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Abstract. Pneumocystis jirovecii (P. jirovecii), an opportu-
nistic fungal pathogen, is the primary cause of Pneumocystis 
pneumonia (PCP), which affects immunocompromised indi-
viduals and leads to high morbidity and mortality. P. jirovecii 
colonization is associated with development of chronic 
obstructive pulmonary disease (COPD) in patients with HIV 
infection, and also non-sufferers, and in primate models of HIV 
infection. However, the mechanisms underlying P. jirovecii 
infection in the pathogenesis of COPD have yet to be fully 
elucidated. To investigate the pathogenicity of P. jirovecii 
infection and its role in COPD development, the present study 
established a PCP rat model induced by dexamethasone sodium 
phosphate injection. Expression of COPD-related biomarkers, 
including matrix metalloproteinases (MMPs) MMP-2, 
MMP-8, MMP-9, and MMP-12, and heat shock protein-27 
(HSP‑27), were quantified in the rat PCP model using reverse 
transcription-quantitative polymerase chain reaction, ELISA, 
western blot analysis, immunohistochemistry and gelatin 
zymography. Body weight, COPD symptoms, and pulmonary 
histopathology were assessed. Inflammatory cell counts in 
splenic tissues were measured using flow cytometry. It was 
identified that MMP and HSP‑27 expression increased in the 
PCP rats, which was in agreement with previous literature. 
Therefore, it was hypothesized that P. jirovecii infection may 
have an important role in COPD development.

Introduction

Chronic obstructive pulmonary disease (COPD) remains one 
of the major causes of morbidity and mortality worldwide and 

is a large global public health burden. Cigarette smoking is the 
major risk factor for COPD with long-term exposure to ciga-
rette smoke the most common method for establishing COPD 
in animal models. However, there is increasing attention on 
the role of infection in the development of COPD, with the 
opportunistic pathogen Pneumocystis jirovecii (P. jirovecii) 
likely to be a key contributor (1).

Recently, the role of P. jirovecii colonization in respira-
tory diseases has become the focus of research due to a high 
frequency of P. jirovecii colonization among HIV-negative 
patients, especially those with COPD (2-5). Although the under-
lying physiopathology remains unclear, results from animal 
model experiments support the hypothesis that P. jirovecii colo-
nization serves a significant role in COPD pathogenesis (6‑8). 
COPD is a chronic inflammatory disorder characterized by 
airflow limitation, which correlates with a complex inflamma-
tory response in the lungs. P. jirovecii colonization leading to 
infection in the lung tissue can cause pulmonary tissue damage 
and the deterioration of lung function via inflammation and the 
related inflammatory mediators. Therefore, P. jirovecii coloni-
zation affects COPD progression (8).

COPD is accompanied by hypoxia and increased cellular 
stress in addition to increased inflammation. High expression of 
matrix metalloproteases (MMPs), including MMP-2, MMP-8, 
MMP-9, and MMP-12, and chaperone heat shock protein-27 
(HSP‑27) have been confirmed in both lung tissues of COPD 
rat models and in COPD patients (9-15). These markers are 
also closely correlated with COPD development (11,16,17).

The present study aimed to establish a steroid-induced 
Pneumocystis pneumonia (PCP) rat model to study the role 
of P. jirovecii infection in the pathogenesis and development 
of COPD. Investigation into the expression levels of various 
COPD-related MMPs and also HSP-27 in PCP rats compared 
to healthy controls was performed. The present findings 
provided new insights into the contribution of Pneumocystis 
to COPD pathogenesis and may lead to novel prophylactic 
treatment options.

Materials and methods

Establishment of a rat PCP model. The protocol for animal 
experimentation was approved by the Experimental Animal 
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Care and Ethics Committee of China Medical University. 
A total of 20 female Wistar rats (mean weight, 150±20 g; 
age, 5-7 weeks) were purchased from the Department of 
Experimental Animal Center, China Medical University. Rats 
were randomly divided into two groups: A control group and 
a PCP group with ten rats per group. All rats were housed in 
a temperature (20‑25˚C) and humidity (53‑58%)‑controlled 
facility with a 12-h light/dark cycle with food and water 
provided ad libitum. The antibiotic oxytetracycline (1 g/l; 
Yichuang Pharmaceutical Co., Ltd.) was added to the drinking 
water to prevent bacterial infections. The immune response 
of the PCP group rats was suppressed by intraperitoneal 
dexamethasone sodium phosphate injections (3 mg per rat; 
Rongsheng Pharmaceutical Co., Ltd) twice per week, for 
8 successive weeks. The control group was injected with 
physiological saline. The rats were weighed once a week. Fur 
color and thickness, activity, breathing, death rate, and other 
symptoms and signs of respiratory distress were monitored 
throughout the study.

Processing of lung tissue specimens. After 8 weeks, rats 
were weighed, anesthetized with an intraperitoneal injection 
of sodium pentobarbital (50 mg/kg) then sacrificed by rapid 
exsanguination. Blood was collected via the abdominal aorta 
and serum was isolated for detection of MMPs and HSP-27. 
The lower lobe of the right lung was fixed for further histo-
pathological assessment. The middle lobe of the right lung 
was removed for preparation of lung imprint smears. After 
ligation of the right lung, bronchoalveolar lavage (BAL) was 
performed in the left lung. All remaining lung tissue was 
frozen and stored in liquid nitrogen for further use.

Pathogen identification. The presence of P. jirovecii organ-
isms was confirmed by Giemsa and Gomori's methenamine 
silver nitrate staining assays (GMS) of the lung imprint smears 
from the cross-sections of the middle lobe of the right lungs, 
according to a previously described protocol (18).

Histopathological examination. Two-thirds of the lower lobe of 
the right lung were fixed with 4% paraformaldehyde (Dingguo 
Biotechnology Co. Ltd.) at room temperature for >24 h. The 
lung tissue sections were then washed, dehydrated, embedded 
in paraffin and sectioned at 5 µm thick preparations. The 
sections were placed onto glass slides, dewaxed, dehydrated 
and stained with hematoxylin (5 min) and eosin (for 3-5 min) 
(HE) at room temperature or subsequently used for immu-
nohistochemical staining. Histological changes in the lung 
tissues were respectively observed under a light microscope 
(Magnifications, x200 and x400; Olympus Coporation).

Flow cytometry. A direct immunofluorescence staining 
method was used. Homogenates made from splenic tissues 
were collected and passed through a screen mesh (pores size, 
70 µm; cat. no. 258368; Wuxi NEST Biotechnology Co., 
Ltd.). Antibodies were added after lysis of red blood cells 
(at 4˚C for 4‑5 min) and adjustment of cell concentrations 
(1x106 cells/ml). Pre-cooled PBS (cat no. FG701-01; Beijing 
Transgen Biotech Co., Ltd.) was used to terminate the lysis reac-
tion at 4˚C. T lymphocytes were stained with PerCP‑anti‑CD8 
(0.2 mg/ml; cat. no. 558824; BD Biosciences) and 

BV421-anti-CD4 (0.2 mg/ml, cat no: 740040, BD Biosciences). 
M1 macrophages were stained with PE‑Anti‑CD86 (0.2 mg/ml; 
cat no: 551396, BD Biosciences) and granulocytes with fluo-
rescein isothiocyanate-anti-granulocytes (0.5 mg/ml, cat no: 
554907, BD Biosciences). BD Pharmingen™ Stain Buffer 
(FBS; cat no. 554656; BD Biosciences) was applied as the 
washing reagent. Corresponding isotype-matched monoclonal 
antibodies were used as negative controls. All antibodies used 
in flow cytometry were purchased from BD Biosciences. 
Inflammatory cell counts were analyzed using BD FACSDiva™ 
Software (version 6.2; BD Biosciences) combined with a BD 
LSRFortessa™ flow cytometer (BD Biosciences).

ELISA. Expression levels of MMPs and HSP-27 in the bron-
choalveolar lavage fluid (BALF) and serum were quantified 
using the following ELISA kits (Cusabio Biotech Co., Ltd.): 
MMP-2 ELISA kit (cat. no. CSB-E07411r); Rat MMP8 
(neutrophil collagenase) ELISA kit (cat. no. CSB‑E07406r); 
Rat MMP-9 (Gelatinase B) ELISA Kit (cat. no. CSB-E08008r); 
Rat MMP12 (Macrophage metalloelastase) ELISA kit (cat. 
no. CSB‑EL014659RA); and Rat heat shock protein 27 
(HSP-27) ELISA Kit (cat. no. CSB-E09240r) according to 
the manufacturer's protocols. In brief, standards and samples 
(100 µl) were added to appropriate wells and incubated for 2 h 
at 37˚C. The liquid was removed from all wells, and 100 µl of 
biotin-antibody (1X) were added to each well, and incubated 
for 1 h at 37˚C. The residual liquid in all wells was removed 
and the microtiter plate was washed three times with wash 
buffer (200 µl) using a multi-channel pipette for 2 min per 
wash. Then, 100 µl of horseradish peroxidase-avidin (1X) was 
added to each well and incubated for 1 h at 37˚C. The aspira-
tion/wash process was repeated five times. Then, 90 µl of the 
2,2'5,5'‑Tetramethylbenzidine substrate were added to each 
well and incubated for 15‑30 min at 37˚C. The chromogenic 
reaction was terminated with the addition of 50 µl stop solu-
tion. Optical density at 450 nm wavelength was determined 
immediately using a Thermo Scientific Varioskan® Flash 
(Thermo Fisher Scientific, Inc.).

Immunohistochemical detection. Immunohistochemical 
detection of MMPs and HSP-27 in lung tissue was performed 
using the Streptavidin-Peroxidase (SP) method and the 
UltraSensitive™ SP IHC kit (cat. no. Kit-9720; Fuzhou Maixin 
Biotech Co., Ltd.) according to the manufacturer's protocols. 
Two-thirds of the lower lobe of the right lung were fixed 
with 4% paraformaldehyde (Beijing Dingguo Changsheng 
Biotechnology Co., Ltd.) at room temperature for >24 h. The 
lung tissue was then washed, dehydrated, embedded in paraffin 
and sectioned into 5-µm thick preparations. Antigen retrieval 
was performed in sodium citrate buffer (pH 6.0) at 100˚C for 
1 min followed by cooling at room temperature for 1 min, 
a process which was repeated a further three times. After 
blocking for 30 min at 37˚C with goat serum (included in the 
UltraSensitive SP IHC kit), slices were incubated with primary 
antibodies against MMP-2 (1:250; cat. no. ab37150; Abcam), 
MMP‑8 (1:250; cat. no. ab81286; Abcam), MMP‑9 (1:250; 
cat. no. ab76003; Abcam), MMP‑12 (1:250; cat. no. ab52897; 
Abcam), and HSP-27 (1:250; cat. no. ab5579; Abcam) 
overnight at 4˚C. After washing with PBS three times, a horse-
radish peroxidase-conjugated secondary antibody (included 
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in the UltraSensitive SP IHC kit) was added to samples and 
incubated for 30 min at 37˚C. PBS was used as a negative 
control. The DAB detection kit (Fuzhou Maixin Biotech, Co., 
Ltd.) was applied to visualize the distribution and location 
of MMPs and HSP-27 expression. Brown staining indicated 
positive protein detection. Five regions of positive expression 
on each slide were selected randomly and photographed under 
light microscopy (Olympus Corporation). Integrated optical 
density (IOD) was analyzed by Image pro plus 6.0 (Media 
Cybernetics, Inc.).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from lung tissue 
using RNAiso Plus (Takara Bio, Inc.). RNA concentration 
was quantified using a NanoDrop™ 2000 (Thermo Fisher 
Scientific, Inc.) and samples were diluted to 1 µg of RNA. 
Reverse transcription was performed with a PrimeScript™ RT 
reagent kit with gDNA Eraser (Takara Bio, Inc.) according to 
manufacturer's protocols. qPCR was subsequently performed 
using the ABI 7500 real-time PCR instrument (Thermo Fisher 
Scientific, Inc.) with TB Green™ Premix Ex Taq™ II (Tli 
RNaseH Plus; Takara Bio, Inc) in 20 µl reaction mixtures. 
The thermocycling conditions for qPCR amplification were as 
follows: Initial denaturation at 95˚C for 30 sec, followed by 
40 cycles of 95˚C for 5 sec and 60˚C for 34 sec. All primers 
used in the present study and their sequences are listed in 
Table I. Data were analyzed using the 2-ΔΔCq method (19). 
GAPDH was used as housekeeping gene for normalizing the 
levels of MMPs and HSP-27 mRNA.

Western blot analysis. Protein was extracted from the lung 
tissues using the ProteinExt® Mammalian Total Protein 
Extraction Kit (cat no. DE101-01; Beijing TransGen Biotech 
Co., Ltd.) and quantified using the Bicinchonininc protein 
assay kit (Beijing Dingguo Changsheng Biotechnology Co., 
Ltd.). Protein samples were separated using gel electrophoresis 
(Bio‑Rad Laboratories, Inc.) by SDS‑PAGE on a 10% gel. 
The proteins were transferred to a polyvinylidene difluoride 

membrane. Blocking was performed with 5% bovine serum 
albumin (BSA; Beijing Solarbio Science & Technology Co., 
Ltd.). in Tris‑buffered saline with 0.05% Tween‑20 (TBST) for 
2 h at room temperature. The membranes were incubated with 
the following primary antibodies diluted in 5% BSA TBST: 
Anti-MMP-2 (1:2,000; cat. no. ab37150; Abcam), anti-MMP-8 
(1:2,000; cat. no. ab81286; Abcam), anti‑MMP‑9 (1:2,000; cat. 
no. ab76003; Abcam), anti‑MMP‑12 (1:2,000; cat. no. ab52897; 
Abcam) and anti-HSP-27 (1:1,000; cat. no. ab5579; Abcam) 
then incubated overnight at 4˚C. Following 10 min washes 
three times, the membranes were incubated with goat 
anti-Rabbit IgG (cat. no. ZB-2301) and goat anti-Mouse IgG 
(cat. no. ZB-2305) secondary antibodies conjugated to horse-
radish peroxidase (both 1:5,000; Beijing Zhongshan Jinqiao 
Biotechnology Co. Ltd.; OriGene Technologies, Inc.) for 2 h 
at room temperature. Following the second washing step 
(six times for 5 min each), membranes were visualized with 
SuperSignal West Pico PLUS Chemiluminescent Substrate, an 
enhanced chemiluminescent (ECL) reagent (Thermo Fisher 
Scientific, Inc.) and analyzed using the Tanon‑5200 automatic 
chemiluminescence imaging analysis system. GAPDH was 
used to normalize the relative density of each protein band in 
each group. The intensity of the protein bands was analyzed 
with Image J software (version 1.8.0; National Institutes of 
Health).

Gelatin zymography. The prepared protein samples were 
separated by 10% SDS‑PAGE containing 1% w/v gelatin 
by gel electrophoresis (Bio‑Rad Laboratories, Inc.) at 4˚C. 
The gelatin zymography assay kit (Wanlei Biotech Co., 
Ltd) was used to detect MMP-2 and MMP-9 activity. The 
gel was subsequently washed four times in eluate for 15 min 
per wash, washed with rinse buffer twice for 20 min each, 
and then incubated in incubation buffer for 48 h at 37˚C. 
After staining with Coomassie Brilliant Blue R-250 for 3 h, 
incubation with decolorized buffer was performed at room 
temperature for 2 h resulting in the appearance of white 
bands on a blue background.

Table I. Primer sequences used for reverse transcription-quantitative polymerase chain reaction.

Primer Sequence (5'‑3') Product size (bp)

MMP-2 forward GTGGCAATGGAGATGGACAG 127
MMP-2 reverse CGGTCATAATCCTCGGTGGT 
MMP-8 forward CAGTGCCTCCAGAACACCTG 120
MMP-8 reverse CGGCAATCATAGTGGCATTC 
MMP-9 forward GTGACACCGCTCACCTTCAC 122
MMP-9 reverse GCGTGTGCCAGTAGACCATC 
MMP-12 forward CGATGTGGAGTGCCTGATGT 113
MMP-12 reverse GCACGCTTCATGTCTGGAGT 
HSP-27 forward CAACTCAGCAGCGGTGTCTC 115
HSP-27 reverse CCACGCCTTCCTTGGTCTTA 
GAPDH forward GACATGCCGCCTGGAGAAAC 92
GAPDH reverse AGCCCAGGATGCCCTTTAGT 

MMP, matrix metalloprotease; HSP, heat shock protein.
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Statistical analysis. All statistical analyses were performed 
using the statistical software SPSS 13.0 (SPSS Inc.) and 
results were presented using Prism 7 (GraphPad Software, 
Inc.). All values were expressed as mean ± standard deviation. 
The means of two groups were compared using the Student's 
t test after testing for normality and homogeneity of variance. 
P<0.05 was considered to indicate statistical significance.

Results

Clinical features and gross findings. Compared with the 
control, rats in the PCP group had decreased body weight 
after 4 weeks (Fig. 1), and their fur density was reduced and 
fur color was darker. PCP rats displayed decreased activity 
and always herded in the corner of the cage. PCP rats also 
occasionally displayed wheezing.

Pathogenic identification. Pneumocystis cysts, identified as 
brown or brown-reddish spheres or ovoids with a small black 
stick‑shape figure in the middle, were visualized using GMS 
staining (Fig. 2A). On Giemsa stained lung imprint smears, 
cyst walls were not stained and thus formed transparent zones. 
Every cyst contained 2-8 blue-stained intracystic bodies 
that were arranged in the shape of a ring (Fig. 2B). Typical 
Pneumocystis cysts assumed a crescent or irregular spherical 
shape. No signs of Pneumocystis cysts were observed in the 
control group (data not shown).

Lung appearance. Shrinkage of lung volume and hardening of 
the lung tissue was observed in the PCP group (Fig. 3). Gray 
or white dots were interspersed on the surface of the lung 
tissue in PCP rats. No serious gross pulmonary lesions, such 
as hemorrhage or necrosis, were observed in the PCP group. 
None of the rats died during steroid treatment.

PCP induces histopathological changes in rat lungs. 
Histopathologic examination was performed under 
light microscopy at magnifications of x200 and x400. 
Morphologically, lung sections of rats in the control group 
were free of cellular infiltrate and mucus, and did not show any 
pathological abnormality. The structure of the lung interstitial 
tissue was intact and the alveolar space was clear (Fig. 4A). 
The degree of histopathological changes varied in lungs of 
the PCP rats. The inflammatory cell infiltrate in the pulmo-
nary interstitial tissue primarily included lymphocytes and 
macrophages (Fig. 4B). Diffuse pulmonary interstitial tissue 
hyperplasia and interstitial edema was observed (Fig. 4C). 
Lesions in the form of red foamy alveolar exudates (Fig. 4D) 
and consolidated areas in lung tissue (Fig. 4E) were identified. 
Morphological signs of emphysema, including alveolar fusion 
in the sectional tissue and pulmonary bullae due to alveolar 
wall destruction were also present.

PCP increases inflammatory cell counts. Flow cytometry 
analysis determined that compared with the control group, the 
numbers of CD8+ T lymphocytes (P<0.01; Fig. 5), M1 macro-
phages (P<0.01; Fig. 5), and granulocytes (P<0.01; Fig. 5) were 
significantly increased in the splenic tissue of PCP rats, whilst 
the number of CD4+ T lymphocytes was significantly reduced 
(P<0.01; Fig. 5).

PCP increases MMPs and HSP‑27 secreted levels in serum 
and BALF. The concentrations of MMPs and HSP-27 in rat 
serum and BALF were determined by ELISA (Fig. 6). MMPs 
and HSP-27 expression levels in the serum and BALF were 
significantly higher in the PCP group compared with the 
control group.

PCP increases MMPs and HSP‑27 protein expression in 
pulmonary tissue. Positive protein expression was detected by 
brown staining upon immunohistochemical analysis. HSP-27 
expression was largely located in the bronchial epithelial cells 
and a few other cell types in the PCP group (Fig. 7). Positive 
MMP expression was clearly detected in the cytoplasm and 
nuclei of cells in the PCP group, particularly in macrophages 

Figure 1. Comparison of body weights between the control and PCP groups. 
After 4 weeks rats in the PCP group exhibited reduced body weight compared 
with the control group. **P<0.01 vs. Control. PCP, Pneumocystis pneumonia.

Figure 2. Pathogenic identification by GMS and Giemsa staining. (A) GMS 
staining. Pneumocystis cysts were identified as brown/brown‑reddish spheres 
or ovoids with a black small stick‑shape figure in the middle (indicated by 
arrows). (B) Giemsa staining. Pneumocystis cyst walls were not stained and 
thus formed transparent zones. Every cyst contained 2-8 blue-stained intra-
cystic bodies that were arranged in the shape of a ring (indicated by arrow). 
GMS, Gomori's methenamine silver nitrate.
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and alveolar epithelial cells (Fig. 7). However, there was weak 
or no staining for MMPs and HSP-27 in the control group. In 
the PCP model group, positive expression was demonstrated by 
darker staining (Fig. 7). The IOD values of MMPs and HSP-27 
were significantly higher in the PCP group compared to the 
control group (P<0.01; Fig. 8).

PCP increases MMP and HSP‑27 mRNA and protein expres‑
sion levels in lung tissue. RT-qPCR and western blot results 
demonstrated that MMPs and HSP-27 mRNA and protein 
expression levels in the lung tissues were significantly upregu-
lated in the PCP group compared to the control group (P<0.01; 
Figs. 9 and 10). Gelatin zymography revealed that there was 
higher activity of MMP-9 and MMP-2 in the PCP model 
group compared to the control group (Fig. 11).

Discussion

The underlying pathological processes leading to the devel-
opment of COPD remain unclear at present however several 
studies have demonstrated that colonization of pathogenic 
microorganisms in the tracheobronchial tree could serve as 
inflammatory stimuli in the airways of stable COPD patients 
and possibly lead to disease progression (20). Recurrent acute 
infections are strongly correlated with the occurrence of acute 
exacerbation of COPD (21). The lungs of patients with COPD 
become susceptible to airway mucosal infections by patho-
genic microorganisms. Morris et al (1,8) demonstrated that 
an increase in P. jirovecii colonization in COPD is indepen-
dently correlated with the degree of airway obstruction. PCP 
is a serious complication that can lead to death for patients 
infected with HIV. Compared with HIV negative patients, lung 
function of COPD patients infected with HIV rapidly declines. 
Acute PCP has been associated with obstructive pulmonary 
changes (7). The present study investigated the pathogenicity 
of Pneumocystis infection and its role in the progression of 
COPD using an immunosuppressed rat PCP model to deter-
mine the expression of COPD-related cytokine expression and 
inflammatory cell populations.

Advances in research of P. jirovecii pathogenicity have 
been limited by the difficulties in cultivating P. jirovecii in vitro 

for an extended time period. Therefore, in vitro Pneumocystis 
studies are scarce. For in vivo studies of Pneumocystis, rats are 
the most commonly used animal model. Immunosuppressed 
rats induced by steroids can be spontaneously infected with 
P. jirovecii, resulting in pathologic features closely resembling 
PCP in humans (22-24).

The present study demonstrated that various degrees 
of pulmonary pathology appeared in steroid-induced PCP 
model rats. Gross clinical changes included body weight loss, 
fur density and color changes, decreased activity level, and 
respiratory symptoms. Histopathological changes included 
inflammatory cell infiltration, diffuse lung interstitial tissue 
hyperplasia, and appearance of consolidation areas. Similar 
histopathological changes have been described previ-
ously in cigarette smoke-induced COPD model rats (25). 
Morris et al (1,7,8) reported that the frequency of fibrous 

Figure 3. Gross appearance of lung tissue. (A) The control group lung tissue 
appeared soft and light pale pink and maintained a smooth, flat surface 
without lesions. (B and C) The lung tissue was dark red and hard with a rough 
surface in the PCP group. Gray or white dots were interspersed on the surface 
of the lung tissue in the PCP rats. Viscous liquid oozed out when the lesions 
were extruded. Marked pulmonary congestion and tissue edema of lung tissue 
in the PCP group were observed. No serious gross pulmonary lesions, such 
as hemorrhage or necrosis, were observed. PCP, Pneumocystis pneumonia.

Figure 4. Histopathological examination using hematoxylin and eosin 
staining. Histopathologic changes were observed under light microscopy at 
magnifications of x200 (left panels) and x400 (right panels). (A) Normal lung 
tissue. (B) Inflammatory cell infiltration into pulmonary tissue in the PCP 
model group. (C) Diffuse pulmonary interstitial tissue hyperplasia and inter-
stitial edema in pulmonary tissue in the PCP model group. (D) Red foamy 
alveolar exudates. (E) Consolidated areas in lung tissue in the PCP model 
group. PCP, Pneumocystis pneumonia.
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Figure 5. PCP increases inflammatory cell counts determined by flow cytometry. (A) T lymphocytes were stained with PerCP‑anti‑CD8 and BV421‑anti‑CD4. 
M1 macrophages were stained with PE‑Anti‑CD86 and granulocytes with FITC‑anti‑granulocytes. Counts of macrophages, lymphocytes, and granulocytes 
in splenic tissues from the control and PCP groups were analyzed by flow cytometry. (B) The quantitative analysis of the inflammatory cell counts for CD4+ 
T lymphocytes, CD8+ T lymphocytes, M1 macrophages and granulocytes. *P<0.01. PCP, Pneumocystis pneumonia; CD, cluster of differentiation; FITC, 
fluorescein isothiocyanate; PE, phycoerythrin.
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degeneration in lung tissue and obstructive pathological 
changes were higher in patients with PCP compared with 
patients without PCP. Consequently, animal and human studies 
investigating the changes of pulmonary pathology support the 
hypothesis that P. jirovecii infection has an important role in 
COPD progression.

The present study determined that there was a close 
correlation between the immune response and severity of 

Figure 6. PCP increases inflammatory protein levels in BALF and serum. Concentrations of MMPs and HSP‑27 in rat serum and BALF detected using ELISA assays. 
*P<0.05 and **P<0.01 vs. control. PCP, Pneumocystis pneumonia; BALF, bronchoalveolar lavage fluid; MMP, matrix metalloprotease; HSP, heat shock protein.

Figure 7. PCP increases MMP and HSP-27 protein expression in pulmo-
nary tissue. Immunohistochemical analysis for MMP2, MMP8, MMP9, 
MMP12 and HSP-27 expression in lung tissues of control and PCP groups. 
Positive protein staining appears brown, while nuclear staining appears blue. 
Magnification, x400. PCP, Pneumocystis pneumonia; MMP, matrix metal-
loprotease; HSP, heat shock protein.

Figure 8. PCP significantly increases MMP and HSP‑27 levels in pulmo-
nary tissue. IOD values from the immunohistochemistry staining for 
MMP2, MMP8, MMP9, MMP12 and HSP-27. **P<0.01 vs. control. PCP, 
Pneumocystis pneumonia; MMP, matrix metalloprotease; HSP, heat shock 
protein. IOD, integrated optical values.



XUE  and  AN:  Pneumocystis jirovecii INFECTION AND ITS ROLE IN COPD PROGRESSION3140

pulmonary impairment. The severity of pathological lesions 
increased with declining levels of CD4+ T lymphocytes and 
increasing levels of CD8+ T lymphocytes, M1 macrophages, 
and granulocytes. Lung tissue may be damaged directly by the 
inflammatory responses of organisms. It has been previously 
demonstrated that CD8+ T lymphocytes serve a significant 
role in the pathogenic process of PCP (26). Similar inflam-
matory cell count results were reported in rat studies of 
cigarette-smoke-induced COPD (27-29). COPD is a chronic 
inflammatory disorder characterized by irreversible airflow 
limitation, which correlates with a complex inflammatory 
response in the lungs. CD8+ T lymphocytes, M1 macrophages, 
and granulocytes cause pathological injury to the pulmo-
nary airway, blood vessels, and lung tissue which decreases 
pulmonary function, and leads to chronic inflammation and 
COPD pathogenesis. Importantly, COPD patients with higher 

GOLD (The Global Initiative for Chronic Obstructive Lung 
Disease) stages demonstrate a more severe inflammatory 
response (30-32).

At present, there are various theories concerning the 
mechanism of COPD (33) with an imbalance in protease-anti-
protease one of the most widely accepted. MMPs, neutrophil 
elastase, serine protease, and other proteases are regarded to be 
the key drivers. MMPs are mainly secreted and produced by 
alveolar macrophages, neutrophils, and lung structural cells. 
Basement membrane and extracellular matrix (ECM) are 
degraded by MMPs, which contributes to progressive destruc-
tive inflammation in the airway and pulmonary tissue leading 
to COPD development. MMPs are also the principal inflam-
matory mediators of emphysema and have a regulatory role 
in the inflammatory process. Elevated levels of MMPs have 
been detected in COPD patients, particularly in the patients 
with exacerbated COPD (12,13,25,34). MMP-2 and MMP-9 
are released into the intercellular space in the form of inac-
tive zymogens. Following activation, they have pivotal roles 
in proteolysis. The present study demonstrated by western blot 
analysis that MMP-2, MMP-8, MMP-9 and MMP-12 expres-
sion levels were upregulated in PCP model rats compared with 
control rats. In addition, gelatin zymography assay revealed that 
MMP-2 and MMP-9 activity was increased in PCP model rats. 
Therefore, it was hypothesized that P. jirovecii infection may 
lead to the release of endogenous proteases which is in accor-
dance with the literature (6,35‑37). In addition, upregulated 
levels of MMPs suggested that the occurrence and progres-
sion of emphysema may be caused by P. jirovecii colonization 
due to release of endogenous proteases and stimulation of 
protease release in the lung tissue of PCP model rats which is 
in agreement with a previous study (38) Similar upregulation 
of MMP levels have also been previously reported in COPD 
rats (33). Findings suggested that ECM degradation caused by 
a protease-antiprotease imbalance due to P. jirovecii infection 
may have an important role in COPD progression.

HSP-27, an important small heat shock protein, is a COPD 
biomarker. HSP-27 levels increase during oxidative stress, 
hypoxia, and inflammation. Among these stressors, oxidative 
responses of macrophages represent an important compo-
nent of microbicidal effector cell function against a variety 
of potential pathogens (39). The phagocytosis of pathogens 
mediated by macrophages has been correlated with the release 

Figure 10. PCP increases MMP and HSP-27 mRNA expression levels in lung 
tissue. Relative band densities of MMP and HSP-27 mRNA expression levels 
relative to GAPDH, using reverse transcription-quantitative polymerase 
chain reaction. **P<0.01 vs. control. PCP, Pneumocystis pneumonia; MMP, 
matrix metalloprotease; HSP, heat shock protein; RQ, relative quantity.

Figure 11. Representative images of MMP-2 and MMP-9 activity by gelatin 
zymography. MMP, matrix metalloprotease; PCP, Pneumocystis pneumonia.

Figure 9. PCP increases MMP and HSP‑27 protein expression levels in lung tissue. (A) Representative western blots. (B) Quantification of protein expression 
levels relative to GAPDH. **P<0.01 vs. control. PCP, Pneumocystis pneumonia; MMP, matrix metalloprotease; HSP, heat shock protein.
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of oxygen radicals (40). Previous studies have confirmed 
that Pneumocystis is associated with the induction of oxida-
tive stresses in alveolar macrophages (41,42). The present 
study determined that HSP-27 expression was higher in the 
PCP model group compared with the control group, which 
suggested that P. jirovecii infection was involved in inducing 
an oxidative burst in alveolar macrophages. Upregulated 
levels of HSP‑27 have also been identified in COPD smokers 
compared with non‑COPD smokers (16,17,43,44). Elevated 
HSP-27 expression indicates that P. jirovecii infections may 
serve a role in COPD progression.

The complex mechanisms of COPD remain unclear however 
cigarette smoking and pathogenic infection are currently 
regarded as the two major risk factors. Christensen et al (38) 
demonstrated that cigarette smoke exposure can increase the 
pulmonary Pneumocystis burden whilst Pneumocystis and 
cigarette smoke exposure can cause airspace enlargement. A 
limitation of the present study was that the causal relationship 
between P. jirovecii colonization or infection and COPD was 
not definitively established. The interaction between cigarette 
smoke exposure and Pneumocystis may synergistically speed 
up the progression of COPD. Further confirmation of the role 
of Pneumocystis infections in the progression of COPD and 
the causal relationship between these are crucial for under-
standing the pathogenesis of COPD and for the development 
of novel prophylactic treatment options.

In conclusion, the present study established a rat model of 
PCP via steroid injection, and then tested the pathogenicity of 
P. jirovecii infection, investigated the inflammatory response 
following PCP, and evaluated the expression of factors closely 
related to COPD, including MMPs and HSP-27. The present 
findings suggested that Pneumocystis caused pulmonary 
inflammation similar to COPD, which may contribute to lung 
tissue destruction, as well as the development of pulmonary 
emphysema, protease-antiprotease imbalance, and induction 
of oxidative stress in alveolar macrophages. It was demon-
strated that P. jirovecii infection may have an indirect role 
in the progression of COPD therefore providing evidence for 
Pneumocystis pathogenicity and its role in COPD development 
and progression.
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