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Abstract: Pneumocystis (P.) carinii is known to cause fatal pneumonia in immunocompromised rats. Cases of P.
carinii interstitial pneumonia in immunocompetent rats have been shown histologically to present with perivascular
lymphoid cuffs, which have previously been attributed to rat respiratory virus. This study aims to determine the
prevalence and pathological characteristics of P. carinii in immunocompetent laboratory rats in experimental facilities
in Japan. An epidemiological survey for this agent was performed using PCR to assess 1,981 immunocompetent
rats from 594 facilities in Japan. We observed that 6 of the 1,981 rats (0.30%) from 4 out of 594 facilities (0.67%)
were positive for P. carinii without infection of other known pathogens. Gross pulmonary lesions were found in 4
of the 6 affected rats. The lungs of these rats contained scattered dark red/gray foci. Histopathologically, the lungs
exhibited interstitial pneumonia with lymphoid perivascular cuffs: Pneumocystis cysts were observed using Grocott’s
methenamine silver stain. To our knowledge, this report is the first to reveal the prevalence of natural P. carinii
infection in immunocompetent laboratory rats in Japan.
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Introduction

In the late 1990s, unexplained lymphohistiocytic in-
terstitial pneumonia with perivascular lymphocytic cuff-
ing was observed in immunocompetent rats used in
toxicology studies. In 1997, the first report of lympho-
histiocytic interstitial pneumonia was published under
the title “Have you seen this?” [1], and two similar
cases were successively reported [2, 3]. In the 2010s,
several studies reported that opportunistic Pneumocystis
carinii infection caused lymphohistiocytic interstitial
pneumonia in immunocompetent rats [4—6]. P. carinii is
well known as an opportunistic fungal pathogen that

causes lethal pneumonia in immunocompromised rats
[7]. However, reports of P. carinii infection in immuno-
competent rats are rare [8, 9], and the prevalence of P.
carinii in rats worldwide and in Japan is unknown.
Therefore, this study aims to investigate the prevalence
of P. carinii in laboratory immunocompetent rats in ex-
perimental facilities in Japan and to characterize the
pathophysiology of the infected lung tissues.

Materials and Methods

A total 1,981 rats from 594 facilities (1,416 rats from
456 facilities in universities and research institutes, and
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565 rats from 138 facilities in pharmaceutical companies
and contract research organizations) within Japan were
surveyed from November, 2013 to October, 2018. The
rats were immunocompetent, and were sent to the ICLAS
Monitoring Center for microbiologic monitoring, where
they were euthanized with an overdose of isoflurane,
investigated by necropsy, and assessed for infection with
the following microorganisms: Corynebacterium
kutscheri, Mycoplasma (M.) pulmonis, Salmonella spp.,
Rodentibacter (R.) pneumotropicus, R. heylii, and R.
ratti [Pasteurella pneumotropica] by culture; Clostrid-
ium piliforme, M. pulmonis, Sendai virus, Hantavirus,
and Sialodacryoadenitis virus by serology; and intestinal
protozoa, pinworms, and ectoparasites by microscopic
observation. The protocol for this study was approved
by the institutional animal care and use committee ac-
cording to the Regulations for Animal Experimentation
of CIEA.

From each rat, the right lung was used to test for P,
carinii and the left lung was used for histopathological
analysis. For detection of P. carinii, the right lung sam-
ples were homogenized, and DNA was extracted using
a MagExtractor-Genome- (TOYOBO Co., LTD., Osaka,
Japan) according to the manufacturer’s instructions. P.
carinii was identified genetically using the PCR primers
pAZ112-10F (5’-TAG ACG GTC ACA GAG ATC AG
-3’) and pAZ112-10R (5’-GAA CGA TTA CTA GCA
ATT CC-3’), which were designed based on the unique
region of the mt SSU rRNA gene sequence of P. carinii
[10]. The expected PCR product size is 706 bp. All PCR
products in P. carinii PCR tests were directly sequenced
and compared with the data available in a public database
(GenBank) for verification.

Cultures from rats with gross lung lesions were pre-
pared by directly streaking the cut surface of the right
caudal lung lobe onto 5% horse blood agar (Eiken
Chemical Co., Ltd., Tokyo, Japan) and PPLO agar (BD
Biosciences, Bedford, MA, USA) supplemented with
horse serum and yeast extract for M. pulmonis. Blood
agar was assessed after incubation under aerobic condi-
tions at 37°C for 48 h, and PPLO agar was assessed
after incubation under microaerobic conditions at 37°C

Table 1. Protocol used for each primary antibody

for 7 days. P. carinii-positive rats were also tested sero-
logically for the presence of the following known as-
sociated pathogens: Filobacterium rodentium (cilia-as-
sociated respiratory bacillus), mouse adenovirus, mouse
encephalomyelitis virus, mouse min virus, pneumonia
virus of mice, and reovirus type 3.

Histopathological examination

For histopathological analysis, all left lobe of lungs
was collected in 10% neutral-buffered formalin, embed-
ded in paraffin, and sectioned into 4-um-thick slices. If
gross lung lesions were observed, the nasal cavities and
tracheas were also collected and sectioned as described
above. These samples were stained using hematoxylin-
eosin (HE), periodic acid-Schiff (PAS) reaction and
Grocott-Gomori methenamine silver and Giemsa double
(Grocott-Giemsa) staining [11] for examination by light
microscopy. To characterize the lymphocytic infiltrates
in lesions, immunohistochemical staining was performed
using a Leica BOND-MAX automated IHC/ISH stainer
and a Leica Polymer Refine detection kit (Leica Biosys-
tems K.K., Tokyo, Japan) according to the manufac-
turer’s instructions. Tissue sections were incubated with
primary antibody diluted with Bond Primary Antibody
Diluent (Leica Biosystems), as detailed in Table 1.

Prevalence of P. carinii

PCR results showed that of the 1,416 rats from 456
facilities in universities and research institutes, 6 rats
from 4 facilities were positive for P. carinii (Table 2).
Of the 41 tested rats from 4 universities, the positivity
for P. carinii was as follows: the university A, 1/14;
university B, 1/14; university C, 3/6; and university D,
1/7. No P. carinii was found in any of the 565 rats from
138 facilities in pharmaceutical companies. Therefore,
the overall prevalence of P. carinii was 0.30% (6/1,981)
in immunocompetent laboratory rats and 0.67% (4/594)
in rat facilities in Japan. PCR analysis of all 6 P. carinii-
positive rats showed 99—100% similarity with the se-
quence data of the mt SSU rRNA gene of P. carinii. In

Lymphocyte Antibody Host Clone Dilution Retrieval Source?
T-cell CD3 Rabbit 1:50 ER1% Nichirei
T-cell CD4 Rabbit D7D2Z 1:200 ER2Y Cell Signaling
T-cell CD8a Mouse 0X-8 1:200 ER1? Abcam
B-cell CD79a Mouse HM57 1:2 ER1? Nichirei

OTreated with ER1 (Citrate-based pH6.0 epitope retrieval solution; Leica Biosystems K.K., Tokyo, Japan) for 30 min
at 100°C. PTreated with ER2 (EDTA-based pH9.0 epitope retrieval solution; Leica Biosystems) for 20 min at 100°C.
9Sources: Nichirei Biosciences, Inc. (Tokyo, Japan), Cell Signaling Technology, Inc. (Danvers, MA, USA), Abcam plc

(Cambridge, UK).
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addition, all 6 P. carinii-positive rats were negative for
other pathogens.

Gross and histopathological analysis of lesions
At necropsy, four of the six P. carinii-positive rats had
gross lung lesions. Two of the three P. carinii-positive
rats from university C had no gross lesions (Table 3).
The lungs of the four P. carinii-positive rats had dark
red mottling with multiple dark red/gray foci (about 1
mm) in both lobes of the lung (Fig. 1). Furthermore, 10
of the P. carinii-negative rats from 10 facilities had
other gross pulmonary lesions: 6 had well-circumscribed
white/gray foci, histologically diagnosed as spontaneous
alveolar macrophage accumulation; 2 had well-circum-
scribed dark red foci, histologically diagnosed as spon-
taneous congestion; one had congestion and red hepati-
zation, diagnosed as murine respiratory mycoplasmosis
associated with M. pulmonis; and one Brown Norway
rat had multiple defined dark red foci histologically di-
agnosed as strain-specific eosinophilic granulomatous
pneumonia. No clinical symptoms were noted in any of
the rats, including those that were P. carinii-positive,

Table 2. The positivity for P. carinii in rats according to facility

Facilities Rats
Academic 4/456 (0.88%)  6/1,416 (0.42%)
Commercial 0/138 (0%) 0/565 (0%)
Total 4/594 (0.67%)  6/1,981 (0.30%)

and no abnormalities were observed in any other organs.

Histopathologically, four of the six P. carinii-positive
immunocompetent rats with pulmonary lesions were
observed to have multifocal lymphohistiocytic perivas-
culitis and interstitial pneumonia (Table 4). Pulmonary
lesions were primarily located in the lobules, not bron-
cho- or bronchiolo-centric regions. No changes were
found in the nasal cavity and trachea. Prominent dense
perivascular infiltrates were observed throughout the
lungs. Lymphocytes and macrophages significantly in-
filtrated to encircle the pulmonary and bronchial veins

Fig. 1. Necropsy findings in the lung of a P. carinii-positive rat
(from university C, #3). All lobes of the lung are slightly
distended and have reddish discoloration and scattered dark
red/grayish foci (arrows, bar: 10 mm).

Table 3. Detailed information on P. carinii-positive rats

e . P. carinii Positivity
No. Facilities Strain Sex Age PCR test for P carinii

1 University A Wistar Male 11 weeks Positive 1/14
2 University B SD Male 13 weeks Positive 1/14
3 University C Wistar Female Unknown Positive 3/6
4 Wistar Female Unknown Positive

5 Wistar Female Unknown Positive

6 University D Wistar Female 22 weeks Positive 1/7

Table 4. Pathological lesions in the lungs of P. carinii-positive rats

No. Gross lesions

Microscopic lesions

Grocott-positive cysts

1 Multiple dark red foci
mild granulomas
2 Multiple dark red foci
mild granulomas
3 Multiple gray/dark red foci
severe granulomas
4 No gross lesions No abnormality
No gross lesions No abnormality

Multiple dark red foci
mild granulomas

Multifocal lymphobhistiocytic perivasculitis and
Multifocal lymphohistiocytic perivasculitis and

Multifocal lymphohistiocytic perivasculitis and

Multifocal lymphobhistiocytic perivasculitis and

Detection of cysts attached to the alveolar
epithelium

Detection of cysts attached to the alveolar
epithelium

Detection of cysts attached to the alveolar
epithelium

Non-detected

Non-detected

Detection of cysts attached to the alveolar
epithelium
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Fig. 2. Histopathological and immunohistochemical analysis of perivascular lesions in the lung of rat #3. Infiltra-
tions of lymphocytes and macrophages are seen around the intrapulmonary vasculature, especially the
bronchial vein (A and B). Most of the lymphocytes infiltrating the perivascular area are CD4-positive,
CD8-negative T-cells (C—F). A) HE stain, bar: 250 ym; B) Magnified image of the square in A. HE stain,
bar: 50 um; C) CD3 immunostain, bar: 50 gm; D) CD79a immunostain, bar: 50 xm; E) CD4 immunostain,
bar: 50 ym; F) CD8a immunostain, bar: 50 um; BA, bronchial artery; Br, bronchus; BV, bronchial vein;

PA, pulmonary artery; PV, pulmonary vein.

(Figs. 2A and B). Significant hyperplasia of bronchus-
associated lymphoid tissue (BALT) was not observed.
Most of these infiltrated lymphocytes were CD3-positive
T-cells, of which most were CD4-positive and CDS-
negative, and CD79a-positive B-cell infiltration was low
(Figs. 2C—F). Thickened alveolar septa infiltrated lym-
phocytes and macrophages, loss of type I pneumocytes,
and proliferation of enlarged type II pneumocytes were
observed in the alveolar areas. Most of the lymphocytes
infiltrating the alveolar walls were CD3-positive T-cells.
Some alveolar lesions were mild-to-severe granulomas
(Figs. 3A and B), and large foamy macrophages infil-
trated the alveolar spaces, but the cytoplasm of macro-
phages was PAS negative. Furthermore, a few fungus-
like structures disclosed by Grocott—Giemsa staining
were observed in the alveoli distant from the lympho-
cytic cuffs (Fig. 4A). These 3—5 ym-diameter structures
were round-, bowl-, or crescent-shaped with a black-

doi: 10.1538/expanim.21-0091

stained wall. Some of the fungal-like structures had an
intracystic dot. Based on these characteristic findings,
the structures were determined to be cysts of Pneumo-
cystis. In the region of the lobe, thickening of the alveo-
lar septa was observed, but inflammatory cell infiltration
was mild (Fig. 4B). These cysts were found attached to
type I pneumocytes or in the interstitial tissues (Figs. 4C
and D). However, Grocott staining-positive cysts were
found only upon careful inspection, with only a few
observed in each lung tissue section.

Based on the above findings, the diagnosis of these
lung lesions in immunocompetent rats was interstitial
pneumonia caused by P. carinii infection. The gross and
histopathological findings of the pulmonary lesions were
nearly identical between the 4 P. carinii-positive rats.
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Fig. 3. Histopathological and immunohistochemical analysis of lobular lesions in the lung of rat #3. In the lobular
region near the BV (A and B) at the site of CD3-positive T-cell infiltration (B and C), the alveolar structures
are collapsed, with loss of type I pneumocysts; granulomas are present (B; arrows). In the pulmonary in-
terstitium, infiltrations of lymphocytes are comparable in CD4- and CD8-positive T-cells (E and F). A) HE
stain, bar: 250 um; B) Magnified image of the square in A. HE stain, bar: 50 xm; C) CD3 immunostain,
bar: 50 um; D) CD790 immunostain, bar: 50 um; E) CD4 immunostain, bar: 50 ym; F) CD8a immunostain,

bar: 50 um.

Pneumocystis species are not often among the com-
mon infectious agents recommended for screening of
immunocompetent rats housed in laboratories but are
included among additional agents for monitoring. Wide-
spread P. carinii infection in the North American com-
mercial immunocompetent rat colonies was reported in
the 1990s [12—14], but the prevalence of P. carinii in
Japan was previously unknown. This study showed for
the first time that the overall prevalence of P. carinii was
0.30% in immunocompetent laboratory rats and 0.67%
in rat facilities in Japan. Until 2011, lung lesions in im-
munocompetent rats infected with P. carinii had been
attributed to rat respiratory virus (RRV) [4, 6, 15, 16].
In 2002, the positivity rate of “RRV” findings in im-
munocompetent rats was 6.36% as determined by histo-
pathological tests of the lungs [9]; in immunodeficient

rats, the rate was about 4.0% [8]. Therefore, these find-
ings suggest that in the early 2000s, the positivity rate
of P. carinii was high in North America. In contrast, the
positivity rate of P. carinii in Japan at that time was 0%
(not detected by health monitoring tests of sentinel im-
munocompetent rats) in laboratory immunodeficient rat
colonies [17].

The histopathological characteristics of apparent P,
carinii pneumonia in immunocompetent rats are the
same as those described by Albers, et al. [ 18] to diagnose
RRYV infectious interstitial pneumonia, as follows: (1)
dense cuffs of lymphocytes admixed with lesser numbers
of macrophages and plasma cells around multiple vessels
in multiple areas of the lung; (2) thickening of the adja-
cent alveolar septa by lymphohistiocytic infiltration; and
(3) nonspecific lesions including hyperplasia of BALT
and infiltration into/around the bronchus. The pulmonary
lesions in four of the cases reported here met these his-

Exp. Anim. 2022; 71(1): 563—-59 | 57
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Fig. 4. Histopathological analysis of the alveolar region in the lung of rat #3. In alveoli with enlarged pneumocysts
and macrophage infiltration, Grocott-positive fungal-like structures are observed adhering to the alveolar
walls (arrows) and the alveolar interstitium (arrowheads). The longest cyst diameter is about 5 gm (D; inset).
A) HE stain, bar: 250 um; B) Magnified image of the square in A. HE stain, bar: 50 um; C) Grocott—Gi-
emsa stain, bar: 50 um; D) Magnified image of the square in C. Grocott—Giemsa stain, bar: 25 ym (bar in

inset: 5 um).

topathological criteria. In addition, these cases showed
Grocott—Giemsa staining of cyst walls and were PCR
positive for P. carinii. Thus, these pulmonary lesions
were histopathologically diagnosed as lymphohistio-
cytic interstitial pneumonia in immunocompetent rats
resulting from P. carinii infection. In these cases, the
lesions were characteristic of lymphocytic infiltration
around pulmonary vessels without hyperplasia of BALT.
This perivascular lymphocytic infiltrate mainly con-
sisted of CD4-positive T-cells. Similar lesions have been
reported in human pneumocystis pneumonia [19]. This
finding suggests that P. carinii-infected immunocompe-
tent rats may be a good non-immunocompromised
model of P. jirovecii infection in humans. This study is
the first to report the incidence and pathological features
of a natural P. carinii infection in immunocompetent
laboratory rats in Japan. While the prevalence of P. ca-
rinii in Japan is very low, reports indicate that immuno-
competent hosts may play an important role in the Preu-
mocystis life cycle in humans [20, 21], laboratory mice
[20] and rats [4, 6, 22], and that immunocompetent
laboratory rats may be carriers of Pneumocystis infec-
tion. Consequently, Preumocystis should be considered
as a microbe that can cause opportunistic infection in
immunocompetent laboratory animals.

doi: 10.1538/expanim.21-0091
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