the lungs of normal cats using a molecular
protocol targeting mitochondrial gene targets and to describe its
prevalence and significance as a potential pathogen. Further, we
sought to determine the genetic relatedness of feline Preumocys-
tis isolates with those of rodents, dogs, ferrets, pigs, and other
species.

Methods
Sampling

Lung tissue from 84 cats (Felis catus) were screened for
Pneumocystis DNA at the Mycology Unit of the Parasitology
Laboratory, Istituto Zooprofilattico Sperimentale delle Venezie
(IZSVe-Italy). Lung specimens were obtained from necropsy ex-
aminations by the Diagnostic Department of IZSVe, from cats
that died because of cancer, acute viral disease, chronic kidney
disease, or following vehicular trauma. The right lung of each
cat was weighed. The mean weight of the right lung was 30 g
(range 15-45 g). The specimen size investigated further (1.0-
1.1 g in total) represented approximately 3% of the weight of
the right lung, including an equal portion from each of the cra-
nial, middle and caudal lung lobes, respectively. Bronchoalveo-
lar lavage (BAL) specimens were obtained from cats presented to
the Clinica Veterinaria San Marco (Padua-Italy), including pa-
tients with “labored breathing” or “respiratory distress.” BAL
fluid and lung tissue samples were preserved at —20°C prior
to DNA extraction and polymerase chain reaction (PCR) test-
ing. Signalment and clinical findings of cats are summarized
in Table 2, Supplementary Table 1 (lungs), and Supplementary
Table 2 (BAL fluid specimens).

DNA extraction from lung tissue and BAL fluid
specimens

Lung tissue

For each cat, lung specimens were placed into a 2 ml tube with
800 wl phosphate-buffered saline (PBS) and 1 tungsten bead
(5 mm diameter), and lysed in a Tissue-Lyser (Qiagen, Hilden,
Germany) for 1.5 min at 30 Hz. From each tube, 50 ul was trans-
ferred into a new 1.5 ml tube. A total of 150 ul of homogenated
tissue (made up from the three portions of right lung) was used
for DNA extraction.
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BAL fluid specimens

BAL fluid (1 ml) was transferred to a 2 ml microcentrifuge tube
containing 1 tungsten bead (5 mm diameter). A bead-beating
step was applied for 1 min at 30 Hz to maximize DNA yield.

DNA extraction

For both lung tissue and BAL fluid, DNA extraction was
performed using the DNAeasy Blood & Tissue kit (Qiagen,
Courtaboeuf, France) following the manufacturer’s instructions,
with minor modifications. Each homogenized sample (150 ul of
homogenated lung tissue and 100 ul of BAL fluid) was trans-
ferred into a 1.5 ml tube with 200 ul buffer (ATL lysis buffer)
and 20 ul proteinase K and incubated overnight at 56°C. DNA
was eluted in 100 ul of elution buffer. A negative control (ster-
ile water) was systematically included in each series of DNA
extractions.

PCR amplification protocols
Lung tissues and BAL fluid specimens were investigated for Preu-
mocystis DNA by using:

(i) mtSSU rRNA nested-PCR

A 320-340 bp fragment of the mtSSU rRNA gene was am-
plified by nested PCR with two primer pairs (Paz 112-10F and
Paz 112-10R as external primers; Paz 112-13 and Paz112-14 as
internal primers) and PCR conditions as reported previously.?!

(i) mtLSU rRNA real-time PCR

The nested mtLSU rRNA PCR protocol reported previ-
ously?! did not amplify Preumocystis DNA from any feline
lung specimens (including mtSSU rRNA Pnreumocystis PCR-
positive cats). Accordingly, a new set of primers (PneumoLSU
74-94 FOR 5'-AGGATATAGCTGGTTTTCTGC-3'and Pneu-
moLSU 325-308 REV §'-TRTTCTGGGCTGTTYCCC-3') was
designed, targeting a short segment (210-230 bp) of the
mtLSU rRNA gene. This region is included between the in-
ternal primers of the nested mtLSU rRNA PCR (pAZ102-
X 5-GTGAAATACAAATCGGACTAGG-3' and pAZ102-Y
5" TCACTTAATATTAATTGGGGAGC-3'*?> (Fig. 1). Primers
were designed manually, according to general primer design
rules,?® based on a sequence alignment of reference sequences
from different Pneumocystis spp. available from the NCBI
database (http://www.ncbi.nlm.nih.gov). The sequence speci-
ficity of the primers used was confirmed in a BLASTn search?*
against GenBank.

Negative and positive “Preumocystis carinii DNA” controls
were included in each PCR experiment, to monitor for pos-
sible contamination and determine the correctness of the am-
plification. Part of the Felis catus interphotoreceptor retinoid-
binding protein (IRBP) gene was amplified as an internal control
to monitor for DNA-inhibition.?® Samples were considered as
positive for Pneumocystis presence when a PCR product of the
expected size was amplified and sequenced. Nested PCR was

performed using AmpliTaq Gold DNA Polymerase (Life Tech-
nologies, Foster City, CA, USA) on the Veriti Thermal Cycler
(Life Technologies). Real-time PCR (qPCR) was performed us-
ing the StepOnePlus™ Real-time PCR Systems (Applied Biosys-
tems, Foster City, CA, USA).

Sequencing and phylogenetic analysis

Sequencing reactions were performed from both ends, as re-
ported previously.?® The sequence alignment was performed us-
ing the ClustalW algorithm, integrated in MEGA 6.1,%7 which
was then refined manually. Molecular phylogeny was performed
using the Maximum likelihood (ML) approach on the mtLSU
rRNA and mtSSU rRNA data sets. Hasegawa-Kishino-Yano or
Tamura 3 parameter and G distribution were determined as best
model in MEGA 6.1. We also added to our dataset, Preumo-
cystis sequences isolated from dogs, pigs, non-human primates,
humans and rodents available from GenBank. Sequences of P.
wakefieldiae, P. carinii, and P. murina isolated from rodents
were used as an outgroup. Accession numbers of the Preumo-
cystis sequences used, including sequences produced in the study,
are presented in Table 3.

Histology and cytology

Lung tissue specimens (a small portion of cranial right lung lobe)
were obtained from unfrozen feline carcasses presented to our
institute. After fixation in neutral buffered formalin, paraffin
embedding and routine sectioning at 4 um, selected tissue sec-
tions were stained with hematoxylin and eosin (H&E), accord-
ing to clinical suspicions. Additional histological preparations,
stained with Grocott-Gomori’s methenamine silver stain (GMS)
and Toluidine Blue, were performed from lungs of 15 cats con-
firmed as being Pneumocystis DNA-positive by molecular in-
vestigations. Cytology of cytocentrifuged BAL specimens were
prepared and stained using Diff-Quik®) at the Clinica Veteri-
naria San Marco, a specialist centre where cats were admitted

for veterinary investigation and treatment.

Statistical analysis

Epidemiologic data pertaining to cats (age, breed, sex, neuter
status, provenance) and other data collected concerning their
health status (nutritional history, lung alterations, presence of
parasites or other infectious diseases, causes of death) were tested
for statistical association with Preumocystis prevalence using the
Chi-square test or Fisher’s exact test, as appropriate (software
SPSS for Windows, version 13.0).

Results
PCR data

Pneumocystis DNA was amplified only from the lung tissue
specimens. All feline BAL fluid specimens tested negative for
Pneumocystis DNA. Overall, Pneumocystis DNA was detected

220z 1snBny |z uo 1senb Aq /6GESZS/E1L8/L/2G/PI0ME/AW/wWoo dno-oiwapede//:sdny Wwoly papeojumoq


http://www.ncbi.nlm.nih.gov

Danesi et al.

819

Nested PCR mtLSU rRNA

340 - 360 bp

pAZ102-H pAZ102-X PneumolSU 74-94

D D o
mtLSU rRNA
& =

210-230bp

PneumoLSU 325-308

pAZ102-Y PpAZ102-E

rtPCR mtiSU rRNA

Figure 1. Schematic diagram indicating qPCR protocol and primers designed for the mtLSU rRNA fragment. The names of the new forward and reverse primers

are provided in green (arrows). On the left, length of amplification products (bp) is provided. This Figure is reproduced in color in the online version of Medical

Mycology.

Table 3. GenBank accessions of Pneumocystis used for phylogeny.

Host species Pneumocystis species mtLSU rRNA mtSSU rRNA
Canis lupus familiaris (dog) Pneumocystis sp. KU985306 KU986906
Felis catus (cat) Pneumocystis sp. (L1) MH818398 MH818401
Pneumocystis sp. (L1) MHS818399 MH818402
Pneumocystis sp. (L2) MH818400 MHS818403
Homo sapiens (man) Pneumocystis jirovecii KX017566 HQ228547
Indian Macaca rhesus (Rhesus monkey) Pneumocystis sp. AF461784 AF395573
Mus musculus (house mouse) Pneumocystis murina - AB626627
Mustela putorius furo (ferret) Pneumocystis sp. $42921 -
Rattus norvegicus (brown rat) Pneumocystis wakefieldiae FJ475121 -
Pneumocystis carinii M58604 -
Sus scrofa domesticus (pig) Pneumocystis sp. JN887823 KC454437

Dash (=), sequence not available; mtLSU rRNA, mtSSU rRNA, mitochondrial large and small subunit of ribosomal RNA, respectively. Sequences produced in the current study

are reported in boldface.

in 24/84 (29%) of fresh feline lung specimens using both the
mtSSU rRNA nested PCR and the mtLSU rRNA real-time PCR
(qPCR).

Among the 24 PCR-positive cats, 14 were young, and 16
cases were from cats living in “cat colonies.” Domestic short
haired cats comprised 22 of these cats, with a single Main Coon
and a single Scottish Fold. Statistically, no feline characteristics
were associated with occurrence of Preumocystis, except for age,
that is, cats younger than 1 year showed higher PCP prevalence
(54%) compared to older individuals (13%) (Pearson x> 15.2; P
< .0001). There was no statistical association between Pneumo-
cystis DNA presence (colonization) and sex, neuter status, plane
of nutrition/body condition score, or lifestyle (family vs street
cats).

The causes for death or euthanasia in this group was enteritis
(11 cats), vehicular trauma (6 cats), feline infectious peritonitis
(1 cat), pneumonia (3 cats), cancer (2 cats), and nephritis (1 cat).
A total of 6/12 cats tested were infected by feline panleukopenia
virus, while 4/11 tested were feline enteric Coronavirus-positive.
Of the 24 PCP-positive cats, only four cats were tested for retro-
viruses (i.e., FIV and FeLV). Of these 4 cats, there was one
FeLV-positive individual (no. 22; Table 2).

Pulmonary coinfection with bacteria was detected in 9/24
cats, the isolates consisting of a Corynebacterium spp. and En-
terobacter spp. (1 cat), Staphylococcus spp. (3 cats), Escherichia
coli and Enterococcus (2 cats), Enterococcus alone (1 cat), Strep-
tococcus canis (1 cat), and polymicrobial (1 cat). Three of 24
PCP-positive cats were coinfected by intestinal helminths; two
cats were coinfected with Taenia taeniaeformis and Toxocara
cati, whereas ascarids alone were identified in a single cat.

At necropsy, lungs for the 24 PCP PCR-positive cats were
described as having no gross alterations (2 cats), congestion
(13 cats), fibrinopurulent bronchopneumonia (1 cat), pulmonary
consolidation (1 cat), fibrin exudation and presence of foam and
whitish material in bronchial lumen (1 cat), and pneumonia and
emphysema (1 cat). Pleural effusion was reported in two cats
with severe enteritis (no. 20 and no. 11; Table 2), and data was
unavailable for 3 cats. Abdominal and thoracic hemorrhage were
evident in cats that died following vehicular trauma.

Lung histology

Lung histology largely reflected the cause of death for cats re-
cruited opportunistically for this study. H&E- stained sections
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were available for 15 of 24 cats PCR-positive for Pneumocystis.
Of the younger cats (n = 9), two cats had granulomatous pneu-
monia with fibrinous exudation and abundant bacterial (no. 1,
no. 8; Table 2), two had pulmonary congestion and alveolar
edema (no. 2, no. 3; Table 2), one had fibrinopurulent necro-
tizing bacterial pneumonia (no. 4; Table 2), and two cats had
lymphocytic interstitial pneumonia (no. 9, no. 21; Table 2). At-
electasis and autolysis with presence of numerous bacteria was
described in two cats (no. 7, no. 11; Table 2).

Of the six adult cats, one had diffuse hemorrhage following
vehicular trauma (no. 19; Table 2), another was uninterpretable
due to freezing artifact (no. 23; Table 2), and three cats had
alveolar edema (no. 14, no. 16, no. 18; Table 2). Histology of the
cat (no. 22; Table 2) with lymphoma showed partial invasion of
the parenchyma consisting of interstitial infiltration with round
neoplastic lymphoid cells.

Critically, none of the cats had microscopic changes consis-
tent with PCP pneumonia, although only representative sections
of lung were examined. Additional Gomori methenamine sil-
ver (GMS) and Toluidine Blue stained preparations were per-
formed from blocks of lung tissues PCR-positive for Pneumo-
cystis DNA, but there was no evidence for asci (cysts) or trophic
forms (trophozoites) in any of the lung specimens examined from
these seven cats.

Molecular biology and phylogeny

The presence of Prneumocystis DNA was determined using two
different mitochondrial genome targets, mtSSU rRNA amplified
using nested PCR and mtLSU rRNA amplified by Sybr Green
qPCR. Alignments discriminated two separate lineages (or se-
quence types [ST]) in the mtSSU rRNA Preumocystis sequences
and two lineages in the mtLSU rRNA sequences. This distinction
between ST was consistent irrespective of which PCR protocol
was adopted, for all 24 cats in which results for both PCR assays
were available for comparison.

For the mtSSU rRNA gene, lineage 1 (SSU-L1) consisted of a
345 bp amplicon, which was identical in all instances (19 cats)
with respect to sequence length, nucleotide composition, and
position. Lineage 2 (SSU-L2) consisted of a 281 bp amplicon,
identical in all instances (five cats) in terms of nucleotide compo-
sition and position. Comparison of the two lineages based on the
mtSSU rRNA gene (SSU-L1 and SSU-L2) estimated a sequence
divergence of 0.314.%7

For the mtLSU rRNA gene, lineage 1 (LSU-L1) consisted of
an identical sequence of 207 bp from 19 cats. Lineage 2 (LSU-
L2) consisted of an identical 201 bp amplicon from the five
remaining cats. Comparison of LSU-L1 and LSU-L2 estimated a
sequence divergence of 0.398.%7

Lineage 1 was identified in the same 19 cats for both mtSSU
rRNA and mtLSU rRNA gene targets, while lineage 2 was identi-
fied in the same five cats, and again, for both gene targets. Thus,

only a single lineage (lineage 1 or lineage 2) was identified in any
given cat.

Two rooted trees were constructed using mtSSU rRNA and
mtLSU rRNA sequences (Fig. 2, 3). In the mtSSU rRNA tree, lin-
eages SSU-L1 and SSU-L2 grouped into separate clades of Preu-
mocystis, from the Artyodactila (SSU-L1) and the Carnivora
(SSU-L2). The SSU-L1 lineage clustered in the same group as
Pneumocystis isolated from pigs, whereas SSU-L2 clustered with
Pneumocystis from dogs (Fig. 2). In the mtLSU rRNA tree, the
ST LSU-L1 grouped in the clades isolated from the Artyodactila,
while LSU-L2 was grouped with the Carnivora clade, showing
greater similarity to dog Prneumocystis than ferret Pneumocystis
(Fig. 3). In both mtSSU rRNA and mtLSU rRNA dendrograms,
Carnivora and Artyodactila were paraphyletic and well sepa-
rated from primate and rodent clades, used as outgroups. The
backbone showed good support for the deepest nodes, but ter-
minal clades were resolved at bootstrap values of > 90%.

Discussion

The molecular findings of this study support earlier cytological
and histological observations suggesting that cats can harbor
Pneumocystis in their lower respiratory tract. Our results sug-
gest that young cats (< 1 year) are more likely to be infected
by Pneumocystis than older cats, even though naturally occur-
ring Pneumocystis pneumonia has yet to be reported in feline
patients of any age. The presence of Preumocystis, determined
by the visualization of cysts and/or trophic forms in microscopic

17-19 are consistent with the present

preparations of feline lung,
work, where Prneumocystis gene targets were amplified from a
finite proportion of lung specimens from normal cats that died
following vehicular trauma, chronic kidney disease or systemic
viral illness.

Cats investigated subsequent to those early reports were

«

drawn mostly from urban areas (comparable to the “cat
colonies” in our study), with lung appearing normal on macro-
scopic examination, with no inflammatory changes consistent
with Prneumocystis pneumonia evident macroscopically or mi-
croscopically despite trophic forms and cysts being present in
some alveolar spaces.'” Pneumocystis prevalence in naturally
colonized cats ranged from 0 to 13% based on conventional

13,17-19,28 \which is in reasonable

light or electron microscopy,
agreement with the 29% prevalence based on PCR data in our
study. A higher observed prevalence using sensitive DNA detec-
tion tools is to be expected compared to cytological and histolog-
ical methods. Unlike some of the original work, we were unable
to find evidence of Prneumocystis morphotypes in histological
preparations, most probably due to the poor storage of animal
carcasses (freeze thaw artifact, autolysis, etc.).

The absence of Prneumocystis morphotypes in histological sec-
tions might also be influenced by a low absolute presence of cysts
and trophic forms. Pneumocystis cysts are easily visualized using
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Figure 2. Phylogenetic maximum likelihood tree of Pneumocystis sequences of mitochondrial small subunit of ribosomal RNA (mtSSU rRNA). Tamura 3 parameter
and G distribution was determined to be the best model. Pneumocystis sequences from our study are reported in bold. Pneumocystis murina is used as an
outgroup. Bootstrap values (>90) are shown at the internal nodes. This Figure is reproduced in color in the online version of Medical Mycology.
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Figure 3. Phylogenetic maximum likelihood tree of Pneumocystis sequences of mitochondrial large subunit of ribosomal RNA (mtLSU rRNA). Hasegawa-Kishino-
Yano and G distribution was determined as best model. Pneumocystis sequences from our study are reported in bold. Pneumocystis wakefieldiae and P, carinii
are used as outgroups. Bootstrap values (>90) are shown at the internal nodes. This Figure is reproduced in color in the online version of Medical Mycology.

GMS, but trophozoites remain unstained with silver impregna-
tion methods. Thus, trophozoites are difficult or impossible to
visualize in histological sections from modestly colonized lung,
unless iz situ hybridization (ISH) is used, as has been recently
described for pig lungs.?’

In histology preparations of Preumocystis PCR-positive
cats, we also did not detect lung damage referable to Pneu-
mocystis infection. The same observations have been made in
human autopsy studies, in which Preumocystis jirovecii can

be detected without observation of obvious pulmonary lesions
in immunocompetent infants.>3° This might be a reflection of
our study representing a single time-point analysis, whereas a
sequential analysis using detailed microscopic morphometry to
follow the course of Prneumocystis infection, including younger
kittens during the primary stage of infection, would permit
detection of Pneumocystis-associated pathology. Indeed, a
recent rodent model study documented that subclinical primary
Pneumocystis infection can induce progressive pathologic
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changes characteristic of airway disease in immunocompetent
hosts, such as increased mucus production and thickening of
the airway epithelium.’!

To the best of our knowledge, this is the first molecular ge-
netic investigation that describes Prneumocystis in cats or other
felids using sequence-based PCR methodology. In 1999, Cho
and colleagues®? established that there were at least three distinct
karyotype groups of Prneumocystis among mammals in Korea.
Furthermore, it was shown that chromosomal band size for cat
isolates resembled dog isolates but were larger than rat isolates
(730 bp for cat/dog vs 300-700 bp for rat). The chromosomal
band in cats and dogs was therefore the first band of Preumo-
cystis over 700 bp to be described.?’

Finding two distinct Pneumocystis lineages in cats is consis-
tent with the heterogeneity seen in other animal species, where
co-infection with different Preumocystis ST (or species) in each
mammalian host is well described, especially in rodents.3? Only
one ST lineage was found in any given cat. The two novel Preu-
mocystis lineages represented by our phylogenetic trees do not
correspond to known Preumocystis species or ST. In terms of
genetic relatedness, Prneumocystis from rodents remain distantly
related, while the two new feline Prneumocystis lineages appear
to be closer to those of the Artyodactila (even-toed ungulates)
and Carnivora groups, respectively.

In phylogenetic studies of mammals, the Rodentia order is
often suggested to be an outgroup, compared with lagomorph
(rabbit), primate, artiodactyl and carnivore orders.3* We cannot
exclude that additional Prneumocystis lineages might eventually
be characterized from feline lung. One difficulty in studying this
organism is the poor availability of Preumocystis sequences in
well-curated public databases for use in phylogenetic analyses.
For example, no Preumocystis sequences from cats or other Fe-
lidae were present in Genbank. It would be of great interest to
extend the present work to pulmonary tissue specimens from
domestic cats to the rest of the Felidae, perhaps using archived
formalin-fixed paraffin embedded tissues from lions, tigers, chee-
tahs, and so forth, as such animals living in zoological collections
are typically subjected to terminal necropsy after death or eu-
thanasia.

In addition, whole genome sequencing studies on Preumocys-
tis from different mammalian species, facilitated by the descrip-
tion of Preumocystis metabolic pathways by Ma et al. (2016),°
would help provide additional insights into key differences be-
tween Prneumocystis isolated from disparate mammalian species.
This might provide insights into why species specificity is such a
pronounced feature of this genus.

We cannot exclude that one of the lineages found in cats
(lineage 1 or 2) are not exclusively feline-associated, but shared
among several host species (i.e., weaker host specificity), as has
been described for wild rodents.?®-3% In nature, this proposition
is teleologically unattractive, as cats for most of their evolu-
tionary history experience a mostly solitary life, functioning as

territorial predators. Thus, the natural route for transmission of
Pneumocystis is most likely queen (mother) to kitten, and this
would impact on the evolution of Preumocystis in cats. On the
other hand, it seems plausible that Prneumocystis from rodents
(rats and mice), the natural prey of cats, might “cross over”
during predation, although our data and the generally accepted
species specificity of Prneumocystis argue against such a propo-
sition. This is of course quite different from the situation when
cats live in domesticated or semidomesticated life situations in
close association with human society, where cat-to-cat transmis-
sion within households, or in areas where cats congregate outside
(e.g., rubbish tips, cat shelters, and free-roaming colonies) is also
possible.

In mammals, most Pneumocystis infections seem to consist
of benign colonization, perhaps occasionally extending to sub-
clinical disease as a co-pathogen to bacterial or viral primary
respiratory pathogens. This type of scenario occurs for example
in rats, where Sendai virus, sialodacryoadenitis virus, and pneu-
monia virus of rats potentially act in concert with mycoplasmas
or Prneumocystis spp. to cause disease.>*33 Symptomatic PCP has
been shown to occur in cats under artificial experimental condi-
tions, usually using enormous doses of corticosteroids given re-
peatedly to suppress immune responses. However, clinical PCP,
analogous to what is described for man, dog and horse,!?>3¢-37
is yet to be described for any cat despite widespread use of im-
munosuppressive drug regimens (corticosteroids, chlorambucil,
cyclosporine), renal transplantation, and comorbid viral infec-
tions such as pox, FeLV, FIV, FIP Felis catus gamma herpesvirus
1. Our failure to detect any PCP PCR-positive BAL fluid speci-
mens from cats with a wide range of lower respiratory conditions
suggests Pneumocystis is not likely to be an important player in
infectious diseases of the airways and lung parenchyma of cats.

In humans, the occurrence of clinical PCP with fulminant mul-
tiplication of the agent is clearly linked with immunosuppression
(e.g., long-standing HIV infection with CD4-cytopenia),; how-
ever, this association is less evident in various animal species.8-38
In the dog and horse, clinical PCP is generally seen in young ani-
mals and related to inherited immunodeficiency states, for exam-
ple, combined immunodeficiency in Arabian horses®” and PCP in
Cavalier King Charles Spaniels and miniature dachshunds, and
their hybrids.2!-36-39-40

Rare spontaneous cases of Prneumocystis pneumonia (PCP)
in pigs (adult and piglets) are mostly linked with immunosup-
pression from adverse environmental conditions (stressful farm-
ing conditions, overcrowding, high ambient ammonia concen-
trations, perhaps complicated by suboptimal nutrition) and/or
genetic predispositions.*=*3 In pigs, Preumocystis is generally
eliminated from the lungs or constrained to small quiescent foci
unless such immunosuppressive conditions are present.*3-4

The concurrent presence of other opportunistic pathogens
such as Bordetella bronchiseptica in the airways and de-
modicosis in the skin of dogs,*’ and porcine circovirus type
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2 (PCV-2) and Mycoplasma hyopneumoniae in pigs®® with
Pneumocystis has been well established. The same is true also
for macrobats, where, for example, Histoplasma capsulatum co-
exists with Preumocystis spp. in many individuals.*> In con-
trast, in pigs there seems to be a general tendency that concur-
rent viral and bacterial infections are less frequently observed in
Pneumocystis-positive cases than in Preumocystis-negative in-
dividuals.?’ A negative association between the presence of P.
jirovecii and bacterial colonization was also shown in patients
with idiopathic interstitial pneumonia.*® Thus, which factor(s)
trigger multiplication of trophic forms and whether a simple
infection with Preumocystis (without the presence of other in-
fectious agents) can induce lung injury and dysfunction appears
to be unique in different host-environment-pathogen systems.

In the 1980s, cats affected by FeLLV, an oncogenic feline retro-
virus capable of causing severe acquired immunodeficiency, were
studied as a potential animal model for the development of op-
portunistic infection in AIDS patients. In one study of FeLV-
infected cats, acute bronchopneumonia, leukemic infiltrates, in-
terstitial pneumonitis, and adenomatosis were all observed'’
(Table 1), but despite a concerted search, there was no mi-
croscopic evidence for Pneumocystis infection. These findings
suggested that Prneumocystis is not commonly a complication of
FeLV infection, nor a cause of lethal interstitial pneumonia in
cats'3 (Table 1). Along similar lines, FIV is a very well-studied
lentivirus of cats, and despite great scrutiny in both experimen-
tal and naturally occurring settings, no association has ever been
made between development of PCP and long-standing FIV in-
fection in cats with greatly reduced numbers of circulating CD4
cells.'

Results of the present study support the notion that cats can
be asymptomatically infected by Preumocystis spp. Such cats
are likely to be colonized or subclinically infected but not in as-
sociation with substantial tissue destruction or injury, and thus
with no discernible lung dysfunction.*” None of the cats inves-
tigated in the current study were thought to have pathological
pulmonary changes referable to pneumocystosis. As in humans,
young cats seem more likely to be Preumocystis-positive, but no
other factors (sex, lifestyle, cause of death, etc.) in this study were
associated with colonized cats. In experimental animal model
studies, cats have been shown to be less susceptible to Prneumo-
cystis infection when compared with rodents?® (Table 1). Indeed,
corticosteroid treated cats generally developed only a mild Preu-
mocystis infection, in marked contradistinction with the heavy
symptomatic PCP that developed in corticosteroid treated rats,?
suggesting that cats are less susceptible to Prneumocystis disease
than other mammals. Without evidence of Preumocystis in a
specimen (BAL or lung biopsy) from a cat with respiratory dis-
tress and radiological findings consistent with PCP, we cannot
confirm or deny any role for Pneumocystis in the pathogenesis
of feline lung disease. In addition, modern metagenomics tools
open the possibility to hypothesize that the presence/absence of

Pneumocystis might be affected not only by the microbiota of

lungs, but also of intestinal microbial community interfering in

46,48,49

metabolic pathways, a field of research yet to be well

explored in veterinary patients.
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