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A B S T R A C T   

Encephalitozoon cuniculi is a unicellular, spore-forming, obligate intracellular eukaryote belonging to the phylum 
Microsporidia. It is known to infect mainly immunocompromised and immunocompetent mammals, including 
humans. The parasite–host relationship has been evaluated using both in vitro cell culturing and animal models. 
For example, Balb/c and C57BL/6 mouse strains have been used interchangeably, although the latter has been 
considered more susceptible due to the higher fungal load observed after infection. In the present study, we 
identified the characteristics of the immune response of C57BL/6 mice treated or not with the immunosup-
pressant cyclophosphamide (Cy) and challenged with E. cuniculi by intraperitoneal route. After 14 days of 
infection, serum was collected to analyze Th1, Th2, and Th17 cytokine levels. In addition, peritoneal washes 
were performed, and the spleen sample was collected for immune cell phenotyping, whereas liver, spleen, 
kidney, lung, intestine, and central nervous system (CNS) samples were collected for histopathological analysis. 
Although infected mice displayed a reduced absolute number of macrophages, they showed an M1 profile, an 
elevated number of CD4+T, CD8+T, B-1, and B-2 lymphocytes, with a predominance of Th1 inflammatory cy-
tokines (interferon [IFN]-γ, tumor necrosis factor [TNF]-α, and interleukin [IL]-2) and Th17. Furthermore, Cy- 
Infected mice showed a reduced absolute number of macrophages with an M1 profile but a reduced number of 
CD4+T, CD8+T, B-1, and B-2 lymphocytes, with a predominance of Th1 inflammatory cytokines (IFN-γ, TNF-α, 
and IL-2) and Th2 (IL-4). This group displayed a higher fungal burden as well and developed more severe 
encephalitozoonosis, which was associated with a reduced number of T and B lymphocytes and a mixed profile of 
Th1 and Th2 cytokines.   

1. Introduction 

Microsporidia are a group of obligate intracellular parasites 
comprising more than 1400 species. They are known to infect both 
vertebrates and invertebrates (Ruan et al., 2021). These fungi were 
described around 160 years ago with the identification of Nosema 
bombycis, which has been reported to cause pebrin in silkworms. More 
recently, these have been associated with localized or disseminated in-
fections, sometimes fatal. These fungi are opportunistic pathogens, 
especially in immunosuppressed patients (Han et al., 2021; Seatama-
noch et al., 2022). In immunocompromised individuals, infections can 

result in severe consequences, accompanied by persistent diarrhea, 
malabsorption, and weight loss. In addition, these pathogens can survive 
asymptomatically in immunocompetent individuals, with a spontane-
ously resolving course of infection (Pan et al., 2018). 

These findings confirm that both innate and adaptative immunity are 
crucial to resist and protect against microsporidian infections. Several 
immune cells, including macrophages, dendritic cells, and CD8+T cells, 
and cytokines such as interleukin (IL)-12 and interferon (IFN)-γ are 
activated and contribute to the immune defense (Han et al., 2020). 
These responses serve as the first line of defense and mostly involve 
inflammatory cells such as polymorphonuclear neutrophils (PMNs), 
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macrophages, and dendritic cells, and allow partial elimination of par-
asites (Dalboni et al., 2021). In addition, they condition the nature of the 
adaptive immune responses during host infection. 

Mice infected with Encephalitozoon cuniculi have been used to study 
different aspects of the pathophysiology of microsporidiosis. As an 
opportunistic pathogen, E. cuniculi can cause disseminated and lethal 
infection in nude or severe combined immunodeficiency disease (SCID) 
mice; however, such conditions do not represent the most immuno-
suppressive states observed clinically (Han et al., 2019). Pharmacolog-
ical immunosuppression animal models established using 
cyclophosphamide (Cy) (Lallo and Hirschfeld, 2012) or dexamethasone 
(An et al., 2020) have been used to determine more consistent changes 
and increase the susceptibility of animals to microsporidia infection. 
Although inbreeding is used to produce standardized model organisms, 
recent studies have demonstrated that factors such as ambient temper-
ature (Kokolus et al., 2013), nutrition (Di Biase et al., 2016), and the 
microbiome (Garrett, 2015) can significantly impact scientific results; 
thus, thwarting all standardization efforts. Therefore, it is fundamental 
to identify the differences between animal models used in experimental 
studies. 

A high spore load was demonstrated in the peritoneal washings of 
C57BL/6 mice infected intraperitoneally with E. cuniculi, thus, 
increasing the susceptibility of this strain to the pathogen compared to 
the Balb/c mice (Niederkorn et al., 1981). However, no additional ex-
periments were performed to demonstrate or identify the causes of this 
susceptibility, and both strains (Balb/c and C57BL/6) have been used 
interchangeably for experimental studies. C57BL/6 mice are more 
resistant to infection by Leishmania major, whereas Balb/c mice died 
days after infection by the same pathogen (Scott and Farrell, 1982; 
Heinzel et al., 1988). In addition, heightened resistance was identified 
against Mycobacterium tuberculosis, Pasteurella pneumotropica, Chla-
mydia, and even melanoma metástases (Jiang et al., 2010; Bertolini 
et al., 2016; Foerster et al., 2017; Fornefett et al., 2018). Studies 
revealed that in contrast to C57BL/6 mice, which showed a Th1- and 
M1-dominant immune response, BALB/c mice displayed a more Th2- 
and M2-dominant immune response (Mills et al., 2000; Fornefett et al., 
2018). Differences in susceptibility strongly indicated significant vari-
ations in the innate immune system function, which were eventually 
attributed to M1/M2 differences. Inbred mouse strains constitute the 
backbone of biomedical research. Thus, we identified the characteristics 
of the immune response of C57BL/6 mice treated or not with the 
immunosuppressant Cy and challenged with E. cuniculi. 

2. Methods 

2.1. Ethics statement 

All experimental procedures were conducted in accordance with the 
Brazilian law on the use of experimental animals, safety, and use of 
pathogenic agents. The study was approved by the Universidade Paulista 
Ethics Committee for Animals (protocol number: 01016). 

2.2. Animals 

Specific-pathogen free (SPF), 8-week-old, C57BL/6 male mice were 
obtained from the “Centro de Desenvolvimento de Modelos Exper-
imentais para Biologia e Medicina” from the Federal University of São 
Paulo, Brazil. During the experimental period of 35 days, animals were 
housed at the Paulista University Animal Facility and kept under SPF 
conditions with controlled temperature and humidity in microisolators. 

2.3. Encephalitozoon cuniculi spores 

E. cuniculi (genotype I) spores were obtained from Waterborne Inc. 
(New Orleans, LA, USA). The spores were grown in a rabbit kidney cell 
lineage (RK-13, ATCC CCL-37) in Roswell Park Memorial Institute 

(RPMI) medium supplemented with 10% fetal calf serum (FCS), pyru-
vate, non-essential amino acids, and gentamicin at 37 ◦C in 5% CO2 and 
harvested from tissue culture supernatants. Spores were washed thrice 
in phosphate-buffered saline (PBS) and counted using a hemocytometer. 

2.4. Treatment with cyclophosphamide 

Mice in the immunosuppressed group were treated with 200 mg/kg 
Cy intraperitoneally once a week (Genuxal®, Asta Medica Oncologia, 
São Paulo, Brazil), starting on the day of infection (day 0) (Lallo and 
Hirschfeld, 2012). 

2.5. Experimental design 

C57BL/6 mice (n = 5 animals in each group, 20 animals in total) 
were infected or not with spores of E. cuniculi and treated or not with Cy 
throughout the experimental period (Uninfected = control; Infected =
infected with E. cuniculi; Cy-Unifected = treated with Cy and uninfected; 
Cy-Infected = treated with Cy and infected with E. cuniculi) (Fig. 1). After 
14 days of infection, serum was collected to analyze the levels of Th1, 
Th2, and Th17 cytokines. In addition, peritoneal lavage and spleen 
samples were collected for immune cell phenotyping, whereas liver, 
spleen, kidney, lung, intestine, and central nervous system (CNS) sam-
ples were collected for histopathological analysis. 

2.6. Necropsy and sample collection 

Mice were anesthetized by intraperitoneally injecting a solution of 
ketamine (50 mg/mL), xylazine (20 mg/mL), and fentanyl (0.05 mg/ 
mL) to attain cardiorespiratory arrest. A cardiac puncture was per-
formed to collect blood serum. Subsequently, peritoneal cells were ob-
tained by successively washing the peritoneal cavity (PerC) with 10 mL 
of PBS (Sigma, St. Louis, MO, USA). Afterward, half of the spleen was 
processed, and red blood cells were removed using a lysis buffer. Cell 
suspension was centrifuged, and subsequently, cells were washed with 
PBS and re-suspended in 100 μL of PBS supplemented with 1% bovine 
serum albumin (BSA) (1% PBS-BSA) for phenotypic characterization. In 
addition, the liver, kidney, lung, brain, intestine, and half of the spleen 
were fixed in 10% buffered formalin for 72 h and routinely processed for 
histopathology. 

2.7. Immunohistochemistry 

Liver sections of approximately 3 μm in size were placed on silanized 
slides and deparaffinized. After incubation with trypsin (for antigen 
recovery) at 37 ◦C for 15 min, the sections were incubated in 3% 
hydrogen peroxide and methanol (50:50) twice for 10 min to block 
endogenous peroxidase. Subsequently, the slides were incubated in 
primary polyclonal antibody (Ab) against E. cuniculi (1:10,000 diluted 
rabbit IgG, Medicago, Uppsala, Sweden, catalog number 18–9001–1) for 
18 h at 4 ◦C. Next, the slides were incubated with secondary anti-rabbit 
Ab for 30 min in an oven at 37 ◦C (ImmPRESS™ Universal Reagent, anti- 
mouse/rabbit IgG, Vector Laboratories, N. MP-7500). The slides were 
stained with the chromogen 3′,3′-diaminobenzidine (DAB) and coun-
terstained with hematoxylin, and visualized and imaged under a light 
microscope (Leica DMLD, Greenville, SC, USA). 

2.8. Light microscopy 

Paraffin-embedded tissue samples were routinely prepared for his-
topathology. Tissue cuts were stained with hematoxylin–eosin (H&E), 
analyzed, and imaged by DM LS (Leica, German) light microscope, with 
DFC420 image pick-up (Leica) and Leica Application Suite version 3.1.0 
image program. Histological sections of liver fragments obtained from 
each animal and stained with H&E in infected and Cy-infected groups 
were subjected to morphometric analysis. The MetaMorph Microscopy 
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Automation & Image Analysis software (Molecular Devices, California, 
USA) was used to randomly measure the area of 10 lesions of each an-
imal to obtain the mean. Next, the mean of each experimental group was 
calculated. We evaluated the mean area of lesions to compare the 
microsporidian infection in animals between the two groups. 

2.9. Phenotypic characterization of immune cells 

To block the Fc receptors, cells were incubated with anti-CD16/CD32 
antibody (diluted in PBS supplemented with 1% albumin-BSA) for 20 
min. Afterward, the cells were washed and further incubated with the 
following monoclonal antibodies: peridinin chlorophyll (PerCP)- or 
allophycocyanin (APC)-conjugated rat anti-mouse CD19, fluorescein 
isothiocyanate (FITC)-conjugated rat anti-mouse CD23, PerCP- 
conjugated rat anti-mouse CD4, FITC-conjugated rat anti-mouse CD8, 
APC-conjugated rat anti-mouse F4/80, and pacific blue-conjugated rat 
anti-mouse CD11b (BD-Pharmingen, San Diego, CA). Cell phenotypes 
were determined as follows: CD4+T cells (CD19–/CD4+), CD8+T cells 
(CD19–/CD8+), macrophages (CD19–CD11b+F4/80+), B-1 cells (CD23–/ 
CD19+), and B-2 cells (CD23+/CD19+). After 30 min at 4 ◦C, the cells 
were washed and re-suspended in 200 μL of PBS for flow cytometry. 
Data were acquired with BD Accuri™ C6 (BD Biosciences, Mountain 
View, CA). 

2.10. Cytokine quantification 

The serum was obtained from the total blood from each mouse and 
stored at − 80 ◦C. Next, the blood samples were thawed and the levels of 
IL-2, IL-4, IL-6, IFN-γ, TNF-α, IL-17, and IL-10 were measured using the 
BD CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences, CA, USA) 
according to the manufactures’ instructions. Briefly, 25 μL of each 
sample was added to capture the beads specific to the cytokines and PE 
(phycoerythrin)-labeled secondary antibodies. The samples were incu-
bated for 2 h at room temperature in the dark. Two-color flow cyto-
metric analysis was performed using BD Accuri™ C6 (BD Biosciences). 

2.11. Fungal burden 

The fungal burden was determined by real-time polymerase chain 
reaction (qPCR)-based quantification of the fungal genomic DNA in the 
liver tissue. After euthanasia, the liver was weighed, and a constant 
amount of the liver lobe was frozen in RNAlater. The DNeasy Blood & 
Tissue extraction kit (Qiagen®) was used to extract the DNA as per the 
manufacturer’s instructions and the protocol described by Moretto et al. 
(2015). The qPCRs were performed using the QuantStudio™ 5 System 
Real-Time PCR (Applied Biosystems, Foster City, CA, USA) and the Syber 
Green systems (Promega Corporation©, USA). Amplification reaction 
included a total volume of 25 μL/reaction containing 12.5 μL of the 
GoTaq® qPCR Master MixT® kit (Promega Corporation©, USA) along 
with 5 μL of the template DNA and respective primers (20 pmol). Quality 
controls included positive DNA samples obtained from purified sus-
pensions and non-template controls (NTC). 

Synthetic DNA fragments (gBlock® Gene Fragment, IDT, Iowa, USA) 

were used to establish standard curves. The 326-bp target region was 
extracted from the 18S rRNA gene of the reference strain, Donovan E. 
cuniculi (NCBI: txid X98470.1). Ten-fold serial dilutions of gBlock® were 
used to construct a standard curve, reaching from 2.8 × 108 to 2,8 × 102 

gene copies per μL (GC/μL) in each amplification cycle (Cq) for the 18S 
rRNA gene of E. cuniculi. The standard curve was generated using linear 
regression of the relationship between the quantitation cycle value and 
copy number. After amplification, the number of copies (GC/μL) was 
converted to the number of spores/mg, considering the number of 
genomic copies already determined of 22 copies for the 18S rRNA 
(Katinka et al., 2001). 

2.12. Statistical analysis 

The normality was calculated using the Shapiro–Wilk test. The ho-
mogeneity of the variance between the groups was verified using the 
Levene test. One-way analysis of the variance (ANOVA) was performed 
with Tukey’s post-test. Confidence intervals were 95% of the media, and 
analysis was performed using the bootstrap tool. In all cases, the level of 
significance was α < 0.05. All analyses were performed using the 
GraphPad Prism software (GraphPad Software Inc, La Jolla, CA, USA), 
version 7.0 for Windows ®. 

3. Results 

3.1. E. cuniculi infection determined clinical signs and inflammatory 
infiltrate in the liver 

The infected animals (Infected and Cy-Infected) developed clinical 
signs, namely, wasting and lethargy. No deaths were recorded during 
this period. Necropsy revealed discrete ascites, hepatomegaly, and 
splenomegaly in the Infected group; however, clinical findings were 
more severe in the Cy-Infected group. Granulomatous multifocal hepa-
titis was observed randomly in all E. cuniculi-infected groups. Further-
more, spore clusters were associated or not with inflammatory infiltrates 
(Fig. 2A, B, C, D). Despite the immunosuppressive effect of Cy, 
morphometric analysis of the areas of hepatic inflammatory infiltrate 
measured and compared between infected animals revealed no differ-
ences (Fig. 2E). In addition, qPCR indicated a higher fungal burden in 
the liver of animals treated with Cy (Cy-Infected) than in the infected 
animals (Fig. 2F). 

Interstitial multifocal pneumonia was observed in all infected 
groups. These lesions were more severe in Cy-Infected animals (Supple-
mentary Fig. 1). Renal lesions included pyelonephritis, multifocal 
interstitial nephritis, and inflammatory infiltrate in the perirenal fat 
(Supplementary Fig. 1). 

3.2. E. cuniculi infection reduced the macrophage population and cy 
modified its profile 

Studies have demonstrated that the C57BL/6 mouse strain is more 
susceptible to encephalitozoonosis than Balb/c mice. However, there is a 
lack of information to explain the reason for this. In addition, little is 

Fig. 1. Experimental design. C57BL/6 mice were infected or not infected with spores of Encephalitozoon cuniculi and treated or not with cyclophosphamide (Cy). 
After 14 days of infection, serum was collected to check the levels of Th1, Th2, and Th17. Peritoneal lavage and spleen samples were collected for immune cell 
phenotyping, whereas liver, spleen, kidney, lung, intestine, and central nervous system (CNS) samples were collected for histopathological analysis. 
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known about the characteristics of the immune response associated with 
immunosuppression caused by Cy. Here, we demonstrated a significant 
reduction in the number of peritoneal macrophages at the site of 
E. cuniculi inoculation in infected mice (Infected and Cy-Infected groups) 
compared to their uninfected controls (Fig. 3A and B). The expression of 
costimulatory molecules such as CD80 and CD86 was increased in the 
macrophages of the Infected group compared to the other groups, that is, 
uninfected, Cy-Uninfected, and Cy-Infected. Moreover, our results dis-
played an increased expression of CD40 and CD206 in the peritoneum 
and spleen macrophages of groups treated with Cy (Fig. 3A, C, D). 
Increased M1 (CD40 high)/M2 (CD206 high) ratio was noted in Cy-Infected 
versus Cy-Uninfected in the peritoneum (Fig. 3A) and in the Infected 
versus other groups (Fig. 3D). In summary, although E. cuniculi infection 
reduced the population of peritoneal and splenic macrophages, a higher 
expression of CD80 and CD86 (Infected group) was associated with the 
predominance of M1 macrophage profile following Cy treatment. 

3.3. Cy-Infected mice had reduced T and B lymphocytes 

CD8+T lymphocytes are the main effector cells responsible for the 
elimination of E. cuniculi. We found an increased population of CD8+T 
lymphocytes in the peritoneum and spleen of mice in the Infected group. 
However, a comparative analysis showed that Cy treatment reduced the 
number of CD8+ T lymphocytes in Cy-Infected mice than in Infected mice 
(Fig. 4). The number of CD4+T cells increased in the spleen and peri-
toneum of Infected mice, but decreased in Cy-Infected animals; thus, 
showing a similar behavior to CD8+T lymphocytes. A decrease in the 
percentage of B-1 cells was noted in mice following pathogen 

inoculation and Cy treatment. The controls had 40% of the relative 
population of B-1 cells, whereas groups treated with Cy had B-1 cell 
indices below 10% in the peritoneum and spleen (Fig. 5). However, 
infection with E. cuniculi did not modify the number of B-1 cells in the 
peritoneum compared to the Uninfected group, with increased number of 
these cells reported in the spleen (Fig. 5). The absolute number of B-2 
lymphocytes increased in the peritoneum and spleen following infection 
with E. cuniculi as compared to the other groups, which was confirmed 
by the higher percentage of B-2 cells in the spleen of the Infected group 
than in the Cy-Infected group (Fig. 5). In summary, lymphocyte pop-
ulations of CD8+, CD4+, and B-2 and B-1 lymphocytes increased in mice 
following infection and these same populations decreased in Cy-Infected 
animals. 

3.4. Increased inflammatory cytokines in infected mice 

Mice infected with E. cuniculi displayed increased levels of serum 
inflammatory cytokines, that is, IFN-γ, TNF-α, and IL-2 compared to the 
respective non-infected controls (Fig. 6). Only the Infected group re-
ported an increase in the serum levels of IL-17, a cytokine closely related 
to the immune response against fungi. In addition, the production of 
IFN-γ and TNF-α was higher in the Cy-Infected group than in the Infected 
group. The Infected group showed elevated levels of anti-inflammatory 
cytokine IL-4 (Fig. 6). We could not detect IL-10 in any group. 

In summary, although mice in the Infected group showed a reduced 
absolute number of macrophages, they displayed an M1 profile, elevated 
numbers of CD4+T, CD8+T, B-1, and B-2 lymphocytes in association 
with a predominance of Th1 inflammatory cytokines (IFN-γ, TNF-α, and 

Fig. 2. Photomicrographs and lesion area of the he-
patic parenchyma of mice infected with E. cuniculi 
spores and treated with cyclophosphamide (Cy) or 
not. (A) Hepatic granuloma in mice infected with 
E. cuniculi spores (hematoxylin and eosin [H&E] 
staining). (B) Hepatic granuloma in mice infected 
with E. cuniculi spores and treated with cyclophos-
phamide (H&E staining). (C) Collection of spores of 
E. cuniculi in the liver of infected mice (3,3′-dia-
minobenzidine [DAB] chromogen staining; hematox-
ylin counterstained). (D) Large collection of spores of 
E. cuniculi in Cy-infected mice (DAB chromogen 
staining; hematoxylin counterstained). (E) Morpho-
metric analyses (area and perimeter) of liver lesions in 
infected (mice infected with E. cuniculi spores) or Cy- 
infected (mice infected with E. cuniculi spores and 
treated with Cy) (unpaired t-test). (F) Quantification 
of fungal burden in the liver parenchyma of mice 
belonging to the Infected and Cy-Infected groups using 
real-time PCR (qPCR) technique (Student’s t-test, p <
0.05*).   
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IL-2) and Th17 (Table 1). Similarly, although Cy-Infected mice displayed 
a reduced absolute number of macrophages, they had an M1 profile and 
reduced populations of CD4+T, CD8+T, B-1, and B-2 lymphocytes, in 
association with a predominance of Th1 inflammatory cytokines (IFN- γ, 
TNF-α, and IL-2) and Th2 (IL-4) (Table 1), and this group displayed a 
higher fungal burden. 

4. Discussion 

Encephalitozoon cuniculi is an opportunistic pathogen that is known to 
cause disseminated infection in immunosuppressed patients. In certain 
mammals, such as rabbits, the infection is evidenced by high levels of 
antibodies and the presence of an inflammatory process involving the 
CNS and kidneys. It has been reported that E. cuniculi infection causes 

ascites and death after dissemination of the pathogen, with large 
amounts of microsporidian spores identified in the peritoneum, liver, 
and spleen of SCID mice (Salát et al., 2002, 2004, 2006; Koudela et al., 
2004), nude mice (Gannon, 1980; Niederkorn et al., 1981; Liu et al., 
1989), and CD8+T-lymphocyte knockout mice (Khan et al., 1999; 
Moretto et al., 2001). In addition, Niederkorn et al. (1981) demonstrated 
higher recovery of E. cuniculi spores in peritoneal washings following 
intraperitoneal pathogen infection of inbred mice of the C57BL/6 strain, 
indicating the increased susceptibility of this strain to the pathogen. 
Herein, we demonstrated that C57BL/6 mice infected intraperitoneally 
with spores of E. cuniculi displayed symptoms of systemic inflammation 
(lethargy and wasting) associated with the presence of granulomatous 
inflammatory infiltrate distributed in several organs, especially in the 
liver. These findings are corroborated by Lallo and Hirschfeld (2012) 

Fig. 3. Activation phenotype of macrophages obtained from the peritoneal cavity (peritoneum) and spleen of C57BL/6 mice infected with E. cuniculi spores (+) or 
not (− ) and treated with cyclophosphamide (Cy) (+) or not (− ). (A) Peritoneum: Total percentage (%) and number of F4/80+CD11b+ macrophages, mean fluo-
rescence intensity (MFI) of CD80+ and CD86+ costimulatory molecules on macrophages, proportion of F4/80+CD11b+ macrophages expressing CD40+, proportion of 
F4/80+CD11b+ macrophages expressing CD206, and MFI ratio of CD40/CD206 molecules expression on F4/80+CD11b+ macrophages. (B) Dot plots showing the 
percentage of F4/80+ macrophages. (C) Histogram demonstrating the mean surface fluorescence intensity of peritoneal macrophages for CD40 and CD206. (D) 
Spleen: Total percentage (%) and number of F4/80+CD11b+ macrophages, mean fluorescence intensity (MFI) of CD80+ and CD86+ costimulatory molecules on 
macrophages, proportion of F4/80+CD11b+ macrophages expressing CD40+, proportion of F4/80+CD11b+ macrophages expressing CD206, and MFI ratio of CD40/ 
CD206 molecules expression on F4/80+CD11b+ macrophages. The data are represented as mean ± standard error of the mean (SEM) (*p < 0.05, **p < 0.01, ***p <
0.001, one-way analysis of variance (ANOVA) with multiple comparisons and Tukey’s post-test). 
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who reported similar findings in Balb/c mice treated with Cy at the same 
dose and time (Lallo and Hirschfeld, 2012). However, in both mice 
strains, immunosuppressive treatment with Cy is insufficient to deter-
mine a similar course of infection to that observed in nude mice (Nie-
derkorn et al., 1981), SCID mice (Salát et al., 2002), and CD8− /− T cell 
mice (Khan et al., 1999a,b; Moretto et al., 2001a,b) or even Xid mice 
treated with Cy (Moysés et al., 2022). The reduced resistance of these 
animals to infection by E. cuniculi due to the immunosuppressive effects 
of Cy was identified, as evidenced by a higher fungal burden in Cy-In-
fected animals than in the Infected group animals. 

We reported a reduced number of peritoneal and splenic macro-
phages following infection as compared to Balb/c mice that demon-
strated an elevated number of peritoneal macrophages after infection 
(da Costa et al., 2017; Moysés et al., 2022), even with treatment with Cy. 
However, these macrophages were predominantly M1. A few studies 
have demonstrated the functional profile of macrophages or other innate 
immune cells in microsporidial infections (Carriere et al., 2023). In vitro 
studies have demonstrated a predominance of adherent peritoneal 
macrophages with an M1 profile and release of proinflammatory cyto-
kines in the presence of B-1 cells, whereas peritoneal macrophages 
showed an M2 profile, with a delay in microbicidal activity and fewer 
cell death in the absence of B-1 cells (Pereira et al., 2019). In addition, 
we reported a positive connection between inflammation induction and 
a significant increase in E. cuniculi genotypes I and III in inflammatory 
foci in both immunocompetent BALB/c and immunodeficient SCID mice 

in the acute phase of infection (Sak et al., 2022). 
The C57BL/6 strain has a genetic alteration that compromises the 

function of B lymphocytes, resulting in the production of less efficient 
antibodies in these animals (Watkiss et al., 2013; Mahajan et al., 2016). 
Here, we demonstrated a reduced population of B-1 cells in Cy-Infected 
mice. Based on the findings of Pereira et al. (2019), who identified the 
M1 pattern associated with the presence of B-1 cells, we hypothesized 
that a reduction in the macrophage population could be linked to a 
decrease in the number of B-1 cells. 

CD8+T lymphocytes are the primary cells involved in immunity 
against E. cuniculi (Khan et al., 1999a,b; Moretto et al., 2000, 2001). We 
observed an increase in the population of CD8+T lymphocytes in mice 
infected with the pathogen; however, an opposite trend was noted in the 
Cy-Infected group due to the severity of the infection. CD8+T-cell-defi-
cient animals are highly susceptible to this pathogen, and infected mice 
exhibit severe morbidity before death. An inability to clear E. Cuniculi 
infection has been demonstrated for perforin knockout mice, suggesting 
the significant contribution of the cytotoxic function of CD8+T cells 
against the pathogen (Khan et al., 1999a,b). 

Increased serum levels of IFN-γ, TNF-β, and IL-2 were noted in 
infected animals, a finding that corroborates the idea that the C57BL/6 
strain has a Th1 profile. In general, Balb/c mice display classic Th2- 
biased responses (e.g., IL-4, IL-6, IL-10, and IL-13) to several intracel-
lular pathogens, increasing their susceptibility to severe infections 
compared to C57BL/6 mice, thereby demonstrating protective Th1- 

Fig. 4. Evaluation of total percentage (%) and number of CD8+ and CD4+ T cell populations in the peritoneal cavity and spleen of C57 BL/6 mice infected with 
E. cuniculi spores (+) or not (− ) and treated with cyclophosphamide (Cy) (+) or not (− ). (A) Peritoneum. (B) Spleen. The data are represented as mean ± standard 
error of the mean (SEM) (*p < 0.05, **p < 0.01, ***p < 0.001, one-way analysis of variance (ANOVA) with multiple comparisons and Tukey’s post-test). 

Fig. 5. Evaluation of total percentage (%) and number of B-1 and B-2 cell populations in the peritoneal cavity and spleen of C57 BL/6 mice infected with E. cuniculi 
spores (+) or not (− ) and treated with cyclophosphamide (Cy) (+) or not (− ). (A) Peritoneum. (B) Spleen. The data are represented as mean ± standard error of the 
mean (SEM) (*p < 0.05, **p < 0.01, ***p < 0.001, one-way analysis of variance (ANOVA) with multiple comparisons and Tukey’s post-test). 
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biased responses (TNF-β and IFN-γ). Higher levels of pro-inflammatory 
cytokines with Th1 profile were observed in the serum of C57BL/6 
mice, which is in line with the clinical signs of more severe disease and 
corroborates the hypothesis that C57BL/6 mice have a profile similar to 
the XID mice, as previously proposed (Moysés et al., 2022). In contrast, 
elevated levels of IL-2 were observed in the infected groups; IL-2 is a 
cytokine not shown to be fundamental in Balb/c and Xid mice immu-
nosuppressed with Cy and infected with E. cuniculi. Th17 cytokines are 
divided into six IL-17 subtypes, A through F, which can be produced by a 
broad spectrum of cell populations, including γδT, natural killer T 
(NKT), CD8+T cells, neutrophils, microglia, and mast cells (Khan et al., 
1999; Chiricozzi et al., 2011; Moretto & Khan, 2022). The production 
and release of IL-17A are associated with several fungal infections, for 
example, infections caused by Aspergillus fumigatus, Pneumocystis carinii, 
Cryptococcus neoformans, and Candida albicans (Rudner et al., 2007; 

Murdock et al., 2014; Sparber et al. al., 2015; Huang et al., 2016; Levy 
et al., 2016; Guerra et al., 2017). However, IL-17C can exacerbate the 
secretion of proinflammatory cytokines, contributing to the worsening 
of inflammation in systemic fungal infections (Huang et al., 2016). 
Under the conditions described in our study, elevated serum levels of 
IL-17 observed in the Infected group were associated with a lower fungal 
burden, implicating this cytokine as reported for other fungal infections 
(Rudner et al., 2007; Murdock et al., 2014; Sparber et al., 2015; Huang 
et al., 2016; Levy et al., 2016; Guerra et al., 2017). Here, we hypothesize 
that CD4+T lymphocytes, although in reduced numbers, could be 
responsible for the production and release of this inflammatory cyto-
kine. In addition, we highlighted the increased production of IL-4 in the 
Cy-Infected animals as an anti-inflammatory cytokine. Its presence could 
explain the inflammatory infiltration in the liver in similar proportions 
to those observed in the Infected group. 

Fig. 6. Serum levels of TNF-α, IFN-γ, IL-6, IL-2, IL-17A, and IL-4 cytokines in C57BL/6 mice infected with E. cuniculi spores (+) or not (− ) and treated with 
cyclophosphamide (Cy) (+) or not (− ). Data are representative as mean ± standard error of the mean (SEM) (*p < 0.05, **p < 0.01, ***p < 0.001, one-way analysis 
of variance (ANOVA) with multiple comparisons and Tukey’s post-test). 

Table 1 
Differences in immune response measured by macrophages, T and B lymphocytes, and cytokines between the Infected (infected with E. cuniculi) and Cy-Infected (treated 
with cyclophosphamide and infected with E. cuniculi) groups.   

Macrophages Lymphocytes Cytokines 

Infected ↓ in spleen and peritoneum ↑ CD4 T, CD8 T and B-2 in spleen and peritoneum ↑ IFN-γ, TNF-α, IL-2 and IL-17 
↑ CD 80/86 expression ↑B-1 cell spleen 
↑ CD40 (M1) ↓ B-1 cell peritoneum 

Cy-Infected ↓ in spleen and peritoneum ↓ CD4 T, CD8 T, B-2 and B-1 cells in spleen and peritoneum ↑ IFN-γ, TNF-α, IL-2 and IL-4. 
↑ CD40 (M1)  
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5. Conclusion 

In conclusion, mice in the Cy-Infected group developed more severe 
encephalitozoonosis associated with reduced populations of T and B 
lymphocytes, a mixed profile of Th1 and Th2 cytokines as compared 
with the mice in the Infected group. Despite a reduction in the number of 
macrophages, an elevated M1 population was observed. We can attri-
bute the higher resistance of non-immunosuppressed C57BL/6 mice 
(Infected) to the increased number of CD8+T and CD4+T lymphocytes. 
Despite a reduction in the population of macrophages, the M-1 profile 
was predominant, with higher expression of CD80/CD86 and a mixed 
profile of proinflammatory cytokines, with a maintained B-1 cell pop-
ulation. Compared to Balb/c mice, variations in the population of 
peritoneal macrophages are the most striking difference observed in the 
immune response of C57BL/6 mice against encephalitozoonosis. 
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Müller, U., Schrödl, W., Baums, C.G., 2018. Comparative analysis of humoral 
immune responses and pathologies of BALB/c and C57BL/6 wildtype mice 
experimentally infected with a highly virulent Rodentibacter pneumotropicus 
(Pasteurella pneumotropica) strain. BMC Microbiol. 18 (1), 45. https://doi.org/ 
10.1186/s12866–018–1186–8. 

Gannon, J., 1980. The course of infection of Encephalitozoon cuniculi in immunodeficient 
and immunocompetent mice. Lab. Anim. 14, 189–192. PMID: 7431830.  

Garrett, W.S., 2015. Cancer and the microbiota. Science 348 (6230), 80–86. https://doi. 
org/10.1126/science.aaa4972. 

Han, B., Moretto, M., Weiss, L., 2019. Encephalitozoon: tissue culture, cryopreservation, 
and murine infection. Curr. Protoc. Microbiol. 52 (1), e72. http://doi:10.1002/ 
cpmc.72. 

Han, B., Pan, G., Weiss, L.M., 2021. Microsporidiosis in humans. Clin. Microbiol. Rev. 34 
(4), e0001020 https://doi.org/10.1128/CMR.00010–20. 

Han, Y., Gao, H., Xu, J., Luo, J., Han, B., Bao, J., Pan, G., Li, T., Zhou, Z., 2020. Innate 
and adaptive immune responses against microsporidia infection in mammals. Front. 
Microbiol. 11, 1468. https://doi.org/10.3389/fmicb.2020.01468. 

Heinzel, F.P., Sadick, M.D., Locksley, R.M., 1988. Leishmania major: analysis of 
lymphocyte and macrophage cellular phenotypes during infection of susceptible and 
resistant mice. Exp. Parasitol. 65 (2), 258–268. https://doi.org/10.1016/0014–4894 
(88)90130–0. 

Jiang, X., Shen, C., Yu, H., Karunakaran, K.P., Brunham, R.C., 2010. Differences in innate 
immune responses correlate with differences in murine susceptibility to Chlamydia 
muridarum pulmonary infection. Immunol. 129 (4), 556–566. https://doi.org/ 
10.1111/j.1365–2567.2009.03157.x. 

Katinka, M., Duprat, S., Cornillot, E., Méténier, G., Thomarat, F., Prensier, G., Barbe, V., 
Peyretaillade, E., Brottier, P., Wincker, P., Delbac, F., Alaoui, H., Peyret, P., 
Saurin, W., Gouy, M., Weissenbach, J., Vivarés, C.P., 2001. Genome sequence and 
gene compaction of the eukaryote parasite Encephalitozoon cuniculi. Nature 414, 
450–453. https://doi.org/10.1038/35106579. 

Khan, I.A., Schwartzman, J.D., Kasper, L.H., Moretto, M., 1999a. CD8+ CTLs are 
essential for protective immunity against Encephalitozoon cuniculi infection. 
J. Immunol. 162 (10), 6086–6091. PMID: 10229850.  

Khan, I.A., Schwartzman, J.D., Kasper, L.H., Moretto, M., 1999b. CD8+ CTLs are 
essential for protective immunity against Encephalitozoon cuniculi infection. 
J. Immunol. 162 (10), 6086–6091. PMID: 10229850.  

Kokolus, K.M., Capitano, M.L., Lee, C.T., Eng, J.W., Waight, J.D., Hylander, B.L., 
Sexton, S., Hong, C.C., Gordon, C.J., Abrams, S.I., Repasky, E.A., 2013. Baseline 
tumor growth and immune control in laboratory mice are significantly influenced by 
subthermoneutral housing temperature. Proc. Natl. Acad. Sci. USA 110 (50), 
20176–20181. https://doi.org/10.1073/pnas.1304291110. 

Koudela, B., Vávra, J., Canning, E., 2004. Experimental infection of severe combined 
immunodeficient (SCID) mice with the human microsporidian Trachipleistophora 
hominis. Parasitology 128 (4), 377–384. https://doi.org/10.1017/ 
S0031182003004645. 

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

Liu, J.J., Greeley, E.H., Shadduck, J.A., 1989. Mechanisms of resistance/susceptibility to 
murine encephalitozoonosis. Parasite Immunol. 11 (3), 241–256. PMID: 2505212.  

Mahajan, V.S., Demissie, E., Mattoo, H., Viswanadham, V., Varki, A., Morris, R., Pillai, S., 
2016. Striking immune phenotypes in gene-targeted mice are driven by a copy- 
number variant originating from a commercially available C57BL/6 strain. Cell Rep. 
15 (9), 1901–1909. https://doi.org/10.1016/j.celrep.2016.04.080. 

Mills, C.D., Kincaid, K., Alt, J.M., Heilman, M.J., Hill, A.M., 2000. M-1/M-2 macrophages 
and the Th1/Th2 paradigm. J. Immunol. 164 (12), 6166–6173. https://doi.org/ 
10.4049/jimmunol.164.12.6166. 

Moretto, M., Casciotti, L., Durell, B., Khan, I.A., 2000. Lack of CD4(+) T cells does not 
affect induction of CD8(+) T-cell immunity against Encephalitozoon cuniculi 
infection. Infect. Immun. 68 (11), 6223–6232. https://doi.org/10.1128/ 
IAI.68.11.6223–6232.2000. 

Moretto, M., Durell, B., Schwartzman, J.D., Khan, I.A., 2001a. Gamma delta T cell- 
deficient mice have a down-regulated CD8+ T cell immune response against 
Encephalitozoon cuniculi infection. J. Immunol. 166 (12), 7389–7397. https://doi. 
org/10.4049/jimmunol.166.12.7389. 

Moretto, M., Durell, B., Schwartzman, J.D., Khan, I.A., 2001b. Gamma delta T cell- 
deficient mice have a down-regulated CD8+ T cell immune response against 
Encephalitozoon cuniculi infection. J. Immunol. 166 (12), 7389–7397. https://doi. 
org/10.4049/jimmunol.166.12.7389. MID: 11390490.  

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

Moysés, C.R.S., Alvares-Saraiva, A.M., Perez, E.C., Spadacci-Morena, D.D., da Costa, L.F. 
V., Xavier, J.G., Lallo, M.A., 2022. Mice with genetic and induced B-cell deficiency as 

A.M. Hidifira et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.exppara.2023.108606
https://doi.org/10.1016/j.exppara.2023.108606
https://doi.org/10.3390/microorganisms8121891
https://doi.org/10.3390/microorganisms8121891
https://doi.org/10.1111/imm.12591
https://doi.org/10.3389/fmicb.2023.1168970
https://doi.org/10.3389/fmicb.2023.1168970
https://doi.org/10.1016/j.imbio.2016.09.018
https://doi.org/10.1016/j.imbio.2016.09.018
https://doi.org/10.1371/journal.pone.0247658
https://doi.org/10.1371/journal.pone.0247658
https://doi.org/10.1016/j.ccell.2016.06.005
https://doi.org/10.1080/2162402X.2017.1409929
https://doi.org/10.1080/2162402X.2017.1409929
https://doi.org/10.1186/s12866&ndash;018&ndash;1186&ndash;8
https://doi.org/10.1186/s12866&ndash;018&ndash;1186&ndash;8
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref9
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref9
https://doi.org/10.1126/science.aaa4972
https://doi.org/10.1126/science.aaa4972
http://doi:10.1002/cpmc.72
http://doi:10.1002/cpmc.72
https://doi.org/10.1128/CMR.00010&ndash;20
https://doi.org/10.3389/fmicb.2020.01468
https://doi.org/10.1016/0014&ndash;4894(88)90130&ndash;0
https://doi.org/10.1016/0014&ndash;4894(88)90130&ndash;0
https://doi.org/10.1111/j.1365&ndash;2567.2009.03157.x
https://doi.org/10.1111/j.1365&ndash;2567.2009.03157.x
https://doi.org/10.1038/35106579
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref17
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref17
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref17
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref18
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref18
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref18
https://doi.org/10.1073/pnas.1304291110
https://doi.org/10.1017/S0031182003004645
https://doi.org/10.1017/S0031182003004645
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref21
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref21
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref22
http://refhub.elsevier.com/S0014-4894(23)00147-9/sref22
https://doi.org/10.1016/j.celrep.2016.04.080
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1128/IAI.68.11.6223&ndash;6232.2000
https://doi.org/10.1128/IAI.68.11.6223&ndash;6232.2000
https://doi.org/10.4049/jimmunol.166.12.7389
https://doi.org/10.4049/jimmunol.166.12.7389
https://doi.org/10.4049/jimmunol.166.12.7389
https://doi.org/10.4049/jimmunol.166.12.7389
https://doi.org/10.1128/IAI.00820&ndash;15


Experimental Parasitology 254 (2023) 108606

9

a model for disseminated encephalitozoonosis. Comp. Immunol. Microbiol. Infect. 
Dis. 81, 101742 https://doi.org/10.1016/j.cimid.2021.101742. 

Niederkorn, J.Y., Shadduck, J.A., Schmidt, E.C., 1981. Susceptibility of selected inbred 
strains of mice to Encephalitozoon cuniculi. J. Infect. Dis. 144, 249–253. PMID: 
6792298.  

Pan, G., Bao, J., Ma, Z., Song, Y., Han, B., Ran, M., Li, C., Zhou, Z., 2018. Invertebrate 
host responses to microsporidia infections. Dev. Comp. Immunol. 83, 104–113. 
https://doi.org/10.1016/j.dci.2018.02.004. 

Pereira, A., Alvares-Saraiva, A.M., Konno, F.T.C., Spadacci-Morena, D.D., Perez, E.C., 
Mariano, M., Lallo, M.A., 2019. B-1 cell-mediated modulation of M1 macrophage 
profile ameliorates microbicidal functions and disrupt the evasion mechanisms of 
Encephalitozoon cuniculi. PLoS Neglected Trop. Dis. 13 (9), e0007674 https://doi. 
org/10.1371/journal.pntd.0007674. 

Ruan, Y., Xu, X., He, Q., Li, L., Guo, J., Bao, J., Pan, G., Li, T., Zhou, Z., 2021. The largest 
meta-analysis on the global prevalence of microsporidia in mammals, avian and 
water provides insights into the epidemic features of these ubiquitous pathogens. 
Parasites Vectors 14 (1), 186. https://doi.org/10.1186/s13071–021–04700-x. 
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