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A B S T R A C T   

Opportunistic fungal pneumonia is a cause of concern in immunocompromised patients due to its high morbidity 
and mortality rates. One such opportunistic agent affecting immunocompromised patients is the microsporidia 
called Encephalitozoon cuniculi. This study aimed to evaluate pneumonia caused by E. cuniculi in mice treated with 
the immunosuppressive agent cyclophosphamide (Cy). This study also aimed to describe the immune cells 
associated with the microsporidial pneumonia. C57BL/6 mice were infected intravenously with E. cuniculi spores 
and treated with Cy (75 mg/kg/week, intraperitoneally). Thirty days post-infection, the fungal burden (qPCR), 
histopathological lesions, cytokine production, and the phenotype of the immune cells in the lung parenchyma 
were evaluated. Histologically, interstitial pneumonia with lymphocytic infiltrate was observed in the infected 
animals. The infiltrate mainly consisted of CD8+ and CD4+ T lymphocytes, with reduced populations of B 
lymphocytes and macrophages. The production of tumor necrosis factor-alpha (TNF-α) was significant in the 
animals of the infected groups. Also, the fungal burden was higher in the Cy-treated animals, which was 
confirmed by the immunohistochemical observation of spores. These results demonstrated that E. cuniculi 
infection of C57BL/6 mice caused lymphocytic interstitial pneumonia (characterized by a predominant lym
phocytic infiltrate), which was aggravated by Cy-induced immunosuppression. Thus, these results can be used to 
understand the different pathological, immunological, and therapeutic aspects of lymphocytic interstitial 
pneumonia.   

1. Introduction 

Pneumonia is considered the most aggressive pathological condition 
affecting the lower respiratory tract (Scott et al., 2012; Torres et al., 
2019). Infectious agents causing pneumonia include bacteria, viruses, 
fungi, and protozoa; however, the vast majority of cases result from 
Streptococcus pneumoniae infections (Bradley et al., 2011; Gramegna 
et al., 2018). Interestingly, the etiology of pneumonia often remains 
undetected despite extensive diagnostic tests (Jain et al., 2015). The 
incidence, diagnosis, and clinical severity of pneumonia have increased 
in recent years, especially in immunocompromised patients, such as 
organ receptors, carriers of autoimmune diseases, patients infected with 
human immunodeficiency virus (HIV) and people on 

immunosuppressive drugs (Ghoyounchi et al., 2017). Among patients 
suffering from community-acquired pneumonia, 17.6% have some risk 
factor that compromises immunity, including chronic use of steroids, 
malignant hematological diseases, and chemotherapy (Di Pasquale 
et al., 2019). A significant rise in fungal infections was observed in the 
above-mentioned group of patients (Baker et al., 2020; Limper et al., 
2011). 

The phylum Microsporidia comprises more than 200 genera and 
1400 species, with at least 16 species described in humans (Han et al., 
2017). They are single-celled, obligatory intracellular fungi that are 
known to infect a range of vertebrate and invertebrate hosts (Sak et al., 
2011; Kaczmarek and Boguś, 2021). Microsporidiosis is an opportunistic 
infection that occurs worldwide and affects immunocompromised 
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people, children, the elderly, travelers, etc. (Didier et al., 2009; 
Ghoyounchi et al., 2017). 

Encephalitozoon cuniculi is a microsporidia causing severe and lethal 
systemic disease, without any effective treatment, in immunodeficient 
individuals. Encephalitozoonosis associated with pulmonary symptoms 
or pneumonia has been reported in HIV + patients (Weitzel et al., 2001), 
kidney transplant recipients (Kicia et al., 2019), and in a patient who 
received an allogeneic bone marrow transplant (Orenstein et al., 2005). 
Generally, such reports refer to several challenges in the diagnosis and 
treatment of patients, leading to lethal evolution and, therefore, poor 
prognosis. In a study based on BALB/c mice infected intraperitoneally 
with E. cuniculi, the involvement of the lower airways characterized by 
different degrees of degeneration, necrosis, detachment of the bronchi
olar epithelium, presence of inflammatory infiltrates made up of 
mononuclear cells, and the existence of spores (both unassociated and 
associated with inflammatory cells) in the lung parenchyma was 
observed (Lallo et al., 2013). Other studies have demonstrated that 
E. cuniculi infection could determine granulomatous pneumonia and 
interstitial multifocal pneumonia, with the presence of peribronchiolar 
infiltrate and free spores on the walls of the alveoli (da Costa et al., 2017; 
Langanke Dos Santos et al., 2018). 

Due to the importance of pneumonia in immunosuppressed patients, 
the development of animal models that assist in understanding and 
evaluating the role of immune cells against opportunistic agents is 
essential for making therapeutic decisions. Cyclophosphamide (Cy) is an 
immunosuppressive drug widely used in the treatment of autoimmune 
and alloimmune diseases (Brodsky, 2010, Dezern et al., 2013) and also 
in transplant procedures, such as bone marrow transplantation (Colvin, 
1999). It is included in the list of the World Health Organization (WHO) 
among the essential medicines for health systems for its effectiveness, 
cost, and safety (WHO, 2013). Also, due to its therapeutic efficacy and 
the stimulation of the immune response, it is one of the most successful 
drugs in anticancer treatment (Emadi et al., 2009, Sistigu et al., 2011). 
This drug is used as an important tool in experimental studies as it is 
known to mimic clinical conditions (Sevko et al., 2013). In this context, 
the present study aimed to develop a model of pneumonia in mice 
immunosuppressed with Cy and infected with E. cuniculi. Additionally, 
the phenotypic immune components present in the lung parenchyma of 
these animals were also characterized. 

2. Materials and methods 

2.1. Animals and ethical statement 

Pathogen-free six to eight-week-old C57BL/6 mice were purchased 
from the Federal University of Sao Paulo (CEDEME, UNIFESP), Brazil. 
Animals were housed in specific pathogen-free conditions, fed with food 
and water ad libitum at the Animal Facility of Paulista University, Sao 
Paulo, Brazil. All animal procedures were carried out in strict accor
dance with the Paulista University Ethics Committee (Project license 
024/2018). 

2.2. E. cuniculi cultivation 

E. cuniculi spores were bought (Waterborne Inc., New Orleans, LA, 
USA) and propagated in rabbit kidney cells (RK-13) in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), pyruvate, non-essential amino acids, and gentamycin at 
37 ◦C and 5% CO2 (Visvesvara, 2002). Spores were collected from the 
supernatant, washed three times with phosphate-buffered saline (PBS), 
and counted in a Neubauer chamber. 

2.3. Study design 

Animals were divided into four experimental groups. 1. Infected: 
Mice infected with E. cuniculi; 2. Uninfected: Uninfected and non-treated 

(i.e., not treated with Cy) mice; 3. Cy-Infected: Mice treated with Cy and 
infected with E. cuniculi; and 4. Cy-Uninfected: Mice treated with Cy. A 
previously established protocol (Lallo and Hirschfeld, 2012) of Cy- 
treatment was followed, with intraperitoneal injections of 75 mg/kg 
twice a week (Genuxal®, Asta Medica Oncologia, São Paulo, Brazil) 
starting at the day of infection until 28 days post-infection (dpi). Mice 
were intravenously infected with 1 × 107 E. cuniculi spores, and the 
uninfected mice were included as controls. 

2.4. Necropsy and tissue sampling 

At 30 dpi, all animals were euthanized with a mixture of ketamine 
(100 mg/mL), xylazine (20 mg/mL), and fentanyl (0.05 mg/mL). The 
lung samples were collected and fixed in 10% buffered formalin for 72 h, 
and the microscopic analysis was performed for 4 μm hematoxylin and 
eosin (H&E)-stained tissue sections. For each animal, the morphometric 
analysis of the inflammatory infiltrate was performed for four selected 
“hot spots” in the histological field using an Opticam 0400S microscope 
fitted to a 10X eyepiece and a 40X objective. The area occupied by 
leukocytes was measured in pixels by the Image Analysis software 
(MetaMorph Software, Molecular Devices, California, USA), and the 
mean areas of each experimental group were used for statistical analysis. 

2.5. Immunohistochemistry 

Approximately 3 µm histological sections of the lungs were placed on 
salinized slides and deparaffinized. For antigen recovery, the sections 
were incubated with trypsin (proteolytic enzyme) at 37 ◦C for 15 min, 
with subsequent blocking of endogenous peroxidase by incubating the 
slides for 10 min in 3% hydrogen peroxide and methanol (50:50) twice. 
The slides were then incubated in primary polyclonal antibody (Ab), 
which was 1:10,000 diluted rabbit IgG (against E. cuniculi) (MEDICAGO, 
UPPSALA, SWEDEN, Catalogue number 18–9001–1), for 18 h at 4 ◦C. 
Secondary anti-rabbit Ab was applied for 30 min in an oven at 37 ◦C 
(ImmPRESS ™ Universal Reagent Anti-Mouse/Rabbit IgG, Vector Lab
oratories, N. MP-7500). For visualization, the slides were stained with 
the chromogen 3′, 3′-diaminobenzidine (DAB) and counterstained with 
hematoxylin; the slides were observed and photographed under a light 
microscope (Leica DMLD, Greenville, SC, USA). 

2.6. Fungal burden 

The fungal burden was determined by real-time PCR (qPCR)-based 
quantification of the fungal genomic DNA present in the lung tissue. 
After euthanasia, the lung samples were weighed, and a constant 
amount of pulmonary lobe was frozen in RNAlater for a maximum of 30 
days. The DNeasy Blood & Tissue extraction kit (Qiagen®) was used as 
per the manufacturer’s instructions and the protocol described by 
Moretto et al. (2015). The lung fragments were thawed and cut into 
smaller pieces, with the subsequent addition of the buffer and incuba
tion at 56 ◦C in a water bath. Every 15 min, homogenization was per
formed until the tissue was completely lysed. Subsequently, 1 mL of the 
lysed material was transferred to a new tube; 200 µL of the ATL buffer 
was added, mixed in a vortex for 30 s, and incubated in a water bath at 
70 ◦C for 10 min. Afterward, 200 µL of 100% ethanol was added, and the 
tissue was homogenized again in the vortex. The extracted DNA was 
transferred to another tube with the addition of 500 µL of buffer AW1, 
centrifuged for 1 min at 6000 g, and stored at –20 ◦C for qPCR analysis. 

2.7. Phenotypic characterization of the immunological components of the 
lung parenchyma 

The lungs were removed and incubated at 37 ◦C in a water bath for 
30 min. Afterward, the samples were mechanically dissociated (BD 
Medimachine, TO, ITALY), and the resulting cell suspensions were 
filtered through a 70 µm cell strainer and treated with hemolytic buffer. 
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The lung samples were transferred to a 15 mL falcon tube, and the 
supernatant was removed after centrifuging at 500g, 4 ◦C for 7 min. To 
the remaining pellet, 1 mL of hemolytic buffer was added and incubated 
for 90 s at 4 ◦C to eliminate red blood cells. After centrifuging at 421 g, 
4 ◦C for 7 min, 10 mL of PBS solution was added and again centrifuged at 
500g, 4 ◦C for 7 min. To block the Fc receptors, the samples were 
incubated for 20 min in an ice bath with anti-CD16/CD32 antibodies in a 
PBS solution plus 1% bovine serum albumin (PBS-BSA) (20 µL). Subse
quently, the cells were washed and incubated for 30 min at 4 ◦C with the 
following monoclonal antibodies: anti-mouse CD19 conjugated to allo
phycocyanin (APC) (eBioscience), anti-mouse CD45 conjugated to 
phycoerythrin (PE) (Bio Albra), mouse anti-CD4 conjugated to 
peridinin-chlorophyll-protein complex (PerCP), mouse anti-CD8 conju
gated to fluorescein isothiocyanate (FITC), anti-mouse F4/80 conju
gated to PE Cy7a (eBioscience), and anti-mouse CD11b conjugated to 
APC Cy7 (BD Biosciences). Then, the cells were washed and resuspended 
in 100 µL of PBS, centrifuged at 4 ◦C for 5 min at 500 g; the supernatant 
was discarded, and the cells were fixed in a 1% paraformaldehyde- 
buffered solution (PFA). To remove the PFA, the samples were centri
fuged at 4 ◦C for 5 min at 2000 rpm and resuspended in PBS (200 µL) for 
reading on a BD Accuri™ C6 Flow cytometer (BD Biosciences). 

Phenotypically, macrophages were characterized as follows: total 
(F4/80+CD11b+), interstitial (F4/80+CD11b+SIGLEC-F–), and alveolar 
macrophages (F4/80+CD11b–SIGLEC-F+) (Hussell and Bell, 2014). In 
addition, the remaining cells were identified according to the following 
phenotypes: CD4+ T lymphocytes (CD45+CD4+), CD8+ T lymphocytes 
(CD45+CD8+), and B lymphocytes (CD45+CD19+). 

2.8. Cytokines quantification 

Half of the lungs obtained after the necropsy was refrigerated with a 
protease inhibitor (Protease Inhibitor Cocktail, Sigma-Aldrich, Saint 
Louis, USA). After grinding, the material was centrifuged, and the su
pernatant was stored at − 80 ◦C. Subsequently, after thawing, the lung 
was processed in PreCellys for three cycles for 20 s and passed through a 
cell strainer for removal of debris. Cytokines were measured by flow 
cytometry using the CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Bio
sciences, CA, EUA) for detection of IL-2, IL-4, IL-6, IL-10, IL-17, IFN-γ, 
and TNF-α, according to the manufacturer’s instructions. In brief, 25 µL 
of each sample was added to capture beads specific for the cytokines and 
PE-labeled secondary antibodies and incubated for 2 h at room tem
perature in the dark. Two-color flow cytometric analysis was performed 
using FACSCanto II (BD Biosciences, Mountain View, CA) and analyzed 
using FCAP Array 1.0 software. 

2.9. Statistical analysis 

Variance analysis (ANOVA) and Tukey and Bonferroni multiple 
comparison post-tests were performed. All values were represented as 
mean ± standard error mean (SEM), with the significance of α = 0.05 (p 
< 0.05). Graphs were plotted using “GraphPad Prism” version 5.0 for 
Windows ® (GraphPad Software Inc, La Jolla, CA, EUA). 

3. Results 

3.1. E. cuniculi induces interstitial pneumonia in C57BL/6 mice 

Results indicated zero deaths up to 30dpi of C57BL/6 mice infected 
with E. cuniculi in both the Cy-treated and untreated groups. Interstitial 
pneumonia was observed in the lungs of the animals belonging to the 
Infected and Cy-Infected groups, with thickening of the alveolar walls 
associated with lymphoplasmacytic infiltration. Based on the morpho
metric analysis, it was concluded that statistically significant differences 
do not exist between the groups regarding the area occupied by the 
alveolar infiltrate. The histological sections of the lungs of the infected 
mice demonstrated preservation of pulmonary compartmentalization, 

with reduction of the exchange areas associated with thickening of the 
alveolar walls. The morphometric analysis of infiltrative lesions in the 
lungs did not indicate any significant difference between the infected 
groups. The presence of multiple leukocyte infiltration sites in the 
alveolar wall, with a lymphoplasmacytic predominance, is noteworthy. 
The presence of vascular congestion, eventual hemorrhage, and histo
logically preserved pneumocytes completed the picture observed 
through experimental infection (Fig. 1). 

3.2. Treatment with Cy resulted in a higher pulmonary fungal burden 

The results of qPCR indicated a higher fungal burden in the lungs of 
animals treated with Cy (Cy-Infected) compared to that of the infected 
animals (Fig. 2). The immunohistochemical technique (IHC) allowed the 
observation of E. cuniculi spores in the pulmonary interstitium (free 
spores) and, possibly, within the macrophages and epithelial cells, of the 
animals of the Cy-Infected and Infected groups (Fig. 1). 

3.3. Interstitial inflammatory infiltrate was characterized by the 
predominance of T lymphocytes 

An upward trend was identified, although with no statistical differ
ence, in the CD8+ T lymphocyte population in the lungs of animals 
belonging to the Infected and Cy-Uninfected groups, compared to the 
Uninfected and Cy-Infected groups (Fig. 3A). As for the number of CD4+ T 
lymphocytes, it was observed that the reduction in this population was 
predominantly linked with the application of Cy, since the Cy-Uninfected 
group had a smaller population than the Infected and Uninfected control 
groups (Fig. 3B). The ratio of CD4+ and CD8+ T lymphocytes was higher 
in the Infected group (Fig. 3C), suggesting that the increase in the CD4+ T 
population is directly related to the presence of E. cuniculi, as demon
strated in a previous study (da Costa et al., 2017). 

Regarding the population of B lymphocytes (CD45+and CD19+) 
present in the lungs, a decrease was observed in all infected animals 
(Infected and Cy-Infected) and in the Cy-Uninfected group compared to 
the Uninfected control. Also, in the Cy-Infected group, the number of B 
lymphocytes was lower than in the Cy-Uninfected and Infected groups 
(Fig. 3D). 

As for the macrophage population, results indicated that the total 
pulmonary macrophages (F4/80+CD11b+) decreased in all infected 
animals (Infected and Cy-Infected) and in the Cy-Uninfected group 
compared to the Uninfected control (Fig. 4A). By phenotypically differ
entiating the populations of macrophages present in the lungs into 
interstitial (F4/80+CD11b+SIGLEC-F–) and alveolar (F4/ 
80+CD11b+SIGLEC-F+), it was observed that the two subpopulations 
followed the same pattern of behavior, that is, there was a reduction of 
this population in infected animals (Infected and Cy-Infected) and in the 
Cy-Uninfected group compared to the Uninfected control (Fig. 4B and 4C). 

3.4. Increase of TNF-α in the lungs and serum of mice with E. cuniculi- 
induced pneumonia 

Results indicated a significant increase of TNF-α in the lung tissue of 
E. cuniculi-infected animals treated with Cy compared to the other 
groups (Fig. 5A). In serum, an increase in TNF-α levels was detected in 
infected animals; however, a statistically significant difference was 
observed only in the Cy-Infected group compared to the Cy-Uninfected 
and Uninfected groups (Fig. 5B). The cytokines IL-2, IL-4, IL-6, IL-10, IL- 
17A, and IFN-γ were not detected in the serum and lung tissues of these 
mice (data not shown). 

4. Discussion 

Pneumonia caused by opportunistic fungi, such as microsporidia, is 
currently an important public health concern as it affects individuals 
with chronic health problems or weakened immune systems (Limper 
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et al., 2011; Girmenia and Iori, 2012). This is supported by the fact that 
the number of microsporidiosis cases in immunosuppressed and 
immunocompetent patients has increased in recent years (Kotkova et al., 
2013; Kicia et al., 2016; Kicia et al., 2018). Since the available therapies 
are long, toxic, and ineffective, the infection greatly worsens the con
dition of the affected host (Kotkova et al., 2013; Özkoç et al., 2016; Kicia 
et al., 2019). Recently, an 8% prevalence of microsporidia was identified 
in kidney transplant patients treated with immunosuppressants, and a 
positive association was identified between pneumonia and E. cuniculi 

infection (Kicia et al., 2019). In the present study, C57BL/6 mice were 
infected with spores of the opportunistic pathogen E. cuniculi and treated 
with Cy to mimic the conditions of immunosuppression commonly 
observed in transplant recipients, carriers of autoimmune diseases, or 
patients undergoing anticancer therapy. The infected animals, with or 
without Cy treatment, presented interstitial pneumonia with infiltrate, 
characterized by the increased presence of T lymphocytes. 

As microsporidia are intracellular pathogens, studies have identified 
that the protective immune response against encephalitozoonosis is 

Fig. 1. Photomicrographs of the lung pa
renchyma of mice belonging to the Unin
fected, Infected, Cy-Infected and Cy-Uninfected 
groups. Note the presence of interstitial 
pneumonia in animals of the Infected and Cy- 
Infected groups, evidenced by leukocyte 
infiltrate and alveolar wall thickening 
(arrow). (A) Uninfected without pneumonia 
and spores (H&E staining); (B) Uninfected 
(DAB chromogen staining; hematoxylin 
counterstained); (C) Cy-Infected with a severe 
interstitial pneumonia, evidenced by leuko
cyte infiltrate and alveolar wall thickening 
(*) (H&E staining); (D) Infected with more 
localized interstitial pneumonia (*) (H&E 
staining); (E) Cy-Infected evidenced by 
leukocyte infiltrate and alveolar wall thick
ening (arrow) (H&E staining); (F) Note the 
higher number of E. cuniculi spores in the Cy- 
Infected animals (DAB chromogen staining; 
hematoxylin counterstained); (G) Infected 
evidenced by leukocyte infiltrate and alve
olar wall thickening (arrow); (H) Note the 
rare presence of E. cuniculi spores in the 
Infected animals (DAB chromogen staining; 
hematoxylin counterstained).   
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Fig. 2. Quantification of the fungal burden by real-time PCR (qPCR) technique in the lung parenchyma of mice belonging to the Infected, Cy-Infected, Uninfected, and 
Cy-Uninfected groups. A) Results observed per sample per animal; 1– 4: Infected animals; 5–8: Cy-infected animals and uninfected control; B) The higher fungal burden 
of animals treated with cyclophosphamide. Student’s t-test, p < 0.05*. 

Fig. 3. Evaluation of lymphocytes present in the lung parenchyma of C57BL/6 mice, inoculated (+) or not (− ) with E. cuniculi and treated (+) or not (− ) with 
cyclophosphamide. A) CD45+CD8+ T lymphocyte. B) CD45+CD4+ T lymphocyte. C) CD45+CD4+/CD45+CD8+ ratio. D) CD45+CD19+ B lymphocytes. One-way 
analysis of variance (ANOVA) with Tukey post-test revealed p < 0.05*, p < 0.01**, p < 0.001***, and p < 0.0001****. 
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mediated mainly by CD8+ T lymphocytes; they act directly by secreting 
perforins and granzymes, inducing the apoptosis of infected cells 
(Braunfuchsová et al., 1999; Moretto et al., 2001). Our findings indi
cated an increase in the population of CD8+ T lymphocytes in the lungs 
of animals from the Infected and Cy-Uninfected groups, compared to the 
Uninfected and Cy-Infected groups, corroborating the data in the litera
ture. The increase in the number of CD8+ T cells in the lungs and the 
expression of perforins by these cells were evidenced in a murine model 

of pulmonary infection with M. tuberculosis by inhalation and intrave
nous methods; the increase after four weeks of infection suggested that 
the release of cytotoxic granules by CD8+ T cells during infection ex
plains the mechanism of death of M. tuberculosis (Serbina et al., 2000). In 
this sense, the increase in the population of CD8+ T cells in the lungs of 
mice not treated with Cy corroborates the effector, and cytotoxic func
tion previously described; however, this population was characterized in 
the lungs in an unprecedented way. 

Previous research indicates that the increase in CD8+ T cell popu
lation in the intestinal mucosa was related to the elimination of the 
pathogen and greater resistance to infection (Moretto et al., 2004, 
Langanke dos Santos et al., 2018). Thus, the reduction in the CD8+ T 
lymphocyte population in mice of the Cy-Infected group is associated 
with a greater fungal load, which reinforces the role of cytotoxic lym
phocytes in controlling microsporidiosis. Since the reduction of CD8+ T 
cells was observed only in the Infected and Cy-Infected groups and not in 
the Cy-Uninfected group, it is evident that the decreased numbers are not 
an effect of the drug. 

Among the various roles of CD8+ T cells in the immune response, an 
interesting phenomenon was evidenced in a study with M. tuberculosis. 
In this study, simultaneous production of IFN-γ and TNF-α, similar to 
CD4+ T cells, was observed, along with a cytotoxic action leading to the 
death of infected macrophages (Serbina et al., 2000). In infection with 
other pathogens, such as Chlamydia trachomatis and Listeria 

Fig. 4. Evaluation of macrophages present in the lung parenchyma of C57BL/6 
mice, inoculated (+) or not (− ) with E. cuniculi and treated (+) or not (− ) with 
cyclophosphamide. A) The total lung macrophage population (F4/80+). B) The 
population of interstitial macrophages expressing (F4/80+CD11b+SIGLEC-F–). 
C) Alveolar macrophage population (F4/80+CD11b–SIGLEC-F+). One-way 
analysis of variance (ANOVA) with Tukey post-test revealed p < 0.05* and p 
< 0.001***. 

Fig. 5. TNF-α levels detected in the lung parenchyma (A) and serum (B) of 
C57BL/6 mice inoculated (+) or not (− ) with E. cuniculi and treated (+) or not 
(− ) with cyclophosphamide. One-way ANOVA analysis of variance with Bon
ferroni post-test revealed statistically significant differences; p < 0.05* and p 
< 0.01**. 
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monocytogenes, CD8+ T cells induce protection by producing IFN-γ 
(Lampe et al., 1998; Harty et al., 1992). In our study, among the eval
uated cytokines, a significant increase was observed only for TNF-α in 
the lungs of the Cy-Infected animals and in the serum of the Cy-Infected 
and Infected groups. Studies have indicated that in the aerial infection of 
C. neoformans, the alveolar macrophages produce TNF-α (Huffnagle 
et al., 1985; Levitz et al., 1994; Herring et al., 2002). Other cells of the 
innate immune response, such as neutrophils and natural killer cells, can 
also produce TNF-α (Uezu et al., 2004). According to Herring et al. 
(2002), TNF-α is expressed during the first week of infection by alveolar 
macrophages via a T cell-independent mechanism, without increasing 
the antifungal activity of pulmonary phagocytes. 

A study with C. neoformans in CBA mice described an increase in the 
number of CD4+ T lymphocytes after the second week of infection, with 
an increase in IFN-γ production in the lungs and without any change in 
the number of CD8+ T lymphocytes (Lindell et al., 2006). Previous 
studies have demonstrated the role of CD4+ T lymphocytes in crypto
coccal infection, in which, Th1 cytokines, such as IFN-γ, IL-12, IL-18, 
and TNF-α, were shown to be essential for host protection (Kawakami 
et al., 2000; Gordon, 2002). In the present study, a reduction in the 
CD4+ T lymphocyte population was observed only in the Cy-Uninfected 
group as a direct result of the drug’s action. In the Cy-Infected and 
Infected groups, the populations were similar to that of the Uninfected 
group. Previous studies have shown that protective immunity against 
E. cuniculi infection via the intraperitoneal route is exclusively depen
dent on CD8+ T cells; however, when inoculated orally, the participation 
of CD8+ and CD4+ T lymphocytes is equally important to confer resis
tance to the infection. (Ghosh and Weiss, 2012; Moretto et al., 2004). 
The results of this study demonstrated that CD8+ T lymphocytes play a 
predominant role in the immune response in lung tissue. 

Cy is a cytotoxic alkylant, biotransformed by cytochrome P450, and 
prevents cell division, facilitates apoptosis, delays and suppresses the 
response of T, B cells, and pulmonary macrophages, favors myelosup
pression, and affects the function and number of neutrophils, lympho
cytes, red blood cells, and platelets (LeVine et al., 1999; Brodsky, 2010; 
Emadi et al., 2009). In the present study, compared to the Uninfected 
group, a decrease in B lymphocytes was observed in all the groups, a 
finding that can be attributed to the effects of Cy. However, the Infected 
group exhibited more B lymphocytes than the Cy-Infected and Cy-Unin
fected groups, suggesting that the E. cuniculi infection mobilized the B 
lymphocyte response. In studies based on B-2 mice infected intraperi
toneally (da Costa et al., 2017) or orally (Langanke dos Santos et al., 
2018) with E. cuniculi, lower resistance to infection was observed; a fact 
that reinforces our findings that Cy-Infected mice had a higher fungal 
load. Other studies have demonstrated that the infection of rabbits and 
foxes with E. cuniculi stimulated an inflammatory reaction and the 
production of higher levels of antibodies, a fact that highlights the 
importance of these lymphocytes in microsporidiosis (Leipig et al., 
2013; Akerstedt et al., 2002). In the pulmonary infection of mice with 
M. pulmonis, greater infiltration of B lymphocytes and a large number of 
specific immunoglobulins against mycoplasma were observed (Xu et al., 
2006). Therefore, the function of B cells, which allows the differentia
tion of their subtypes and measurement of immunoglobulins, should be 
further explored in future studies. 

Macrophages are essential for linking the innate and acquired im
mune response; hence, their presence is important at the body’s entry 
points (resident macrophages), such as in the pulmonary alveoli. After 
antigen recognition, these cells release chemokines, cytokines, nitric 
oxide, and free radicals. During the innate and adaptive immune re
sponses that occur against pneumonia-causing pathogens, alveolar and 
interstitial macrophages play a fundamental role by modulating the 
expression of CD4+ T cells; when activated, these cells control the 
infection and participate in the formation of granulomas (Voelz et al., 
2009). They also play an important role in maintaining lung homeostasis 
and removing pathogens and harmful particles without inducing 
inflammation or recruiting monocytes and neutrophils (Lee, 2012). In 

bacterial infections, macrophages are an important indicator of the in
flammatory response as they are the first line of defense against infection 
(Weiss and Schaible, 2015; Storek and Monack, 2015). 

In experimental models of respiratory infection with Mycoplasma 
pneumoniae, an increase in the number of dendritic cells and lung 
macrophages was observed after 14 dpi, i.e., predominantly in the in
flammatory process (Sun et al., 2013). However, in this study, the pul
monary populations of the total, interstitial, and alveolar macrophages 
were reduced after E. cuniculi infection and Cy treatment. In experi
mental models of viral pneumonia induced by the influenza virus, 
alveolar macrophage deficiency favored the occurrence of diffuse and 
severe alveolar damage, with lethal respiratory compromise, indicating 
the protective role of alveolar macrophages (Cardani et al., 2017). These 
results corroborate the findings of this study, according to which a 
reduction in macrophages associated with the presence of histological 
lesions was observed. These lesions were caused by the presence of 
multiple sites of leukocyte infiltration in the alveolar wall, with a pre
dominance of lymphoplasmacytic infiltration. 

A study performed on mice infected intratracheally with C. albicans 
on the 5th day and treated with Cy (150 mg/kg/day, 4 days, and 
intraperitoneally) demonstrated increased susceptibility to pulmonary 
infection, with a decrease in the number of macrophages in the bron
choalveolar lavage and dissemination of the infection with consequent 
death of the animals. In vitro experiments conducted in the same study 
indicated that the alveolar macrophages from mice belonging to the 
control group were able to eliminate approximately 70% of C. albicans in 
3 h. However, in the group of animals treated with Cy, only 20% of the 
pathogens were eliminated, indicating that an increased number of 
macrophages is necessary for the complete elimination of C. albicans 
from the lung tissue (Sawyer and Harmse, 1989). 

A study carried out with C57BL/6 mice treated subcutaneously with 
Cy for 5 days, at a dose of 150 mg/kg on the first day and 100 mg/kg on 
the other days, demonstrated an association between peripheral blood 
leukopenia and decreased the number of alveolar macrophages in the 
lung. However, no association was observed between the increased 
number of leukocytes in the peripheral blood and alveolar macrophages 
after treatment with granulocyte–macrophage colony-stimulating factor 
(GM-CSF). Also, Cy administration did not affect the production of TNF- 
α and NO, along with no effect on bacterial phagocytosis, suggesting that 
Cy has a direct and persistent action on the number of macrophages, but 
not on their function (Santosuosso et al., 2002). Since macrophages 
perform intense spore phagocytosis and constitute important antigen- 
presenting cells in the lungs that are the targets of this activity, we 
speculate that the decrease in macrophage populations can be attributed 
to the cytotoxic activity of CD8+ T lymphocytes. 

The results obtained here allowed us to conclude that the infection of 
C57BL/6 mice with E. cuniculi allowed the development of interstitial 
pneumonia characterized by a predominant lymphocytic infiltrate in 
both Cy-treated and untreated mice. The inflammatory infiltrate was 
predominantly made up of CD8+ and CD4+ T lymphocytes. Also, 
immunosuppression aggravated pneumonia and increased the fungal 
burden. Therefore, this model can be utilized to understand the different 
pathological, immunological, and therapeutic aspects of lymphocytic 
interstitial pneumonia. 
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Encephalitozoon cuniculi infection in renal transplant recipients. Int. J. Infect. Dis. 79, 
21–25. https://doi.org/10.1016/j.ijid.2018.10.016. 

Kotkova, M., Sak, B., Kvetonova, D., Kvac, M., Didier, E., 2013. Latent microsporidiosis 
caused by Encephalitozoon cuniculi in immunocompetent hosts: a murine model 
demonstrating the ineffectiveness of the immune system and treatment with 
albendazole. PLoS ONE 8 (4), e60941. 

Lallo, M.A., Hirschfeld, M.M.P., 2012. Encephalitozoonosis in pharmacologically 
immunosuppressed mice. Exp. Parasitol. 131 (3), 339–343. 

Lallo, M.A., da Costa, L.F.V., de Castro, J.M., 2013. Effect of three drugs against 
Encephalitozoon cuniculi infection in immunosuppressed mice. Antimicrobial Agents 
Chemother. 57, 3067–3071. https://doi.org/10.1128/AAC.00157-13. 

Lampe, M.F., Wilson, C.B., Bevan, M.J., Starnbach, M.N., 1998. Gamma Interferon 
production by cytotoxic T lymphocytes is required for resolution of Chlamydia 
trachomatis infection. Infect. Immun. 66 (11), 5457–5461. 

Langanke Dos Santos, D., Alvares-Saraiva, A.M., Xavier, J.G., Spadacci-Morena, D.D., 
Peres, G.B., Rocha, P.R.D.A., et al., 2018. B-1 cells upregulate CD8 T lymphocytes 
and increase proinflammatory cytokines serum levels in oral encephalitozoonosis. 
Microbes Infect. 20 (3), 196–204. https://doi.org/10.1016/j.micinf.2017.11.004. 

Lee, J.S., 2012. Heterogeneity of lung mononuclear phagocytes in chronic obstructive 
pulmonar disease. J. Innate Immun. 4, 489–497. https://doi.org/10.1159/ 
000337434. 

Leipig, M., Matiasek, K., Rinder, H., Janik, D., Emrich, D., Baiker, K., Hermanns, W., 
2013. Value of histopathology, immunohistochemistry, and real-time polymerase 
chainreaction in the confirmatory diagnosis of Encephalitozoon cuniculi infection in 
rabbits. J. Vet. Diagn. Invest. 25 (1), 16–26. 

LeVine, A.M., Reed, J.A., Kurak, K.E., Cianciolo, E., Whitsett, J.A., 1999. GM- 
CSF–deficient mice are susceptible to pulmonary group B streptococcal infection. 
J. Clin. Invest. 103, 563–569. https://doi.org/10.1172/JCI5212. 

Levitz, S.M., Tabuni, A., Kornfeld, H., Reardon, C.C., Golenbock, D.T., 1994. Production 
of tumor necrosis factor alpha in human leukocytes stimulated by Cryptococcus 
neoformans. Infect. Immun. 62, 1975–1981. https://doi.org/10.1128/iai.62.5.1975- 
1981.1994. 

Limper, A.H., Knox, K.S., Sarosi, G.A., Ampel, N.M., Bennett, J.E., Catanzaro, A., 
Davies, S.F., Dismukes, W.E., Hage, C.A., Marr, K.A., Mody, C.H., Perfect, J.R., 
Stevens, D.A., 2011. An official American Thoracic Society statement: treatment of 
fungal infections in adult pulmonary and critical care patients. Am. J. Respir. Crit. 
Care Med. 183 (1), 96–128. 

Lindell, D.M., Moore, T.A., McDonald, R.A., Toews, G.B., Huffnagle, G.B., 2006. 
Compartmentalization of CD4+ T-Cell effector function versus proliferative capacity 
during pulmonary cryptococcosis. Am. J. Pathol. 168, 847–855. https://doi.org/ 
10.2353/ajpath.2006.050522. 

Moretto, M.M., Durell, B., Schwartzman, J.D., Khan, I.A., 2001. γδ T cell-deficient mice 
have a down-regulated CD8+ T cell immune response against Encephalitozoon 
cuniculi infection. J. Immunol. 166, 7389–7397. https://doi.org/10.4049/ 
jimmunol.166.12.7389. 

Moretto, M.M., Weiss, L.M., Khan, I.A., 2004. Induction of a rapid and strong antigen- 
specific intraepithelial lymphocyte response during oral Encephalitozoon cuniculi 
infection. J. Immunol. 172, 4402–4409. https://doi.org/10.4049/ 
jimmunol.172.7.4402. 

Moretto, M.M., Harrow, D.I., Hawley, T.S., Khan, I.A., Deepe, G.S., 2015. Interleukin-12- 
producing CD103+ CD11b− CD8+ dendritic cells are responsible for eliciting gut 
intraepithelial lymphocyte response against Encephalitozoon cuniculi. Infect. Immun. 
83 (12), 4719–4730. https://doi.org/10.1128/IAI.00820–15. 

Orenstein, J.M., Russo, P., Didier, E.D., Bowers, C., Bunin, N., Teachey, D.T., 2005. Fatal 
pulmonary microsporidiosis due to Encephalitozoon cuniculi following allogeneic 
bone marrow transplantation for acute myelogenous leukemia. Ultrastruct. Pathol. 
29, 269–276. https://doi.org/10.1080/01913120590951257. 
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