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Abstract. Experimental activation of peritoneal macrophages by interferon gamma (IFN-γ) resulted in the inhibition of Encepha-
litozoon cuniculi replication. However, E. cuniculi could replicate either in a non-activated cell line of murine macrophages 
PMJ2-R or in IFN-γ-activated PMJ2-R cells. Moreover, activation with IFN-γ led to faster replication of E. cuniculi in these 
cells. Opsonisation of E. cuniculi spores with anti-E. cuniculi polyclonal antibody did not affect E. cuniculi replication in both, 
non-activated and activated murine macrophages. In contrast, opsonisation of E. cuniculi spores caused the most effective repli-
cation of E. cuniculi in activated PMJ2-R cells. However, production of nitric oxide by these cells was significantly more inten-
sive than that in non-activated, infected cells, where the parasite replicated to a much lesser extent. Our results support the hy-
pothesis that E. cuniculi uses phagocytosis for the infection of host cells. They also indicate that the mechanism by which spores 
of E. cuniculi are killed by macrophages is not dependent on nitric oxide and they reveal that PMJ2-R cells cannot substitute 
peritoneal murine macrophages in immunological studies on E. cuniculi. 

The microsporidium Encephalitozoon cuniculi Le-
vaditi, Nicolau et Schoen, 1923 (Fungi: Microsporidia) 
is a single-cell intracellular parasite of mammals, that 
causes mainly opportunistic infections in humans 
(Didier 2005). It can infect the host cell by penetration 
of the plasma membrane, using extrusion of the polar 
tube and passing of the infectious sporoplasm through 
the polar tube into the host cell. Another way by which 
E. cuniculi infects the host cell is phagocytosis of its 
spores. Spores are rapidly digested in the phagoly-
sosome. However, some spores discharge the polar tube 
from the phagolysosome to the surrounding cytoplasm 
and infect the host cell by the sporoplasm injected 
through the polar tube (Franzen 2005). The entry of E. 
cuniculi spores into the host cell could be inhibited by 
cytochalasin D. These observations suggest that the 
entry of spores to the host cell is mediated by directed, 
actin-dependent phagocytosis (Franzen 2005).  

Although E. cuniculi can replicate in non-activated 
murine macrophages, the replication is stopped in mur-
ine macrophages activated with a dose of 100 U of in-
terferon gamma (IFN-γ) per ml of culture medium 
(Didier 1995). The way by which macrophages prevent 
E. cuniculi replication is still obscure. It was proposed 
that nitric oxide is implicated in the killing of E. cu-
niculi spores in murine macrophages (Didier 1995). 
This hypothesis was rejected using mice with func-
tionless nitric oxide synthetase, as these mice withstood 
high doses of pathogen challenge similarly to normal 
wild-type animals (Khan and Moretto 1999). 

Very little is known about the role of antibodies in E. 
cuniculi infection. Although E. cuniculi induces strong 
humoral immune response against various antigens of 
its spores and the opsonisation of E. cuniculi spores by 
antibody decreases the infectivity of its spores in non-
professional phagocytes in vitro (Schmidt and Shadduck 
1984, Enriquez et al. 1998, Sak et al. 2004), anti-E. 
cuniculi antibodies do not have a protective effect 
(Schmidt and Shadduck 1983, Salát et al. 2004). 

PMJ2-R cell line used in our study originated from 
peritoneal macrophages of C57BL 6J mice and was de-
rived using infection by J2 retrovirus (v-raf, v-myc) in 
vivo. PMJ2-R cells possess surface antigens of perito-
neal macrophages (including Fc receptor), they show 
anti-tumour activity, produce interleukin 6 (IL-6) after 
stimulation with lipopolysaccharide (LPS), but do not 
produce interleukin 1 (IL-1) and tumour-necrosis factor-
α (TNF-α) (Αdami et al. 1993).  

The main task of this study was to compare the effect 
of macrophage activation with IFN-γ and opsonisation 
of spores by specific polyclonal antibody on the replica-
tion of E. cuniculi in murine peritoneal macrophages 
and murine macrophage cell line PMJ2-R in vitro. 

MATERIALS  AND  METHODS 

Encephalitozoon cuniculi spores. Encephalitozoon cu-
niculi strain EC2, originally isolated from a dexamethasone-
treated laboratory mouse (Koudela et al. 1994), was grown in 
vitro in Vero E6 cells (green monkey kidney cells) maintained 
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in RPMI 1640 medium (Sigma) supplemented with 2.5% 
foetal bovine serum (FBS). Spores were isolated and purified 
by centrifugation over 50% Percoll (Sigma) at 1,100 g for 30 
minutes. They were then washed three times in deionized 
water and stored in deionized water supplemented with antibi-
otics (Sigma, 100 U/ml penicillin, 100 µg/ml streptomycin, 
2.5 µg/ml amphotericin) at 4°C. 

Mice. BALB/c mice, 7–9 weeks old, were purchased from 
Charles River Laboratory. ICR mice, 7–9 weeks old, origi-
nated from Bio Test s.r.o., Konárovice, Czech Republic. Dur-
ing the experiments, mice were fed standard rodent diet and 
drinking water ad libitum. They were caged in a mouse room 
with the temperature kept at 22°C and relative humidity of 
65%. Before harvesting of peritoneal exudate cells, the mice 
were killed by cervical dislocation. 

Production of anti-E. cuniculi serum. ICR mice were 
immunized intraperitoneally with a dose of 107 E. cuniculi live 
spores three times in 15-day intervals. Mice were exsan-
guinated 8 days after the last immunisation. After 12 hours at 
room temperature the blood was centrifuged at 160 g for 10 
minutes. The serum was obtained and stored at –25°C. 

Murine macrophage cultures. Peritoneal exudate cells 
(PEC) were recovered from BALB/c mice by lavage with 
RPMI 1640 (Sigma), washed once by centrifugation at 400 g 
for 10 minutes and resuspended in RPMI 1640 medium sup-
plemented with 5% FBS, 1% antibiotics (Sigma Cell Culture 
Antibiotic Antimycotic), 1% gentamicin and 1% L-glutamine. 
The proportion of macrophages was established on the basis of 
flow cytometry analysis as 20% of all leukocytes. After incu-
bation for 24 hours at 37°C with 5% CO2, non-adherent cells 
were washed out. 

Cell line PMJ2-R cultures. The cell line PMJ2-R was cul-
tivated in DMEM medium (Sigma) supplemented with 5% 
FBS, 1% antibiotics (Sigma Cell Culture Antibiotic Antimy-
cotic), 1% L-glutamine. The same culture conditions as for 
murine macrophage cultures were used. 

Experimental design. Macrophages and PMJ2-R were 
cultured in 0.2 ml of culture medium per well of 96-well tissue 
culture testplate (TPP, Switzerland). The wells were seeded 
with 40 × 103 cells per well for counting of total number of E. 
cuniculi spores and with 80 × 103 cells per well for the meas-
urement of nitric oxide production. Cells were infected with E. 
cuniculi spores at the ratio 1:3. Spores were left in the culture 
for the whole period of experiment to infect macrophages and 
PMJ2-R cells. Activation of cells was performed with 100 U 
of IFN-γ (R&D-System) per ml of culture medium at the time 
of infection. Opsonisation of spores was performed by addi-
tion of anti-E. cuniculi serum (of final dilution 1:800) to cul-
ture medium. Naive mouse serum diluted 1:800 was used as a 
control for elimination of effects of other components of the 
serum.  

Counting of total number of E. cuniculi spores. The in-
fected cells were lysed by 50 µl of 2M KOH in H2O and 50 µl 
of 0.1% sodium-dodecyl-sulfate (SDS) (Osserman and Lawlor 
1966) at 24, 48 and 72 hours post infection (p.i.). The total 
number of E. cuniculi spores was counted using a Bürker 
chamber. 

Measurement of nitric oxide (NO) production. An indi-
rect method (Green et al. 1982) for measurement of nitrogen 
intermediates (NO-2 and NO-3) in supernatants was used. Sam-

ples of culture medium (100 µl) of each category were mixed 
with 100 µl of Griess reagent prepared just before use from 
solutions A (1% sulfonylamide in 30% acetic acid) and B 
(0.1% N-(naphtyl)-ethylendiaminedihydrochloride in 60% 
acetic acid), mixed 1:1. Absorbances were measured at 540 
nm with a spectrophotometer and plotted against the corre-
sponding absorbance resulting from a standard curve gener-
ated using 1M NaNO2. Measurements were performed at 24, 
48 and 72 hours p.i. 

Statistical analysis. Statistically significant differences 
were calculated using ANOVA (Statistika® 6, Czech Repub-
lic). All experiments were performed at least in triplicate. 
Experimental data were compared to corresponding controls 
and P values of 0.05 or less were considered significant. 

RESULTS 

Replication of E. cuniculi in murine macrophages 
and PMJ2-R cells  

Encephalitozoon cuniculi replicated in non-activated 
murine peritoneal macrophages during 72 hours of the 
experiment (the number of spores increased from inocu-
lated 120 × 103 spores per well to 690 × 103 spores per 
well at 72 hours p.i.). In contrast, the parasite could 
replicate in activated macrophages until 24th hour p.i., 
when the number of spores increased to 384 × 103 per 
well. Thereafter the number of spores did not change 
significantly. The number of spores in cultures of acti-
vated macrophages (400 × 103 per well) was signifi-
cantly different from that in non-activated macrophages 
(690 × 103 per well) at 72 hours p.i. The influence of 
antibodies on the replication of E. cuniculi was not 
observed. The number of spores per well in non-
activated macrophages (690 × 103) was not significantly 
different from that obtained in non-activated macro-
phage cultures treated with anti-E. cuniculi serum (670 
× 103) at 72 hours p.i. Similarly, no significant differ-
ence was observed at 72 hours p.i. between the number 
of spores in activated macrophages (400 × 103) and 
those in activated, anti-E. cuniculi serum-treated cells 
(367 × 103) (Fig. 1A). 

In contrast to the results obtained in murine macro-
phages, E. cuniculi replicated in both non-activated (423 
× 103 spores per well at 72 hours p.i.) and activated 
PMJ2-R cells (762 × 103 spores per well at 72 hours 
p.i.). Moreover, E. cuniculi replicated faster in activated 
cells than in non-activated ones. The significant differ-
ences between the number of spores per well in non-
activated cells and that in activated cells were observed 
at 72 hours p.i. The effect of opsonisation with poly-
clonal anti-E. cuniculi antibody was observed only in 
activated PMJ2-R cells, where E. cuniculi replicated 
faster and the number of spores per well reached 1,082 
× 103 at 72 hours p.i. compared to 762 × 103 spores per 
well in activated cells only or 937 × 103 spores per well 
in activated cells treated with naive mouse serum, re-
spectively. The effect of opsonisation with polyclonal 
anti-E. cuniculi antibody was not observed in non acti- 
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Fig. 1. Effect of interferon gamma and the treatment with 
specific polyclonal antibodies on the replication of Encephali-
tozoon cuniculi in murine peritoneal macrophages (A) and 
PMJ2-R cells (B) (mean values of triplicate cultures ± SD). 
MF – peritoneal macrophages from BALB/c mice (40 × 103 
macrophages per well); PMJ2-R – macrophage cell line (40 × 
103 macrophages per well); IFN – 100 U IFN-γ/ml of culture 
medium; E.c. – E. cuniculi infection (120 × 103 spores/well); 
Ab – anti-E. cuniculi serum (dilution 1:800); NMS – naive 
mouse serum (dilution 1:800); * – the difference versus ap-
propriate non-activated (without IFN-γ) group is significant at 
P<0.05; + – the difference versus appropriate non-treated 
(without Ab or NMS) group is significant at P<0.05; § – the 
difference between activated (with IFN-γ) group treated with 
Ab and that treated with NMS is significant at P<0.05. 

 
vated cells. The number of spores per well was signifi-
cantly lower in non-activated PMJ2-R cells treated with 
anti-E. cuniculi serum (320 × 103 spores) than in un-
treated cells (423 × 103 spores), but it did not differ 
from the number of spores per well in non-activated 
cells treated with naive mouse serum (329 ×103 spores) 
(Fig. 1B). 

Influence of activation, infection with E. cuniculi and 
opsonisation by antibody on nitric oxide production 
in murine macrophages and PMJ2-R cell line  

The production of nitric oxide (NO) was significantly 
higher in non-activated peritoneal macrophages infected 
with E. cuniculi or activated cells compared to non-
activated ones at all time points tested. Infected macro-
phages activated with IFN-γ produced the highest 
amount of NO. The concentration of NO in culture 
medium from this group was 58.75 µmol per litre in 
contrast to 8.34 µmol per litre in activated, non-infected 
macrophages and 10.14 µmol per litre in non-activated, 
infected macrophages at 72 hours p.i. The influence of 
polyclonal anti-E. cuniculi antibody was not recorded. 
Non-infected, non-activated macrophages treated with 
anti-E. cuniculi serum did not produce significantly 
different amount of NO than macrophage cultures 
treated with naive mouse serum during 72 hours of the 
experiment. Concentration of NO in culture medium of 
infected, non-activated macrophages or of infected, non-
activated macrophages treated with anti-E. cuniculi 
serum was also not significantly different at 72 hours 
p.i. Activated infected macrophages treated with anti-E. 
cuniculi serum did not produce significantly more NO 
than activated infected macrophages without anti-E. 
cuniculi serum (Table 1).  

PMJ2-R cells responded to E. cuniculi infection and 
IFN-γ stimulation in a similar manner as murine perito-
neal macrophages. Significant differences in NO pro-
duction between non-activated and activated cells or 
infected, non-activated cells were measured at 48 hours. 
Activated cells infected with E. cuniculi produced the 
highest amount of NO. Concentration of NO in this 
group was 34.3 µmol per litre compared to 20.4 µmol 
per litre in activated, non-infected cells and 22.5 µmol 
per litre in infected, non-activated cells at 72 hours p.i. 
Effect of antibody on NO production was not observed 
in PMJ2-R cells, too (Table 2).  

DISCUSSION 

The results of Didier (1995) show that IFN-γ stops 
replication of Encephalitozoon cuniculi spores in peri-
toneal murine macrophages. Our results provide further 
evidence that IFN-γ has a negative impact on the repli-
cation of E. cuniculi in peritoneal murine macrophages. 
The total number of spores did not increase after 24 
hours p.i. in macrophages activated with IFN-γ. How-
ever, E. cuniculi could replicate in PMJ2-R activated 
with the same dose of IFN-γ. Moreover, E. cuniculi 
replicated faster in activated cells than in non-activated 
ones. This indicates that PMJ2-R cells cannot substitute 
peritoneal murine macrophages in immunoparasitologi-
cal studies. 

The role of specific antibodies in the immune re-
sponse against E. cuniculi infection is still not fully 
understood. Antibodies probably slow down E. cuniculi 
infection in nonprofessional phagocytes (Schmidt and
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Table 1. Nitric oxide production (µmol/litre of culture medium) in cultures of murine peritoneal macrophages (mean values of 
triplicate cultures ± SD); MF – peritoneal macrophages from BALB/c mice (80 × 103 per well); IFN – 100 U IFN-γ/ml of culture 
medium; infected – Encephalitozoon cuniculi infection (240 × 103 spores per well); Ab – anti-E. cuniculi serum (dilution 1:800); 
NMS – naive mouse serum (dilution 1:800); P – the difference versus appropriate non-activated (without IFN-γ) group is signifi-
cant at P<0.05; R – the difference versus appropriate non-infected group is significant at P<0.05; S – the difference versus appro-
priate non-treated group (without NMS or Ab) is significant at P<0.05.  

 Time 
(hours) MF MF+NMS MF+Ab MF+IFN MF+IFN+NMS MF+IFN+Ab 

 24     2.37 ± 0.22R     0.35 ± 0.04 S    0.36 ± 0.06 S 13.60 ± 0.88PR 11.00 ± 0.82PR 13.21 ± 2.10PR 
Infected 48     4.44 ± 1.00R     2.61 ± 0.19R 3.85 ± 0.62R 31.35 ± 2.27PR 24.96 ± 1.84PR 28.94 ± 1.40PR 
 72 10.14 ± 3.64R     5.65 ± 0.65R 7.20 ± 1.16R 58.75 ± 4.30PR 54.40 ± 1.62PR 58.34 ± 5.45PR 
 24     0.37 ± 0.02 0.32 ± 0.01    0.35 ± 0.05    3.46 ± 0.72P     2.49 ± 0.47P     2.41 ± 0.33P 
Non-infected 48     0.38 ± 0.03 0.36 ± 0.01    0.37 ± 0.02    4.91 ± 1.50P     4.62 ± 0.89P     4.70 ± 0.95P 
 72     1.50 ± 0.71     0.37 ± 0.04 S    0.37 ± 0.03 S    8.34 ± 1.86P     7.35 ± 1.10P   10.30 ± 1.24P 

 
 
Table 2. Nitric oxide production (µmol/litre of culture medium) in cultures of PMJ2-R cells (mean values of triplicate cultures   
± SD); PMJ2-R cells were seeded at 80 × 103 cells per well. Abbreviations as in Table 1. 

 Time 
(hours) PMJ2-R PMJ2-R+NMS PMJ2-R+Ab PMJ2-R +IFN PMJ2-R + 

IFN+NMS PMJ2+IFN+Ab 

 24    0.39 ± 0.02      0.39 ± 0.03    0.39 ± 0.02    8.93 ± 0.46PR  10.40 ± 0.70PR    9.17 ± 0.15PR 
Infected 48 14.40 ± 0.76R 12.90 ± 0.14R 10.20 ± 0.30R 29.20 ± 1.23PR  35.10 ± 1.83PR  33.20 ± 0.77PR 
 72 22.00 ± 1.51R 21.50 ± 1.23R 19.50 ± 0.87R 34.30 ± 1.72PR 43.30 ± 1.85PRS 40.20 ± 0.20PRS 
 24    0.39 ± 0.02      0.39 ± 0.01    0.39 ± 0.01    0.39 ± 0.03    0.39 ± 0.01    0.39 ± 0.01 
Non-infected 48    0.38 ± 0.01      0.39 ± 0.02    0.39 ± 0.03    4.81 ± 0.03P  12.60 ± 0.20PS    9.40 ± 0.29PS 
 72    0.39 ± 0.01      0.39 ± 0.02    0.39 ± 0.02  20.40 ± 1.70P  29.80 ± 1.60PS  28.80 ± 1.11PS 

 
 
Shadduck 1984, Sak et al. 2004). However, antibodies 
have no protective effect against development of a lethal 
infection (Schmidt and Shadduck 1983, Salát et al. 
2004). Polyclonal antibodies were used in our study, 
because they cover the variability of E. cuniculi spore 
antigens better than monoclonal antibodies. Another 
reason for using polyclonal antibodies was a closer 
similarity to the situation in the infected host. The cul-
tures were treated with an anti-E. cuniculi serum diluted 
1:800 in culture medium, due to its highest specific 
reactivity with E. cuniculi spores in ELISA at this dilu-
tion. For elimination of the effect of other components 
of anti-E. cuniculi serum, treatment with naive mouse 
serum in the same dilution was used. Our study did not 
confirm the influence of specific polyclonal antibody on 
E. cuniculi replication in murine macrophages. Al-
though the addition of anti-E. cuniculi serum decreased 
significantly the number of spores per well in non-
activated macrophages compared to the control without 
anti-E. cuniculi serum, addition of naive mouse serum 
had the same effect. Thus the difference was not caused 
by the antibody, but by other components of the serum. 
Schmidt and Shadduck (1984) observed that the treat-
ment with anti-E. cuniculi serum slowed down parasite 
replication in thioglycolate-induced adherent peritoneal 
exudate cells. Macrophages after thioglycolate treatment 
could be partially activated and thus different from these 
used in our experiments. We did not detect the effect of 
antibodies because we harvested non-activated perito-
neal macrophages without thioglycolate treatment and 
activation by IFN-γ could cover possible impact of 
antibodies on parasite replication. Another reason for 

our different result can be the fact that macrophages 
were exposed to the influence of other serum compo-
nents in contrast to the study by Schmidt and Shadduck 
(1984). 

However, the effect of opsonisation by antibodies 
was observed in PMJ2-R cells. The presence of poly-
clonal antibodies in activated cell cultures resulted in 
the fastest replication of E. cuniculi compared to other 
experimental cultures. This result and the fact that acti-
vation with IFN-γ increased the number of spores per 
well in PMJ2-R cells too, support the hypothesis that E. 
cuniculi enters the host cell by phagocytosis and subse-
quent infection of the host cell from the phagolysosome 
(Franzen 2005). Activation with IFN-γ and opsonisation 
of the spores make phagocytosis more effective. There-
fore more E. cuniculi spores can enter host cells and 
start infection. Moreover, E. cuniculi spores replicated 
very slowly in non-activated PMJ2-R cells and the im-
pulse for pathogen replication was the activation by 
IFN-γ and opsonisation of spores by antibodies. Our 
observations support the idea that this way of infection 
with E. cuniculi is the main way for infection of phago-
cytic cells (Franzen 2005).  

Although activated PMJ2-R cells infected with E. 
cuniculi produce significantly more NO than non-
activated infected cells, E. cuniculi can successfully 
replicate in both non-activated and activated cells. This 
supports conclusion by Khan and Moretto (1999) that 
IFN-γ-mediated protection against E. cuniculi is inde-
pendent of NO production.  

PMJ2-R cell line originated from C57BL 6J mice 
(Adami et al. 1993). Comparison of the susceptibility or 
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resistance level of some inbred mouse strains revealed 
that C57BL 6J mice are more susceptible to the infec-
tion with E. cuniculi than BALB/c mice (Niederkorn et 
al. 1981). The comparison was based on the percentage 
of infected peritoneal macrophages 2 weeks after infec-
tion. The sensitivity of activated PMJ2-R cell line to the 
infection with E. cuniculi can be related to the suscepti-
bility of C57BL 6J mice to E. cuniculi infection. More-
over, PMJ2-R cells do not produce TNF-α after stimula-
tion with lipopolysaccharide, which is in contrast to 
murine macrophages. It was shown that stimulation of 
TNF-α inhibited the replication of E. cuniculi in macro-
phages from BALB/c mice in vitro (Didier and Shad-
duck 1994). Thus another reason for the sensitivity of 

PMJ2-R to E. cuniculi infection can originate from the 
inability to produce TNF-α. Other comparative studies 
between BALB/c and C57BL 6J murine macrophages 
and PMJ2-R cells can help to find the mechanism of the 
killing of E. cuniculi spores in murine macrophages. 
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