
275

Susceptibility  of  IFN-γ  or  IL-12  knock-out  and  SCID  mice  to
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Abstract. Susceptibility of three strains of immunodeficient mice to two related microsporidian species Encephalitozoon cuniculi
Levaditi, Nicolau et Schoen, 1923 and Encephalitozoon intestinalis (Cali, Kotler et Orenstein, 1993) was compared. While both,
severe combined immunodeficient (SCID) and interferon-gamma knock-out (IFN-γ KO) mice, succumbed to either intra-
peritoneal (i.p.) or peroral (p.o.) (natural) infection with both parasites, only i.p. infection with E. cuniculi killed interleukin-12
knock-out (IL-12 KO) mice. IFN-γ KO mice died earlier than SCID mice. Adoptive transfer of naive splenocytes from IFN-γ KO
mice did not protect the SCID mice from a lethal infection with either of the Encephalitozoon species. However, reconstituted
mice survived significantly longer (P<0.05), thus indicating the role of IFN-γ produced by host NK cells in the development of
mechanisms of anti-microsporidial protective immunity. Non-lethal outcome of the infection always correlated with the increase
in CD8+ T lymphocyte subpopulation. Both E. intestinalis-infected IFN-γ KO and IL-12 KO mice produced comparable levels
of specific antibodies, suggesting that antibodies did not protect IFN-γ KO mice from lethal infection.

Microsporidia are obligate intracellular parasites
causing opportunistic infections in immunocomprom-
ised hosts (Orenstein 1991, Weber et al. 1994). With the
onset of AIDS becoming pandemic, more attention has
been paid to microsporidian genera Encephalitozoon,
Enterocytozoon, Pleistophora, Trachipleistophora, No-
sema and Thelohania (Didier et al. 1998). In immuno-
compromised host, microsporidia infect various internal
organs with possible lethal outcome while, in immuno-
competent hosts, latent infections are often established
which remain asymptomatic as long as parasite multipli-
cation and host immune response are balanced (Gannon
1980, Schmidt and Shadduck 1983).

Most of what is known about the host immune re-
sponse against microsporidia is based on the intraperito-
neal infection of mice with Encephalitozoon cuniculi
Levaditi, Nicolau et Schoen, 1923 (Khan et al. 2001).
Cell-mediated immunity has been demonstrated to be
critical for the survival of E. cuniculi-infected host. An
early response of cytotoxic CD8+ T lymphocytes devel-
oped, reducing the parasite load by killing infected host
cells via perforin pathway (Khan et al. 1999). Induction
of the CD8+ T cell response was independent of CD4+
T lymphocytes, the role of which was substituted by γδ
T lymphocytes (Moretto et al. 2000, 2001). Both IL-12
and IFN-γ were proven to be critical for the de-
velopment of anti-microsporidial protective immunity
(Khan and Moretto 1999). The role of IL-12 and IFN-γ
likely consists of the polarisation towards Th1 immune

responses; moreover, IFN-γ is important for induction
and maintaining of CD8+ T cell responses. The other
possible role of IFN-γ in anti-microsporidial immunity
is rather controversial. Whereas IFN-γ-activated macro-
phages in vitro killed microsporidia by mechanisms de-
pendent on reactive nitrogen intermediates (Didier
1995), in vivo IFN-γ-mediated protection against E.
cuniculi infection was independent of nitric oxide pro-
duction (Khan et al. 1999).

Less is known about the host immune response
against Encephalitozoon intestinalis (Cali, Kotler et Oren-
stein, 1993). The parasite develops in enterocytes of the
small intestine and in an immunocompromised host it
also infects the macrophages of the lamina propria,
thereby being disseminated to the kidney and hepato-
biliary tract. IFN-γ receptor knock-out (KO) mice de-
velop a chronic infection, whereas transient infection
develops in wild-type mice (El Fakhry et al. 2001). In
resistant mice, Th1 immune response is manifested,
whereas highly susceptible IFN-γ receptor KO mice
produce high levels of Th2 cytokines IL-4 and IL-10.
The knock-out mice produce higher levels of anti-mi-
crosporidial antibodies (including IgA) compared to
wild-type mice indicating an insignificant role of hu-
moral immunity in the recovery from microsporidial
infection (El Fakhry et al. 1998).

Most data on the anti-microsporidial immunity have
been obtained after intraperitoneal (i.e. artificial) inocu-
lation. Recently, it has been demonstrated that the sig-
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nificance of CD4+ and CD8+ T lymphocytes in the pro-
tection of mice against E. cuniculi infection differs
markedly depending on the route of infection (Braun-
fuchsová et al. 2002). Whereas CD8+ T cells are critical
for the protection against an intraperitoneal inoculation,
both CD4+ and CD8+ T lymphocytes play a substantive
protective role in a peroral (i.e. natural) route of inocu-
lation. In the present study, we compare both routes of
inoculation with E. cuniculi and E. intestinalis in three
immunodeficient strains of mice, SCID, IFN-γ KO and
IL-12 KO mice.

MATERIALS  AND  METHODS

Parasites. Encephalitozoon cuniculi, strain EC2 originally
isolated from dexamethasone-treated laboratory mouse (Kou-
dela et al. 1994), was grown in VERO E6 cells for provision
of spores. Cells were cultivated in RPMI 1640 medium sup-
plemented with 2.5% foetal calf serum (FCS). The spores
were purified by centrifugation over 50% Percoll (Pharmacia),
washed three times in deionized water and stored in deionized
water with antibiotics (100 U/ml penicillin, 100 µg/ml strep-
tomycin, 2.5  µg/ml amphotericin; Sigma Aldrich) at 4°C not
longer than one week. Before inoculation, the spores were
washed in PBS.

Encephalitozoon intestinalis originally isolated from an
AIDS patient by Didier (1996) was grown in VERO E6 cells
for provision of spores. Production and purification of spores
was the same as for E. cuniculi.

Mice. Mice with a disrupted IFN-γ gene (strain C.1297S7
(B6)-Ifngtm1Ts) of the BALB/c background and mice with a
disrupted gene coding for IL-12 (strain B6.129-Il12btm1Jm) of
the C57BL/6 background were obtained from The Jackson
Laboratory, Bar Harbor, Maine, USA. SCID mice (strain C.B-
17) of the BALB/c background were originally obtained from
Dr. G.C. Bosma (Fox Chase Center, Philadelphia, USA). Mice
were housed in flexible film isolators (BEM Znojmo, Czech
Republic) with high-efficiency particulate air (HEPA) filters
and supplied sterilized diet and water ad libitum. BALB/c and
C57BL/6 female mice of 7–9 weeks of age were purchased
from Charles River Laboratory, Germany. Throughout 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, RH 65%. Mice aged 8 weeks, at the
moment of infection, were used throughout the experiments.
Before harvesting splenocytes or peritoneal exudate cells the
mice were humanely killed.

Infection of mice. Groups of 5 SCID, IFN-γ KO, IL-12
KO, BALB/c and C57BL/6 mice were inoculated with a dose
of 107 spores of E. cuniculi or E. intestinalis intraperitoneally
(i.p.) or per os (p.o.). I.p. inoculation was carried out in 0.1 ml
PBS; p.o. infection was performed by intragastric gavage of
0.1 ml suspension of spores in water. The mice were evaluated
daily for signs of morbidity or mortality.

Groups of 3 SCID, IFN-γ KO, IL-12 KO, BALB/c and
C57BL/6 mice inoculated the same way were used for moni-
toring of microsporidia-specific antibodies. Blood was col-
lected from retroorbital sinus at various time points post
inoculation (p.i.) as indicated in Results, and specific anti-

bodies were determined in serum by enzyme-linked immuno-
sorbent assay (ELISA).

Groups of 3 IFN-γ KO, IL-12 KO, BALB/c and C57BL/6
mice experimentally infected with both parasites as mentioned
above were used for immunophenotypic analysis (CD4+,
CD8+ T lymphocytes) by flow cytometry. The analysis of
splenocytes was performed on days 7 and 14 p.i.

Adoptive transfer experiment. Whole splenocytes were
obtained by mechanical disruption of the spleen and washed
three-times in RPMI-1640 medium. SCID mice were reconsti-
tuted with an i.p. dose of 107 splenocytes from naive IFN-γ
KO mice in 0.2 ml RPMI-1640 medium without serum. Seven
days after the adoptive transfer, groups of 5 mice were in-
fected with 107 spores of E. cuniculi or E. intestinalis either
i.p. or p.o. as mentioned above. Morbidity and mortality of
mice were recorded daily. Control groups of 5 SCID mice
were experimentally infected the same way.

Four groups of 6 reconstituted SCID mice identically
infected were analysed for the expression of CD4 and CD8
molecules on their splenocytes by flow cytometry. The analy-
sis was performed on days 20, 25, 30 and 45 p.i. depending on
the survival of individual groups. Splenocytes from three mice
were analysed in each interval. The reconstituted non-infected
control group was analysed on day 27 after reconstitution,
corresponding to day 20 p.i.

Serum antibody assay. To measure the relative levels of
microsporidia-specific serum antibodies, an ELISA method
was used. Tissue culture-derived E. intestinalis or E. cuniculi
spores were adjusted to 1 × 107/ml in coating buffer and 100
µl was added to each well of 96-well ELISA plates. The plates
were incubated overnight at 4°C. Then the plates were allowed
to dry and were fixed with a 1:1 mixture of acetone and
methanol for 10 min at room temperature. After blocking the
unbound sites with 5% newborn calf serum (NBCS) in PBS
for one hour at 37°C the plates were washed with 0.05%
Tween 20-PBS (T-PBS) three times and incubated with test
sera diluted 1:100 in 2% NBCS in PBS for one hour at 37°C.
The plates were then washed with T-PBS and incubated with
peroxidase-conjugated swine anti-mouse IgG (Sevak, Prague,
Czech Republic) diluted 1:2000 in 2% NBCS in PBS for one
hour at 37°C. After washing, an enzymatic colour reaction
was generated using orthophenylenediamine substrate,
stopped after 10 min with 100 µm of 2M H2SO4 and measured
at 490 nm with an ELISA spectrophotometer (Labsystem
Multiskan, Labsystems Oy, Helsinki, Finland). Results repre-
sent the mean of three wells.

Flow cytometry analysis. Splenocytes were analysed by
flow cytometry. CD4-specific monoclonal antibody (MAb)
YTS 177.9 (conjugated with fluorescein isothiocyanate) and
CD8-specific MAb KT15 (conjugated with phycoerythrin)
(Serotec) were used for the phenotypic analysis. Samples (106

cells) were incubated with 100 µl of antibody (10 µg/ml) in
PBS with 1% FCS for 30 min at 4°C. After washing with ice-
cold PBS with 1% FCS, the cells were used for FACS analy-
sis. Cell analysis was performed on an Epics XL Flow Cyto-
meter (Coulter) equipped with a 15-mW argon-ion laser with
excitation capabilities at 488 nm. Ten thousand events of vi-
able cells were measured in each suspension. The labelled cell
population was analysed using WinMDI software (Coulter).
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Statistical analysis. The significance of any differences in
percentage or absolute numbers of T cell subsets between ex-
perimental groups was evaluated by analysis of variance (one-
way ANOVA). Differences in survival between groups of in-
fected mice were analysed by non-parametric Mann-Whitney
U-test.

RESULTS

Comparison of time to death in four groups of SCID
mice infected with two microsporidia species E. cunic-
uli and E. intestinalis either i.p. or p.o. (Fig. 1) showed
that there was almost no difference between groups of
mice infected with these parasites i.p. The mean sur-
vival time (MST) was 20.4 ± 1.8 days for E. cuniculi-
infected group and 21.4 ± 2.1 days for E. intestinalis-
infected group. In perorally infected mice, a delay of
time to death (P = 0.05) was recorded compared to i.p.
infected groups. E. cuniculi-infected mice died earlier
(MST = 34.4 ± 4.5 days) than E. intestinalis-infected
mice (MST = 40.0 ± 3.9 days).

To determine the role of IFN-γ and IL-12 in anti-
microsporidial protective immunity, groups of IFN-γ
KO and IL-12 KO mice were infected with one or the
other Encephalitozoon species i.p. or p.o. (Figs. 2, 3).
IFN-γ KO mice infected with E. intestinalis i.p. died
even earlier (MST = 14.6 ± 0.8 days) than SCID mice
infected the same way (MST = 21.4 ± 2.1 days). Simi-
larly, IFN-γ KO mice infected with E. cuniculi i.p.
succumbed to infection by 4 days earlier than SCID
mice (MST = 16.2 ± 0.8 days and 20.4 ± 1.8 days, re-
spectively). Perorally infected IFN-γ KO mice also suc-
cumbed to both parasites, but there was no difference
from SCID mice in time to death. The mean survival
time was 38.6 ± 5.3 days and 33.2 ± 5.4 days in IFN-γ
KO mice infected with E. intestinalis and E. cuniculi,
respectively. The corresponding MST values in SCID
mice were 40.0 ± 3.9 days and 34.4 ± 4.5 days. Only IL-
12 KO mice infected with E. cuniculi i.p. died with
MST = 63.4 ± 11.5 days. No death was recorded in the
remaining groups of IL-12 KO mice until the end of the
experiment (day 90 p.i.). Similarly, immunocompetent
BALB/c mice (wild-type counterpart of IFN-γ KO) and
C57BL/6 (wild-type counterpart of IL-12 KO) infected
with E. intestinalis or E. cuniculi i.p. or p.o. survived
until the termination of the experiment (day 90 p.i.).

To determine the role of IFN-γ produced by the cells
of natural non-specific immunity (e.g., NK cells) in the
induction of protective immunity against microsporidia,
SCID mice were reconstituted with splenocytes from
IFN-γ KO mice and infected with E. cuniculi or E.
intestinalis i.p. or p.o. Mice in all experimental groups
ultimately succumbed to the infection (Fig. 4). Recon-
stituted animals showed similar mortality dynamics as
non-reconstituted SCID mice with two differences. The
time to death was delayed in all groups of reconstituted
animals. The MST in reconstituted SCID mice was 36.0
±  6.2  days  and  51.8  ±  6.7  days  after  infection  with

● E. intestinalis – i.p. infection  --○-- E. intestinalis – p.o. infection
▲ E. cuniculi – i.p. infection       --□-- E. cuniculi – p.o. infection

Figs. 1–3. Survival of mice from i.p. or p.o. infection with
Encephalitozoon intestinalis or E. cuniculi. Groups of 5 mice
were infected with a dose of 107 spores. Mortality was moni-
tored on a daily basis. Fig. 1. SCID mice. Fig. 2. IFN-γ KO
mice. Fig. 3. IL-12 KO mice.
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● E. intestinalis – i.p. infection  --○-- E. intestinalis – p.o. infection
▲ E. cuniculi – i.p. infection       --□-- E. cuniculi – p.o. infection

Fig. 4. Survival of SCID mice reconstituted with splenocytes
from naive IFN-γ KO mice from i.p. or p.o. infection with
Encephalitozoon intestinalis or E. cuniculi. 107 splenocytes
from naive IFN-γ KO mice were injected i.p. into groups of 5
SCID mice. Seven days after the adoptive transfer, the mice
were infected with a dose of 107 spores. Mortality was moni-
tored on a daily basis. The difference between groups of mice
injected i.p. with E. intestinalis and E. cuniculi was significant
at P<0.05.

E. intestinalis i.p. and p.o., respectively, and 26.4 ± 1.7
days and 47.6 ± 7.4 days after infection with E. cuniculi.
The second difference was in the mortality dynamics
after peroral infection with individual Encephalitozoon
species. In contrast to non-reconstituted SCID mice,
reconstituted SCID mice died later after infection with
E. intestinalis compared with those infected with E.
cuniculi.

Flow cytometry analysis was performed in control
and infected IFN-γ KO and IL-12 KO mice and in their
wild-type counterparts, BALB/c and C57BL/6 mice.
Seven days after infection of IFN-γ KO mice with E.
intestinalis either i.p. or p.o., a significant decrease of
CD4+ and CD8+ cells was recorded either in the per-
centage or in absolute numbers (P<0.05) (Table 1).
Fourteen days post peroral infection, absolute numbers
of both T lymphocyte subsets slightly increased, but the
percentage of positive cells remained lower compared
with the control, probably due to splenomegaly. Results
of flow cytometry analysis of IFN-γ KO mice infected
with E. cuniculi were comparable to those obtained with
E. intestinalis infection. An increase in the absolute
number of CD8+ cells 14 days after p.o. infection with
E. cuniculi was accompanied with the percentage in-
crease of these cells above the control value (P<0.05).

Table 1. Flow cytometry analysis of splenocytes from IFN-γ KO mice infected with Encephalitozoon intestinalis and E. cuniculi
i.p. or p.o.

CD4+ CD8+
Days p.i. % Positive Abs. No. * % Positive Abs. No. *

Control 22.30 ± 0.04 14.94 ± 1.21 9.00 ± 0.09 6.03 ± 0.65
i.p. 7 16.20 ± 0.12P 11.34 ± 0.75P 6.10 ± 0.21P 4.27 ± 0.33P

7 17.10 ± 0.23P 12.82 ± 0.83P 7.50 ± 0.13P 5.62 ± 0.62Encephalitozoon
intestinalis p.o. 14 16.30 ± 0.08P 15.56 ± 1.13 7.80 ± 0.16P 7.43 ± 0.21P

i.p. 7 17.60 ± 0.33P 11.61 ± 1.79P 9.20 ± 0.25 6.07 ± 0.47
7 16.30 ± 0.05P 12.50 ± 0.58P 7.30 ± 0.18P 5.62 ± 0.36Encephalitozoon

cuniculi p.o. 14 18.20 ± 0.41P 13.10 ± 0.26 10.10 ± 0.42 7.27 ± 0.47

Groups of 3 mice were infected with a dose of 107 spores. A group of non-infected mice served as a control. *Total number of
positive cell × 106 in the spleen. Data represent mean ± standard deviation. PThe difference versus non-infected control is signifi-
cant at P<0.05.

Table 2. Flow cytometry analysis of splenocytes from IL-12 KO mice infected with Encephalitozoon intestinalis and E. cuniculi
i.p. or p.o.

CD4+ CD8+
Days p.i. % Positive Abs. No. * % Positive Abs. No. *

Control 20.30 ± 1.33 16.84 ± 0.98 8.20 ± 0.65 6.80 ± 0.56
7 17.50 ± 0.81 14.00 ± 0.72P 10.40 ± 0.68 8.32 ± 1.25P

i.p. 14 15.30 ± 053P 15.31 ± 0.61 13.40 ± 1.12P 13.43 ± 1.27P

7 18.20 ± 0.78 15.12 ± 1.26 11.60 ± 0.72P 9.62 ± 1.36P
Encephalitozoon
intestinalis p.o. 14 16.10 ± 0.39P 16.12 ± 0.87 13.40 ± 0.81P 13.09 ± 0.71P

7 18.60 ± 1.32 15.81 ± 0.81 9.30 ± 0.12 7.90 ± 0.59i.p. 14 15.30 ± 0.39P 12.24 ± 0.49P 10.10 ± 0.36 8.21 ± 0.61
7 19.20 ± 0.57 15.74 ± 0.69 10.10 ± 0.58 8.28 ± 0.74

Encephalitozoon
cuniculi p.o. 14 20.70 ± 0.67 28.98 ± 1.72P 15.60 ± 0.26P 21.8 ± 1.68P

Groups of 3 mice were infected with a dose of 107 spores. A group of non-infected mice served as a control. *Total number of
positive cell × 106 in the spleen. Data represent mean ± standard deviation. PThe difference versus non-infected control is signifi-
cant at P<0.05.
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Table 3. Flow cytometry analysis of splenocytes from BALB/c mice infected with Encephalitozoon intestinalis and E. cuniculi
i.p. or p.o.

CD4+ CD8+
Days p.i. % Positive Abs. No. * % Positive Abs. No. *

Control 23.60 ± 0.12 12.34 ± 0.26 9.60 ± 0.21 5.02 ± 0.23
7 15.10 ± 0.21P 15.64 ± 1.75 7.70 ± 0.43P 7.97 ± 0.56P

i.p. 14 16.60 ± 0.11P 27.00 ± 1.72P 9.50 ± 0.42 15.64 ± 1.31P

7 20.40 ± 0.47 14.48 ± 0.62 9.10 ± 0.22 6.46 ± 0.33
Encephalitozoon
intestinalis p.o. 14 16.30 ± 0.35P 19.64 ± 1.91P 7.70 ± 0.35P 9.27 ± 0.76P

7 20.30 ± 0.29 16.84 ± 1.41P 11.70 ± 0.41P 9.71 ± 0.83P
i.p. 14 11.40 ± 0.33P 16.87 ± 1.83P 18.90 ± 0.58P 27.97 ± 2.37P

7 19.30 ± 0.42P 12.53 ± 1.12 9.30 ± 0.36 5.95 ± 0.41
Encephalitozoon
cuniculi p.o. 14 18.80 ± 0.62P 21.62 ± 1.79P 8.70 ± 0.27 10.00 ± 1.17P

Groups of 3 mice were infected with a dose of 107 spores. A group of non-infected mice served as a control. *Total number of
positive cell × 106 in the spleen. Data represent mean ± standard deviation. PThe difference versus non-infected control is signifi-
cant at P<0.05.

Table 4. Flow cytometry analysis of splenocytes from C57BL/6 mice infected with Encephalitozoon intestinalis and E. cuniculi
i.p. or p.o.

CD4+ CD8+
Days p.i. % Positive Abs. No. * % Positive Abs. No. *

Control 21.90 ± 1.72 11.01 ± 1.09 7.40 ± 0.56 3.72 ± 0.31
7 14.50 ± 0.92P 14.50 ± 0.83P 8.90 ± 0.79 8.90 ± 0.85P

i.p. 14 13.70 ± 054P 15.33 ± 0.72P 10.70 ± 1.23 P 11.97 ± 0.96P

7 19.40 ± 0.89 11.67 ± 1.17 8.80 ± 0.63 5.22 ± 0.86
Encephalitozoon
intestinalis p.o. 14 16.30 ± 0.40P 34.03 ± 1.98P 8.20 ± 0.92 17.12 ± 1.32P

7 20.10 ± 1.43 19.29 ± 0.92P 17.50 ± 0.45 P 16.80 ± 073P
i.p. 14 13.50 ± 0.50P 16.60 ± 0.60P 24.90 ± 1.31P 30.62 ± 2.21P

7 18.30 ± 0.68 12.24 ± 0.80 8.30 ± 0.42 5.54 ± 0.85
Encephalitozoon
cuniculi p.o. 14 17.50 ± 0.58P 31.29 ± 1.83P 10.20 ± 0.47P 18.21 ± 1.79P

Groups of 3 mice were infected with a dose of 107 spores. A group of non-infected mice served as a control. *Total number of
positive cell × 106 in the spleen. Data represent mean ± standard deviation. PThe difference versus non-infected control is signifi-
cant at P<0.05.

Table 5. Flow cytometry analysis of splenocytes from SCID mice reconstituted with splenocytes from IFN-γ KO mice and
infected with Encephalitozoon intestinalis or E. cuniculi i.p. and p.o.

CD4+ CD8+
Days p.i. % Positive Abs. No. * % Positive Abs. No. *

Control 19.70 ± 0.65 2.36 ± 0.09P 6.50 ± 0.68 0.78 ± 0.25
20 23.20 ± 1.23P 3.71 ± 0.24P 10.60 ± 1.13P 1.69 ± 0.41P

i.p. 30 10.00 ± 0.53P 1.31 ± 0.21 5.20 ± 0.69 0.68 ± 0.07
20 20.10 ± 2.1 3.05 ± 0.33 9.30 ± 0.82P 1.39 ± 0.13P

Encephalitozoon
intestinalis p.o. 45 11.50 ± 0.68P 1.49 ± 0.64 3.90 ± 0.06P 0.50 ± 0.09

20 17.40 ± 0.39 2.08 ± 0.14 7.80 ± 0.97 0.93 ± 0.16i.p. 25 13.20 ± 0.64P 1.45 ± 0.21 6.30 ± 0.35 0.69 ± 0.03
20 18.80 ± 0.42 3.01 ± 0.17 8.10 ± 0.61 1.29 ± 0.35

Encephalitozoon
cuniculi p.o. 45 12.40 ± 0.37P 1.49 ± 0.07 5.70 ± 0.09 0.68 ± 0.16

Groups of 3 mice were reconstituted by the i.p. injection of 107 splenocytes from IF-γ KO mice. Seven days after reconstitution
the mice were infected with a dose of 107 spores. Reconstituted uninfected group served as a control. *Total number of positive
cell × 106 in the spleen. Data represent mean ± standard deviation. PThe difference versus non-infected control is significant at
P<0.05.

In IL-12 KO mice infected either with E. intestinalis or
E. cuniculi, the marked significant increase of CD8+
cells was observed particularly on day 14 p.i. (P<0.05),
except in mice inoculated with E. cuniculi i.p. (Table 2).
While in E. intestinalis-infected mice the absolute num-

bers of CD8+ cells were doubled on day 14 p.i. regard-
less of the route of infection, the number of these cells
in E. cuniculi p.o.-infected IL-12 KO mice was at this
time point three-times higher than in the control, non-
infected group, again due to marked splenomegaly. Also
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Fig. 5. Production of specific serum antibodies by BALB/c, C57BL/6, IFN-γ KO and IL-12 KO mice infected with Encephalito-
zoon intestinalis i.p. or p.o. Group of 3 mice was infected with 107 spores, blood was collected from retroorbital sinus. Microspo-
ridia-specific antibodies were determined by an ELISA. Each value represents the mean of three samples measured in triplication
± SD.

the percentage of these cells increased almost twofold.
The rise of CD8+ T cells was the lowest in the group of
IL-12 KO mice infected with E. cuniculi i.p., the only
group which succumbed to the infection. The increase
of CD8+ T lymphocytes was accompanied with the
decrease of the percentage of CD4+ T cells with one
exception on day 14 post p.o. infection with E. cuniculi.
Flow cytometry analysis performed on immunocompe-
tent BALB/c and C57BL/6 mice showed that absolute
numbers of CD4+ and CD8+ T cells in the spleen were
rising during the infection with E. intestinalis or E.
cuniculi (Tables 3, 4).

In SCID mice reconstituted with splenocytes from
IFN-γ KO mice, only a transient but significant increase
in both relative and absolute numbers of CD8+ cells
was observed on day 20 p.i. with E. intestinalis
regardless of the route of infection (P<0.05) (Table 5).
Some increase was also recorded in CD4+ cells on day
20 p.i., followed by a decrease in later time points.

The kinetics of microsporidia-specific antibodies in
IFN-γ KO and IL-12 KO mice infected with E. intesti-
nalis either i.p. or p.o. was compared with that of their

wild-type counterparts BALB/c and C57BL/6 mice. In
both wild-type strains the onset of specific antibodies in
sera was delayed in perorally infected mice reaching a
similar value of absorbance with mice infected i.p. on
day 21 p.i. In IL-12 KO mice the antibody kinetics was
almost the same after i.p. or p.o. infection. In IFN-γ KO
mice anti-microsporidial antibodies increased rapidly in
mice infected i.p., following peroral infection the anti-
body rise was the slowest of all experimental groups
(Fig. 5). Identical experiments performed with E. cunic-
uli infection provided similar results (data not shown).

DISCUSSION

Protective immunity against microsporidial infection
was shown to be mediated by cytotoxic CD8+ T lym-
phocytes (Khan et al. 1999) and the cytokines IFN-γ and
IL-12 were important for its development (Khan and
Moretto 1999). These fundamental data were obtained
in an artificial (intraperitoneal) infection of mice with
Encephalitozoon cuniculi spores. Recently, it has been
shown that in addition to CD8+ T cells, CD4+ T
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lymphocytes can mediate protective immunity against
natural (peroral) E. cuniculi infection when transferred
to otherwise susceptible SCID mice (Braunfuchsová et
al. 2002). The aim of the present study was to extend
these data by those obtained with another Encephalito-
zoon species, E. intestinalis. While a similar role of
CD4+ T lymphocytes has been demonstrated in the
protection against peroral E. intestinalis infection (Salát
et al. 2002), a delay of time to death was recorded after
peroral infection with E. intestinalis compared with E.
cuniculi infection. Results obtained in IFN-γ KO mice
indicate the crucial role of this cytokine in the develop-
ment of protective immunity against both pathogens
inoculated either i.p. or p.o. The important role of IFN-γ
in the protective immunity against E. cuniculi was docu-
mented by Khan and Moretto (1999), using i.p. infec-
tion of IFN-γ KO mice. Resistance to E. intestinalis
infection was also shown to be associated with IFN-γ,
but in IFN-γ receptor KO mice a chronic, non-lethal
infection developed after peroral inoculation of spores
(El Fakhry et al. 2001). The difference between the
lethal outcome of E. intestinalis infection in IFN-γ KO
mice and not lethal chronic infection of IFN-γ receptor
KO mice can be explained by different virulence of E.
intestinalis strains that were cultured in different condi-
tions. The other, less probable explanation can be the
existence of various IFN-γ receptors that were not com-
pletely affected in IFN-γ receptor KO mice.

The role of IL-12 in the protective anti-microspo-
ridial immunity seems to be less significant. Of four
groups of IL-12 KO mice infected with E. cuniculi or E.
intestinalis i.p. or p.o., only i.p. infection with E. cunic-
uli killed mice with very long MST. These results are in
agreement with those published by Khan and Moretto
(1999), who used the different (p40–/–) strain of IL-12
KO mice or IL-12-neutralising antibody. In contrast to
the results in IFN-γ KO mice, IL-12 KO mice survived
p.o. infection with both Encephalitozoon species and
i.p. infection with E. intestinalis. The work by Braun-
fuchsová et al. (1999) documented that IL-12 can be
induced by E. cuniculi infection of SCID mice, while in
similarly infected BALB/c mice it was not detected.

The fact that IFN-γ KO mice succumbed to the mi-
crosporidial infection even earlier than SCID mice led
to the experiment in which SCID mice were reconsti-
tuted with splenocytes from naive IFN-γ KO mice. Re-
constituted mice died later than SCID mice or IFN-γ
KO mice in all four E. cuniculi or E. intestinalis i.p. or
p.o. infected groups. These results indicate that IFN-γ
produced by SCID mouse cells (i.e., NK cells) stimu-
lates transferred T lymphocytes to differentiate into
effector cells, which are able to control the infection
partially. This hypothesis is further supported by the
results of flow cytometry analysis of reconstituted mice.
After infection, a transient increase of CD8+ cells was
observed.

For the interpretation of flow cytometry analysis both
absolute and relative values for CD4+ and CD8+ T cell
counts were used due to the development of spleno-
megaly during the acute phase of infection. Results of
immunophenotyping of spleen cells from both infected
IFN-γ and IL-12 KO mice were in agreement with the
outcome of the infection. In IFN-γ KO mice, which de-
veloped a lethal Encephalitozoon infection, both relative
and absolute numbers of CD8+ T lymphocytes largely
decreased, whereas in IL-12 KO mice that survived the
infection, a marked increase in numbers of these cells
was recorded. This supports the idea that IL-12 is not
essential for the differentiation of CD8+ T effectors, the
increase of which is observed during microsporidial
infections (Khan et al. 1999, Braunfuchsová et al.
2001).

Observation of the kinetics of microsporidia-specific
antibodies showed similar pattern in BALB/c, C57BL/6
and IL-12 KO mice. In IFN-γ KO mice, infected with E.
intestinalis i.p., the antibody production increased the
most rapidly, probably due to accelerated replication of
the parasite in the host. None of the cytokines in ques-
tion was necessary for the production of anti-micro-
sporidial antibodies.

From this study and other recently published papers
it can be concluded that identical immune mechanisms
control the infection with both closely related Encepha-
litozoon species. Whereas IFN-γ is the essential cyto-
kine for induction of protective anti-microsporidial im-
munity irrespective of the route of infection, IL-12 can
contribute to the polarisation of the immune response
towards Th1 cytokines, but it is not essential for the
control of peroral infection with both E. cuniculi and E.
intestinalis microsporidians. IFN-γ produced by NK
cells contributes to the development of effector mecha-
nisms controlling the infection, but its effect is not
sufficient to cure the infection. One of the important
questions to be answered is the role of IFN-γ and acti-
vated macrophages in the control of these emerging
pathogens.
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