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Abstract
Encephalitozoon cuniculi (Phylum Microsporidia) infects a wide range of mammals, and
replicates within resting macrophages. Activated macrophages, conversely, inhibit replication and
destroy intracellular organisms. These studies were performed to assess mechanisms of innate
immune responses expressed by macrophages to control E. cuniculi infection. Addition of reactive
oxygen and nitrogen species inhibitors to activated murine peritoneal macrophages statistically
significantly, rescued E. cuniculi infection ex vivo. Mice deficient in reactive oxygen species,
reactive nitrogen species, or both survived ip inoculation of E. cuniculi, but carried significantly
higher peritoneal parasite burdens than wild-type mice at 1 and 2 weeks post inoculation. Infected
peritoneal macrophages could still be identified 4 weeks post inoculation in mice deficient in
reactive nitrogen species. L-tryptophan supplementation of activated murine peritoneal
macrophage cultures ex vivo failed to rescue microsporidia infection. Addition of ferric citrate to
supplement iron, however, did significantly rescue E. cuniculi infection in activated macrophages
and further increased parasite replication in non-activated macrophages over non-treated resting
control macrophages. These results demonstrate the contribution of reactive oxygen and nitrogen
species, as well as iron sequestration, to innate immune responses expressed by macrophages to
control E. cuniculi infection.
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1. Introduction
Encephalitozoon species of microsporidia infect a wide range of mammals and are known
causes of opportunistic infections in persons with AIDS and other immune deficiencies [1].
Furthermore, these species were included on the NIAID/NIH Biodefense List of Category B
pathogens that are a concern for food- and water-borne transmission [2]. Microsporidia are
obligately intracellular fungal parasites. Members of the Encephalitozoon genus of
microsporidia typically disseminate to cause systemic infections, virtually affecting any
organ system [3;4]. E. cuniculi is the best characterized species of this genus, and is a
common laboratory animal contaminant that causes subclinical persistent infections in
rodent and rabbit colonies [4;5;6]. In addition to epithelial cells, E. cuniculi infects
macrophages and replicates within membrane-bound parasitophorous vacuoles by inhibiting
acidification to avoid fusion with lysosomes [7]. Resistance to infection has been shown to
depend upon IFNγ, and macrophages can be activated by IFNγ-dependent signals to destroy
the intracellular microsporidia [8;9;10;11;12;13]. Previous in vitro studies implicated a role
for reactive nitrogen species (RNS) in the process of activated macrophage-mediated killing
of E. cuniculi [14;15]. In a subsequent study, however, inducible nitric oxide synthase
(iNOS) knock-out mice were found to survive high-dose infection with E. cuniculi [8]. The
purpose of this study was to clarify whether RNS, as well as reactive oxygen species (ROS)
and nutrient deprivation, contribute to macrophage-mediated innate immune responses
against E. cuniculi infection in vitro and in vivo.

2. Materials and methods
2.1. Reagents

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO USA)
unless otherwise noted.

2.2 Organisms
E. cuniculiI organisms (originally isolated from rabbit; ATCC #50503) were grown in
RK-13 rabbit kidney epithelial cells (ATCC #CCL-37) with complete medium comprised of
RPMI 1640 supplemented with 5% fetal bovine serum, 2 mM L-glutamine, and antibiotics
(100 unit penicillin/ml and100 μg streptomycin/ml). Medium was exchanged twice per week
and culture supernatants were stored in sterile flasks at 4°C. To enrich for microsporidian
spores (and remove host cell debris), collected culture supernatants were transferred to
tubes, centrifuged (400 × g 10 min at 4° C), and washed sequentially by centrifugation in
sterile solutions of dH2O, 0.3% Tween 20 in TBS, and TBS. The pellets were resuspended
in TBS, mixed with an equal volume of 100% Percoll, and centrifuged for 45 min at 500 ×
g. The pellets containing spores were washed again with TBS and suspended to the desired
concentration.

2.3. Mice
Female B6.129SF2/J (designated as wild-type; WT) mice and B6.129S6Cybbtm1Din/J mice
that carry a null allele of the X-linked 91 kD subunit of oxidase cytochrome b and exhibit
chronic granulomatous disease (designated as CGD or gp91phox-), were purchased from
Jackson Laboratory (Bar Harbor, ME) at 5 weeks of age and allowed to acclimate at least 2
weeks prior to use. Mice were housed in sterile filter-topped cages on HEPA-filtered
ventilator rack shelves and were fed sterile food and water ad libitum. Amino guanidine
inhibits nitric oxide synthase, an enzyme required to generate nitric oxide from L-arginine.
To generate mice deficient in nitric oxide, 2.5% aminoguanidine hemisulfate (AG) was
added to the drinking water of WT or CGD mice as previously described [16], and no nitrite,
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a metabolite of nitric oxide, could be detected in plasma via Griess reagent test after one
week of AG water treatment.

2.4. Macrophages and assessment of parasite infection
WT mice were inoculated ip with 2 ml of 3% (w/v) thioglycollate broth and peritoneal
exudate cells (PEC) were recovered four days later. PEC were washed in complete RPMI
1640 medium, adjusted to 1 × 106 macrophages per ml medium, and plated at 0.4 ml per
well into 8-well tissue culture chamber slides (Nunc; Naperville, IL USA). After incubation
for 1 – 2 hours, non-adherent cells were washed off and 0.4 ml of complete medium
containing 3 × 106 E. cuniculi spores per ml were added to the macrophages. This 3:1 ratio
of microsporidia:macrophages results in 50 – 60% infection of the macrophages.
Recombinant murine IFNγ (100 units/ml; eBioscience, Inc., San Diego, CA USA) and
Escherichia coli serotype 0127:B8 LPS (10 ng/ml) were used to activate half of the
macrophage cultures [14] and were added at the same time as the microsporidia along with
RNS, ROS, and nutrient inhibitors or donors as indicated in the results. After specified
intervals of time, the macrophage cultures were fixed with methanol for 10 min, stained for
5 min with Calcofluor White M2R (0.1% w/v in water adjusted to pH 8.0 with potassium
hydroxide), rinsed with water, counterstained with Evan’s Blue (0.5% w/v in phosphate
buffered saline), rinsed again in water, dried, and viewed under fluorescence microscopy at
an excitation wavelength of 395 nm and at 600X magnification. Parasites in at least 500
macrophages (i.e. 5 counts of 100 macrophages) were counted per well and all treatments
were replicated 4 times. The mean number of microsporidia per 100 macrophages was then
calculated, and in some experiments, the data were presented as percent of medium-treated
control macrophages (i.e. mean number of microsporidia per 100 medium-treated control
macrophages = 100%). To determine the optimal range of concentrations for the treatments,
experiments were first performed in replicates of four per treatment using the murine
macrophage cell line, RAW264.7 γNO−/− (ATCC CRL-2278), because these macrophages
were found to mimic murine peritoneal macrophages by requiring two signals (e.g. LPS and
IFNγ) for activation and production of nitric oxide. Results presented here were from the
repeated corroborating experiments using the murine PEC macrophages that were performed
twice with 4 replicates per treatment. Results were presented as overall averages from all
experiments.

2.5. Infection of mice with E. cuniculi
Four groups of five mice each were tested for susceptibility to E. cuniculi that included the
WT control group, WT mice given AG in drinking water (RNS deficient), the CGD mice
(ROS deficient) and the CGD mice given AG in drinking water (ROS and RNS deficient).
Mice were inoculated intraperitoneally (ip) with 1 × 107 tissue culture-harvested and
Percoll-purified E. cuniculi spores in one ml sterile saline.

2.6. Assessment of peritoneal parasite burden in infected mice
One, two, and four weeks after inoculation of the mice, peritoneal exudate cells (PEC) were
obtained from anesthetized mice by ip injection of 3 ml warm sterile saline per mouse
followed by aspiration of approximately 0.5 ml peritoneal cells suspension. Cytospin
preparations of the PEC were fixed, stained with Calcofluor White and Evan’s blue, and
viewed by microscopy to count percent of macrophages infected with microsporidia. At
least 500 PECs per mouse were counted (i.e. 5 sets of 100 macrophages per mouse per time
point), and an average was calculated per mouse. The means of each group of mice were
then calculated, and the results were expressed as mean percent of infected PEC
macrophages (per group) + standard deviation.
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2.7. ELISA
To detect IgG responses in the inoculated mice against E. cuniculi, mice were bled from the
tail vein 2 – 3x per week after week 1, and sera were assayed by ELISA as previously
described [17].

2.8. Statistical analyses
Statistically significant differences were measured by two-tailed Student’s t Test when
comparing two groups, or analysis of variance (ANOVA) when comparing more than two
groups. Statistical analyses were performed using GraphPad Instat version 3 for Windows
and graphs were generated using GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego California USA, www.graphpad.com).

3. Results
3.1. Effect of RNS inhibitors and donors on microsporidia infection in macrophages in
vitro

Sets of thioglycollate-induced PEC macrophages were treated with medium (i.e. resting) or
IFNγ and LPS (activated) and both sets were inoculated with E. cuniculi. Experimental
cultures were also treated with RNS inhibitors or donors that were added at the same time as
infection with microsporidia. Three days (72 hrs) later, the cultures were fixed, stained, and
viewed by fluorescent microscopy to count numbers of microsporidia per 100 macrophages.
Results in Fig. 1A show that the activated peritoneal macrophages contained significantly
fewer microsporidia (12.83 % +/− 9.1; P <0.001) compared to non-activated resting
(medium-treated) macrophages (100% ± 12.2). Treatment of activated macrophages with the
L-arginine analogue, NG-Methyl-L-arginine (L-NMA), that inhibits generation of nitric
oxide, resulted in a significant rescue and increase in relative parasite infection (62.88 % ±
10.2; P < 0.001) compared with activated macrophages not treated with L-NMA or treated
with the inactive L-arginine analogue, D-NMA (10.43 ± 3.04). Activated macrophages
treated with the RNS inhibitor, AG, likewise reversed the microsporidia killing by activated
macrophages at a dose of 1000 μM (53.8 % ± 5.67; P < 0.01) but this level of infection
remained statistically significantly lower than the infection level in medium-treated resting
macrophages suggesting that mechanisms in addition to RNI, contributed to macrophage
killing of microsporidia ex vivo. Addition of AG or L-NMA to resting, non-activated
macrophages did not significantly affect the relative microsporidia infection levels
compared to infection levels in medium-only-treated macrophages.

Results in Fig. 1B corroborate a role for nitric oxide in controlling microspoidia infection in
macrophages. L-arginine is a biological substrate donor for nitric oxide, and addition of L-
arginine at 5 mM significantly reduced the microsporidia infection levels in non-activated
macrophages (59.9 % ± 7.5; P < 0.01) compared with non-treated non-activated controls
(100 % ± 12.83). Sodium nitroprusside (SNP), a vasodilator that is catabolized into nitric
oxide, was added in increasing concentrations to the non-activated macrophages and also
statistically significantly reduced parasite infection levels at all doses tested (10 μM – 1000
μM) compared with medium-treated (non-activated) control macrophages not treated with
SNP. The strongest effect was observed at 1000 μM SNP (31.75% ± 17.85; P < 0.001).
Furthermore, addition of 1000 μM SNP reduced parasite infection in the non-activated
macrophages to levels that were not statistically significant different than those in the LPS +
IFNγ-activated control macrophages (not treated with SNP)

3.2. Effect of ROS inhibitors on microsporidia infection in macrophages in vitro
Mannitol and thiourea are two inhibitors of ROS that scavenge hydroxyl radicals. Neither of
these hydroxyl scavengers statistically significantly reversed the killing of E. cuniculi by the

Didier et al. Page 4

Microbes Infect. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activated (IFNγ plus LPS-treated) macrophages at the highest doses tested in comparison to
the activated macrophages not treated with the inhibitors (Fig. 2). Superoxide dismutase
(SOD) converts superoxide to hydrogen peroxide (H2O2) and treatment of activated
macrophages at concentrations of 500 and 1000 units SOD / ml statistically significantly
reversed killing of (i.e. rescued) E. cuniculi to 59.3 % ± 6.5 (P < 0.001) and 48.1 % ± 11.1
(P < 0.001) infectivity, respectively, from 18.6 % ± 7.14 infection in the IFNγ plus LPS-
activated control macrophages. Catalase converts hydrogen peroxide to water and oxygen,
and treatment of macrophages at doses of 500 and 1000 units catalase / ml, statistically
significantly reversed killing of E. cuniculi to 53.7 % ± 3.8 (P < 0.001) and 63.3 % ± 12.9 (P
< 0.001), respectively. The combination of SOD and catalase at doses of 500 and 1000 units/
ml each, also reversed the killing of E. cuniculi by activated macrophages to 55.2 % ± 4.7 (P
< 0.001) and 67.6 % ± 4.7 of controls, respectively. Treatment of activated PEC macrophage
cultures with the combination of SOD and catalase, however, did not further reduce
microsporidia infection beyond levels detected in activated macrophage cultures treated by
either of these inhibitors added independently, indicating that these ROS inhibitors did not
act in an additive or synergistic manner (i.e. inhibited at different stages of the same
pathway).

3.3 Effect of RNS and ROS deficiency on E. cuniculi infectivity in mice
To ascertain whether ROS and RNS affect microsporidia infection in macrophages in vivo,
E. cuniculi-infected mice deficient in RNS (WT mice treated with AG), deficient in ROS
(CGD mice with gp91phox−/−) and deficient in both RNS and ROS (CGD mice with
gp91phox−/− given AG) were compared to infection in WT mice. Mice of all groups survived
for at least 6 weeks after experimental infection. Body weights of the mice were monitored
and the WT mice gained an average of 3.64 ± 1.0 grams during the first four weeks after
inoculation compared with a weight change of 0.24 ± 1.4 (P < 0.001) in the WT mice treated
with AG (RNS-deficient). The CGD (ROS-deficient) mice gained an average of 2.24 ±1.7
grams which was not significantly different than the weight gained by the WT mice, while
the CGD mice treated with AG (RNS- and ROS-deficient) exhibited a weight change of
−0.08 ± 1.04 grams (P < 0.001 and P < 0.05) that was significantly less than that of the WT
and CGD mice, respectively. The time until peak expression of IgG antibodies to E. cuniculi
as measured by ELISA, was delayed by approximately one day in the RNS- and ROS-
deficient mice compared to the other groups, but this was not statistically significantly
different from the WT controls. The mean peak ELISA antibody titers of the four groups of
mice, also did not differ significantly between groups (data not shown).

The results in Fig. 3 demonstrate the percent of infected PEC macrophages 1, 2 and 4 weeks
after inoculation of mice with microsporidia. After 1 and 2 weeks, the percent of infected
PEC macrophages was statistically significantly higher in the mice deficient in production of
RNS, ROS, or both in comparison to that of WT mice. Mice deficient in both ROS and RNS
exhibited the highest infection at both time points. Four weeks after inoculation, no
microsporidia-infected macrophages were detected in any of the WT and CGD mice, but a
few infected PEC macrophages were still observed in each of the RNS-deficient and RNS +
ROS deficient mice. Six weeks after inoculation, no infected macrophages were detected in
any of the mice by histochemistry staining with Calcofluor White. Necropsy and
histopathology (Gram stain) were performed on the mice six weeks after inoculation with E.
cuniculi, and liver was observed to be the most affected organ. Due to the wide variations in
numbers of parasite-associated lesions per cross section, the differences between groups of
mice were not statistically significant. Mice deficient in RNS, however, were most affected
and exhibited the highest average number of lesions per 10 low-power fields (32.0 ± 35.2)
followed by the CGD mice treated with AG (i.e. deficient in ROS and RNS) with an average
of 18.2 ± 14.6 lesions, CGD (ROS deficient) mice with an average of 7.6 ± 3.36 lesions, and
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WT mice with an average of 2.40 ± 2.6 lesions. Lesions with microsporidia infection also
were observed in lung, small intestine, kidney, colon, pancreas, brain, and peritoneum.

3.4 Effects of L-tryptophan and ferric citrate on microsporidia infection in macrophages in
vitro

The results of the murine studies indicated that RNS and ROS contribute to macrophage-
mediated responses against E. cuniculi but that macrophages employ additional mechanisms
of control that likely contribute to survival of the mice. For example, macrophages are
known to sequester nutrients and co-factors to inhibit intracellular microbial growth [18]. To
investigate this, L-tryptophan, an essential amino acid degraded by activated macrophages,
was added at concentrations up to 10 mM to cultures of LPS + IFNγ-activated macrophages,
but this failed to rescue E. cuniculi replication (data not shown).

To address the role of iron sequestration as another possible mechanism for macrophage
inhibition of microsporidia, a series of experiments was performed to remove iron and/or
replace iron in resting or activated macrophages (Fig. 4). Addition of desferoxamine (DFO),
a chelator of iron, inhibited replication of E. cuniculi in medium-treated and activated
macrophages at all concentrations tested when compared to respective controls (i.e. wells
not treated with DFO) as shown in Fig. 4, panel A. Conversely, addition of ferric citrate to
activated macrophages (i.e. treated with LPS and IFNγ) partially rescued microsporidia
growth. For example, addition of 50 μM ferric citrate to activated macrophages resulted in
an average of 116 ± 26 organisms per 100 macrophages compared to a mean of 48 ± 15
organisms per 100 activated macrophages that had not been treated with ferric citrate (P <
0.001). Addition of higher concentrations of ferric citrate to activated macrophages retained
similar levels of rescued infectivity, but did not approach the level of infectivity observed in
non-activated resting macrophages. Interestingly, iron supplementation via ferric citrate to
non-activated macrophages increased E. cuniculi replication over that in the non-
supplemented resting macrophages. For example, medium-treated macrophages incubated
with 500 μM ferric citrate exhibited statistically significantly enhanced replication of E.
cuniculi with a mean of 350 ± 53 organisms per 100 macrophages compared to macrophages
not given ferric citrate that exhibited an average of 191 ± 32 organisms per 100 non-
activated macrophages (P < 0.001). To further corroborate this effect, macrophages treated
with 100 μM DFO were also treated with ferric citrate in attempt to reverse the DFO
chelation effect. A concentration of 500 μM ferric citrate was required to statistically
significantly reverse activated macrophage destruction of E. cuniculi. Ferric citrate added at
250 μM or 500 μM was able to rescue E. cuniculi replication in DFO-treated resting
macrophages to levels observed in non-treated medium control macrophages.

4. Discussion
The recognition of microsporidia species associated with emerging and opportunistic
infections grew tremendously during the AIDS pandemic, but the incidence and prevalence
of microsporidia infections has declined in HIV-infected individuals due to the use of highly
active antiretroviral therapies (HAART)[1]. In addition to reducing HIV levels and retaining
T cell levels, HAART also may induce oxidative stress to affect secondary opportunistic
pathogens [19]. Microsporidiosis, however is increasingly identified in other populations
such as organ transplant recipients, chemotherapy patients, children, travelers, and the
elderly, and continues to be identified in HIV-infected individuals unable to access
antiretroviral treatment [1;20]. The best characterized and studied species affecting humans
is E. cuniculi. It was the first mammalian species grown in culture and it naturally infects a
wide spectrum of mammals including rodents, nonhuman primates, and humans [5]. The
majority of immune-competent animals infected with E. cuniculi rarely develop clinical
signs, but infections persist unless hosts are treated with appropriate drugs [4;5;6]. It is
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currently unclear if humans also carry persistent microsporidia infections. Positive serology
for Encephalitozoon-specific antibodies in otherwise healthy individuals, and the detection
of another microsporidian, Enterocytozoon bieneusi, in immune-competent children and
adults, however, suggest that persistent microsporidioses in humans do occur
[21;22;23;24;25]. Immune-deficient hosts, on the other hand, develop clinical signs that may
include diarrhea and weight loss, and these hosts often succumb to infection [15;26;27].

Resistance to microsporidiosis, and E. cuniculi infection specifically, requires intact T-cell-
mediated immune responses [26]. CD4+ and CD8+ T cells contribute via production of
IFNγ to activate macrophages and cytotoxic T cell lysis (CTL) activity to destroy infected
host cells [27;28]. It is believed that the majority of organisms in the CTL-targeted cells are
then phagocytized but that a few organisms escape to infect new cells. Whereas
microsporidia infect and replicate within resting macrophages, activated macrophages are
currently the only cells known to be capable of killing microsporidia and contribute to
immune responses via induction of inflammation and secretion of chemokines [1;29;30].
IFNγ plus LPS can activate macrophages to kill E. cuniculi in vitro and resistance in vivo
has been demonstrated to depend on IFNγ, as well [8;9;10;11;12;31].

RNS were implicated in IFNγ + LPS-activated macrophage destruction of E. cuniculi in
vitro in earlier studies [14;15], but a subsequent report indicated that iNOS-deficient mice
were able to withstand and survive infection with a high dose of these parasites [8]. This
raised questions about the contribution of RNS in macrophage responses to controlling
infection. To address this issue, the studies presented here were designed to address the
mechanisms of innate immunity mediated by macrophages against E. cuniculi infection in
vitro and in vivo. The in vitro studies continued to support a role for both RNS, as described
in earlier reports [14;15] and ROS in macrophage-mediated resistance to E. cuniculi. The in
vivo results also were consistent with those of Khan and Moretto [8] in that mice deficient
for RNS and/or ROS, survived infection. The report by Khan and Moretto [8] did not assess
parasite burdens, and the results in this study demonstrated that the mice deficient for RNS
and/or ROS did exhibit higher parasite burdens in PEC macrophages that required longer
periods of time to resolve in comparison to WT mice. This suggests that RNS and ROS
contributed to resistance but that other factors, including iron sequestration, probably also
contributed to macrophage-mediated control of these microsporidia. The mice deficient in
RNS, (with or without concurrent ROS-deficiency) exhibited higher microsporidia burdens
than the ROS-deficient mice, although differences among these three groups of deficient
mice were not statistically significant. These results suggested, however, that RNS may be
more important for controlling infection than ROS.

RNS are well known for mediating destruction of intracellular parasites but are also known
to modulate host cell apoptosis (anti-inflammatory) and necrosis (pro-inflammatory) that in
turn, may benefit either the pathogen or the host under varying situations [32;33;34;35]. For
example, relatively lower levels of RNS contributed to pneumococcal killing and
macrophage necrosis whereas higher concentrations of RNS induced macrophage apoptosis
and resolution of inflammation [36]. Similarly, RNS contributed to destruction of
intracellular Toxoplasma gondii organisms and increased apoptosis of macrophages that
then helped reduce proliferation of lymphocytes and induced effector T cell apoptosis,
thereby resolving inflammation [37]. The observation that mice treated with AG and
deficient in RNI exhibited higher parasite burdens than the WT mice, but that this infection
eventually subsided to allow survival of the mice supports a dual effect of RNS in
microsporidiosis. On the one hand, RNS appear to contribute to macrophage-mediated
killing for control of E. cuniculi. On the other hand, RNS may be important for resolving
inflammation to reduce toxicity and tissue destruction. In the study reported here,
unresolved inflammation in the AG-treated, RNS-deficient mice may have contributed to
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continued recruitment of macrophages and effector lymphocytes that controlled the
microsporidia infection, but the price of continued or unresolved inflammation may have
been the failure of the mice to thrive as evidenced by significantly lower body weights of
these mice compared to weight gains exhibited in the WT mice and CGD ROS-deficient
mice.

RNS function as effectors and regulators of apoptosis, and microsporidia also appear to
affect apoptosis of the host cell. Scanlon et al. [38] and DelAguila et al. [39] demonstrated
that epithelial cells infected with microsporidia exhibited significantly lower susceptibility
to apoptosis in conjunction with increased anti-apoptotic bcl-2 and decreased bak pro-
apoptotic signals as well as absence of p53 translocation to the nucleus, respectively.
Preliminary studies in our lab further corroborate these findings whereby E. cuniculi-
infected human THP-1 macrophage cells were able to inhibit apoptosis whereas THP-1 cells
inoculated with dead E. cuniculi were more susceptible to apoptosis stimuli (Sokolova et al.,
unpublished). Bcl-2 has been reported to protect macrophages from RNI-induced apoptosis
signals [40] and RNS can nitrosylate caspase 9 to prevent cytochrome c release and thereby
inhibit apoptosis, as well [41].

The results of this study support roles for RNS and ROS in macrophage-mediated control of
microsporidia growth based on the early higher parasite burdens and longer times required
to control infection in the RNS- and/or ROS-deficient mice. The survival of these mice,
however, suggests that additional mechanisms, such as iron sequestration, also contribute to
innate resistance. Alternatively, the results also may indicate that RNS and/or ROS may be
exploited by the microsporidia to support growth sufficiently long enough to replicate,
mature, and then escape to infect newly-recruited macrophages. In the absence of RNS, for
example, continued inflammatory responses may help control infection but contribute to
host toxicity, as observed in the RNS-deficient mice. In summary, RNS and ROS, along
with iron sequestration, contribute to macrophage-mediated innate immunity against E.
cuniculi infection. Continued studies will likely indicate that replicating microsporidia
conversely, modulate these responses to enable establishment of persistent infection.
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Figure 1.
Effect of RNS inhibitors and donors on E. cuniculi replication in murine peritoneal
macrophages in vitro. Cultures of WT mouse PEC macrophages were treated with medium
(filled bars) or activated with IFNγ plus LPS (open bars), inoculated with E. cuniculi, and
treated with RNI inhibitors (Panel A) or donors (Panel B). Three days later (72 hrs), the
cultures were fixed and stained. Microsporidia were counted per 100 macrophages and
results were calculated as percent of infected medium control (non-activated) macrophages
(i.e. microsporidia per 100 medium-treated control macrophages = 100%). ANOVA was
used to compare results of experimental groups against microsporidia infectivity in resting
medium-treated control macrophages (denoted by ^ in the first position) and against
activated (LPS + IFNγ-treated) control macrophages (denoted by * in the second position).
Statistically significant differences were designated; ^ or * as P < 0.05; ^^ or ** as P < 0.01;
^^^ or *** as P < 0.001; n.s. = not significant.
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Figure 2.
Effects of ROS inhibitors on E. cuniculi replication in murine peritoneal macrophages in
vitro. Macrophage cultures were established as described in Fig. 1 except that ROS
inhibitors were added in place of RNS donors and inhibitors at the same time as
microsporidia inoculation and macrophage activation (or medium treatment). ANOVA was
applied for statistical comparisons between each experimental group versus macrophage
controls treated with medium only (filled bars) and versus IFNγ plus LPS only (open bars)
as described in Fig. 1.
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Figure 3.
Effect of RNS and ROS deficiency on E. cuniculi infection in mice. Groups of WT mice and
mice deficient for RNS (WT treated with AG), ROS (CGD mice with gp91phox−/−), or both
RNS and ROS (CGD treated with AG) were inoculated ip with 1 × 107 E. cuniculi. Each
group comprised 5 animals. After 1, 2, and 4 weeks, 3 ml of saline were introduced into the
peritoneum of anesthetized mice and 0.5 ml peritoneal fluid was aspirated. Cytospins of
PEC were fixed, stained with Calcofluor White (and Evan’s blue counterstain), and the
percent of infected macrophages was counted. ANOVA was used to compare results of each
of the deficient groups of mice against infectivity results of control WT mice. Note change
in y axis range over time.
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Figure 4.
Effect of iron deprivation or supplementation on E. cuniculi replication in murine peritoneal
macrophages in vitro. PEC macrophages from WT mice treated with medium (filled bars) or
activated with IFNγ plus LPS (open bars) were inoculated with E. cuniculi and various
concentrations of the iron chelator, desferoxamine (DFO, Panel A), ferric citrate iron
supplement (Panel B), or combination of both (Panel C). Three days later (72 hrs), the
cultures were fixed, stained with Calcofluor White, and the numbers of E. cuniculi per 100
macrophages were counted. ANOVA was used to compare infectivity in treated groups of
macrophages in comparison to medium-treated (^) or activated (*) macrophages as
described in Fig. 1.
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