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Severe experimental infections with Cryptosporidium parvum have been reported in immunocompro-
mised animals such as SCID mice (mice without functional T cells and B cells). In a C. parvum infection
with 1 X 10° oocysts/mouse in SCID beige (SCIDbg) mice (SCID mice lacking functional NK cells), oocyst
shedding was first demonstrated 18 days after infection. However, shedding was shown as early as 3 days
after the same infection in SCIDbgMN mice. All of the SCIDbgMN mice died within 16 days of C. parvum
infection, while 100% of the SCIDbg mice exposed to the parasite survived. SCIDbgMN mice are SCIDbg
mice depleted of functional macrophages (M¢b) and neutrophils (PMN), suggesting that the severity early
after C. parvum infection is strongly influenced by the functions of M and PMN. All SCIDbgMN mice
orally infected with a lethal dose of C. parvum survived after they were inoculated with M¢ from SCIDbg
mice exposed to C. parvum (CP-Md) or resident Md previously cultured with PMN from C. parvum-
infected SCIDbg mice (CP-PMN). However, all SCIDbgMN mice inoculated with CP-PMN alone or
resident M¢b alone died after C. parvum infection. CP-M® were identified as classically activated Mb
(M1Mdo), and CP-PMN were characterized as PMN-I. In in vitro studies, resident Mc¢ converted to
M1Md after transwell cultivation with CP-PMN. These results indicate that the resistance of SCIDbg
mice early after C. parvum infection is displayed through the function of M1Md® which are converted from

resident M¢ influenced by CP-PMN (PMN-I).

Cryptosporidium hominis (an anthroponotic pathogen) and
Cryptosporidium parvum (a zoonotic pathogen) cause endemic
and epidemic diarrheal disease in immunocompromised hu-
mans, such as AIDS patients (9, 26, 52). In this work, we
designate the infection “chronic” when symptoms developed 3
to 8 weeks after Cryptosporidium infection and “acute” when
the symptoms developed 4 days to 2 weeks after the infection.
Immunocompetent hosts usually present with a transient diar-
rheal illness and are able to clear the infection spontaneously
(7). However, as a common opportunistic pathogen in AIDS
patients (or in severely immunocompromised hosts), C. par-
vum causes a severe diarrhea associated with significant mor-
tality. Because CD4" T-cell counts are dramatically decreased
in AIDS patients, the role of CD4™" T cells in the host resis-
tance of these patients against C. parvum infection has been
studied (7, 34, 41, 48), and CD4 " T cells have shown to be key
effector cells in the host resistance against C. parvum infection
(7, 34, 48). The importance of gamma interferon (IFN-vy) in
host anti-C. parvum resistance has also been demonstrated in
IFN-y gene knockout (GKO) mice (10, 23, 46, 56). In those
studies, adult GKO mice manifested both acute and chronic C.
parvum infections. In contrast, SCID mice manifested only
chronic C. parvum infection, and wild-type mice did not man-
ifest acute or chronic C. parvum infection. Interestingly, GKO

* Corresponding author. Mailing address: Department of Internal
Medicine, The University of Texas Medical Branch, Department of
Internal Medicine, 301 University Boulevard, Galveston, TX 77555-
0435. Phone: (409) 747-1856. Fax: (409) 772-6527. E-mail: fsuzuki
(@utmb.edu.

¥ Published ahead of print on 2 June 2008.

neonatal mice manifested severe acute C. parvum infection and
died within 8 days of C. parvum infection, while wild-type
neonatal mice were able to clear acute and chronic C. parvum
infections (22). Since the antigen presentation capacity of mac-
rophages (Md) in neonatal mice is poor (25), these facts sug-
gest that IFN-y and M¢ are crucial in host resistance against
acute C. parvum infection. In subsequent studies, CD4 ™" T cells
were shown to be the major effector cells that produce IFN-y
in mice resistant to C. parvum infection. However, how C.
parvum infection is controlled by IFN-y in the host’s antipro-
tozoan resistance remains unclear. The activation of Md¢ (4),
induction of antimicrobial peptides (6), and induction of che-
mokines that act as chemoattractants for immune cells to in-
fected sites (23) possibly play a role in IFN-y-associated host
anti-C. parvum resistance.

In our current studies, acute C. parvum infection with a high
mortality rate routinely developed in SCIDbgMN mice, while
it was not demonstrated in SCID beige (SCIDbg) mice.
SCIDbg mice are mice lacking functional T cells, B cells, and
NK cells, and SCIDbgMN mice are SCIDbg mice depleted of
functional M¢ and neutrophils (PMN) (47). Therefore, it is
indicated that any immunocompetent cells remaining in
SCIDbg mice (or immunocompetent cells that exist in SCIDbg
mice and do not exist in SCIDbgMN mice) play a role in the
host resistance against acute C. parvum infection. Thus, Md
and PMN are indicated as cells that play a role in the host
resistance against acute C. parvum infection.

M¢ have been well described as key cells responsible for
host defense against invading intracellular pathogens (17, 30).
Classically activated M¢p (M1Md¢) were described as effector
cells for controlling infections with Leishmania and Toxo-

3657



3658 TAKEUCHI ET AL.

plasma parasites (27, 43). M1Md are characterized as M¢ with
the abilities to (i) kill infected cells, (ii) express inducible nitric
oxide synthase (iNOS), and (iii) secrete nitric oxide, proinflam-
matory cytokines, and Th1 response-associated cytokines (30).
In our previous studies, an immunostimulating subset of PMN
(PMN-I) was demonstrated in the peripheral blood of mice
with mild burn injuries, and these PMN were characterized as
Gr-1" CD11b~ CD49d" IFN-y-, CCL3-, and interleukin-12
(IL-12)-producing cells (47). When resident M¢ were cultured
in dual-chamber transwells with PMN-I, M¢ conversion from
resident M¢ to M1Md was demonstrated (47). During gastro-
intestinal infections, recruitment of M¢$ and PMN from circu-
lation to lamina propria has been well documented (5). There-
fore, in the present study, a role of PMN and M¢ in the host
resistance of SCIDbg mice early after C. parvum infection was
investigated.

MATERIALS AND METHODS

Mice. Seven- to 11-week-old male BALB/c mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). SCIDbg mice (BALB/c origin) were
purchased from Taconic (Petersburgh, NY). SCIDbg mice were defined as im-
munodeficient mice lacking functional T cells, B cells, and NK cells. SCIDbgMN
mice were SCIDbg mice depleted of functional M¢ and PMN. SCIDbgMN mice
were created from SCIDbg mice after treatment with carrageenan (0.4 mg/
mouse, intravenously) and anti-Ly6G monoclonal antibody (MAb) (100 wg/
mouse, intraperitoneally) plus whole-body X irradiation (4 Gy) (47). No func-
tional M¢ were found in the reticuloendothelial systems of these mice at 3 to 7
days after the final treatment. Also, PMN were not recovered from these mice at
1 to 7 days after X irradiation, even when they were exposed to pathogens. When
bone marrow cells or peripheral blood cells taken from these mice were tested
morphologically for residual PMN after Wright-Giemsa and alkaline phos-
phatase staining, no PMN were detected until 7 days after the combination
treatment (47). The Institutional Animal Care and Use Committee of The
University of Texas Medical Branch at Galveston approved all procedures for the
animal experiments developed in this study (approval number 02-09-066). Var-
ious groups of mice were infected with 1 X 10° C. parvum oocysts in 200 pul of
phosphate-buffered saline (PBS) by gastric gavage. The dose of oocysts was
chosen on the basis of prior experiments.

Parasites. C. parvum oocysts (originally isolated from calf feces; obtained from
James A. Harp, U.S. Department of Agriculture, Ames, IA) were utilized in this
study. Oocysts were maintained in specific-pathogen-free C57BL/6 mice that
were treated with dexamethasone, and oocysts were purified from the fecal
material of these mice as previously described (37). Oocysts then were surface
sterilized with 0.55% sodium hypochlorite solution for 10 min, washed three
times with PBS (15), and kept at 4°C for up to 6 months prior to use. Sporozoites
were prepared by oocyst excystation in Hanks balanced salt solution containing
0.4% sodium taurocholate and 0.25% trypsin for 60 min at 37°C (3). Small
numbers of contaminating oocysts in the sporozoite preparation were removed
after being passed through transwells with a 3-pm-pore-size polycarbonate filter
under centrifugation (800 rpm, 3 s) (16).

Md preparations. As sources of M, peritoneal exudates of SCIDbg mice
(resident Md) or SCIDbg mice 3 days after infection with 1 X 10° C. parvum
oocysts (CP-Mdé) were utilized. To isolate M, peritoneal exudate cells of
these mice were adjusted to 5 X 10° cells/ml in MagCellect buffer (R&D
Systems, Minneapolis, MN) and incubated with magnetic beads (Dynal,
Great Neck, NY) coated with anti-F4/80 MADb at a ratio of one cell to five
beads for 30 min at 4°C. F4/80™" cells (M) were then magnetically harvested.
The purity of monocytes isolated in this procedure was routinely more than
97%. M¢ were identified as M1Mdé when they showed an ability to produce
CCL5 and to express iNOS mRNA. A standard M1M¢ preparation was
generated from resident M¢ (1 X 10° cells/ml) after stimulation with a
mixture of poly(I -+ C) (20 wg/ml) and CpG DNA (5 wg/ml) for 24 h (51). A
standard M2aM&/M2cM¢ preparation was obtained from mice 2 days after
severe flame burn injury (third degree, 25% total body surface area), and a
standard M2bM¢ preparation was obtained from mice 10 days after the same
burn injury (21). RPMI 1640 medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, and antibiotics (100 U/ml penicillin and 100 mg/ml
streptomycin) was used for the cultivation of M. Three different subtypes of
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M2M¢ (M2aM, M2bMd, and M2cMd) have been described previously (30).
These subsets of M2M¢ are discriminated from each other by their properties
(11, 30, 31, 44). Thus, CCL17-producing M¢ with the FIZZI gene are iden-
tified as M2aM¢, CCL1-producing M with the SPHKI gene are classified as
M2bMd, and CXCL13-producing M¢ with the FIZZ1 gene are recognized as
M2cMé. All of the M2Md subtypes express the IL-10 gene (30). Therefore,
in this study, CCL17, CCL1, and CXCL13 were used as biomarkers for
M2aMd, M2bMd, and M2cMd, respectively. We have already reported (21)
that M2aM¢ and M2cM¢ are isolated from peritoneal cavities of mice 2 days
after severe flame burn injury (third degree, 25% total body surface area
burn) and that M2bM¢ are isolated from peritoneal cavities of mice 10 to 21
days after the same burn injury. Therefore, peritoneal M¢ from mice 2 days
after burn injury (third degree, 25% total body surface area) were utilized as
the standard M2aMd¢/M2cM¢ preparation, and peritoneal M¢ isolated from
mice 10 days after the same burn injury were utilized as the standard M2bM¢
preparation.

PMN preparations. As previously described, crude PMN were isolated from
whole peripheral blood using Ficoll-Hypaque and dextran sedimentations
(53). Briefly, peripheral blood was withdrawn from the hearts of mice with a
heparinized syringe. The peripheral blood was centrifuged with Ficoll-
Hypaque, and precipitates were obtained as a PMN-rich fraction. Precipitates
were then suspended in 1% dextran (T-500; Pharmacia, Piscataway, NJ) and
kept for 1 h at room temperature to allow the sedimentation of residual
erythrocytes. The resulting fraction was treated with erythrocyte-lysing kits
(R&D Systems) to eliminate small amounts of erythrocytes, and crude PMN
preparations were obtained. For further purifications, PMN were negatively
selected from this preparation using a mixture of biotin-conjugated anti-CD3
(T cells) and anti-F4/80 (monocytes/Md) MADbs for 30 min at 4°C. The
obtained cells were then suspended in MagCellect buffer and incubated with
magnetic beads coated with streptavidin at a ratio of one cell to five beads for
30 min at 4°C. The beads were magnetically separated to the side of the tube,
and the remaining cells were harvested. The obtained cells were >96% viable
and >98% pure PMN when analyzed by flow cytometry with fluorescein
isothiocyanate-conjugated anti-Gr-1 MAb and Wright-Giemsa/alkaline phos-
phatase staining. The majority of the contaminating cells in the preparations
were shown to be erythrocytes when analyzed by flow cytometry using phy-
coerythrin-conjugated anti-TER-119 MAb (specific for mouse erythrocytes).
Monocytes and T cells were not detected in these PMN preparations when
tested by flow cytometry using phycoerythrin-conjugated anti-CD3 or F4/80
MAD. RPMI 1640 medium supplemented with 10% fetal bovine serum, L-
glutamine, and antibiotics was used for the cultivation of PMN. Previously, we
have described three different subsets of PMN (47). These PMN are distin-
guished from each other in the following ways: PMN-1 (Gr-1* CD11b~
CD49d*) produce IL-12/CCL3 and express TLR2/TLR4/TLR5/TLRS;
PMN-II (Gr-1* CD11b* CD49d ™) produce IL-10/CCL2 and express TLR2/
TLR4/TLR7/TLRY; and normal PMN (PMN-N) (Gr-1* CD11b~ CD49d"),
which lack the ability to produce these cytokines, express TLR2/TLR4/TLR9
(47). Therefore, in this study IL-12/CCL3 and IL-10/CCL2 were utilized as
biomarkers for PMN-I and PMN-II, respectively. A PMN preparation was
considered to be PMN-N when it did not produce these soluble factors.
PMN-II functioned to convert resident M¢ to M2Md, while PMN-I stimu-
lated resident M conversion to M1Mé. PMN-N did not show any activities
in the modification of M.

C. parvum infection. Various groups of mice were infected orally with 10°
oocysts/mouse of C. parvum. The level of cryptosporidiosis in these mice was
assessed by (i) the number of oocysts in their daily fecal samples and (ii) their
mortality rates (37). Also, weight change, appetite, and diarrhea were observed
in these mice. To determine the oocyst shedding, each mouse was placed in a
wire-floored cage with underlying moist paper towels (37). Freshly excreted fecal
pellets from each mouse were collected and kept at 4°C in PBS until oocyst
isolation. These fecal samples were collected once a day for up to 2 weeks and
twice a week for up to 5 weeks. Each daily fecal specimen was passed through a
metal sieve (pore size, approximately 250 pwm) in order to remove large food
particles, and the remaining suspension was collected in a 50-ml centrifuge tube.
The sieved fecal suspension was centrifuged at 1,600 X g for 10 min, and the
pellet was suspended in 15 ml of saturated NaCl solution and overlaid with 4 ml
of water. After centrifugation at 1,600 X g for 20 min, oocysts were harvested
from the layer between the saturated salt solution and water and washed once in
10 ml of water (37). The number of oocysts was counted using a hemocytometer,
and oocyst shedding was expressed as the number of oocysts excreted per day per
mouse. To determine the mortality rates, all mice were monitored every day for
8 weeks. The mortality rates in test groups were compared with those in control
groups using the log rank test. All mice utilized in this study were housed in
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FIG. 1. Susceptibility of normal mice, SCIDbg mice, and SCID
bgMN mice to C. parvum infection. Normal mice (open circles),
SCIDbg mice (closed circles), and SCIDbgMN mice (open triangles)
(12 per group) were infected orally with 1 X 10° C. parvum oocysts per
mouse. Fecal pellets were collected from each group of mice for oocyst
count (oocyst shedding/mouse/day) (A). To determine the mortality
rates (B), these infected mice and uninfected SCIDbgMN mice (open
squares) were observed every 12 h for 8 weeks. These data are repre-
sentative of three different experiments.

individually ventilated isolation cubicles. In these housing conditions, SCIDbg
mice and SCIDbgMN mice X irradiated or not irradiated survive for more than
2 months after the irradiation, indicating that our X-irradiation protocol has a
minimal influence on the mortality of SCIDbgMN mice infected with C. parvum.
Diarrhea has been demonstrated in SCIDbgMN mice within 5 days of C. parvum
infection. Heavy weight loss and suppression of appetite following diarrhea
might be the cause of death in these mice.

Statistical analysis. The results obtained were analyzed statistically using
analysis of variance. Survival curves were analyzed using the Kaplan-Meier log
rank test. The results were considered significant if the P value was lower than
0.05.

RESULTS

C. parvum infection in SCIDbgMN mice. Normal mice,
SCIDbg mice, and SCIDbgMN mice were orally infected with
C. parvum at a dose of 1 X 10° oocysts/mouse, and the time
course of daily oocyst shedding in each mouse group was com-
pared. Oocysts were not demonstrated in daily fecal samples
from normal mice infected with C. parvum. In SCIDbg mice,
the oocyst excretion was first detected at 18 days after infec-
tion, and the number of oocysts shed by these mice increased
up to 3.6 X 10° oocysts/mouse/day at 28 days after infection.
Oocyst shedding was demonstrated in SCIDbg mice 8 weeks
after C. parvum infection. Heavy weight loss and suppression
of appetite were not observed in these mice. In contrast, oocyst
shedding was observed within 3 days of infection in SCID
bgMN mice, and it peaked on day 4 (Fig. 1A). These mice
exhibited heavy weight loss and suppression of appetite; they
began dying 10 days after infection, and all of them died within
16 days of C. parvum infection (Fig. 1B). All of the SCIDbgMN
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FIG. 2. C. parvum infection in SCIDbgMN mice inoculated with
CP-Md. SCIDbgMN mice were inoculated with 1 X 10° cells/mouse of
CP-M¢ (open circles), resident M¢ (closed circles), CP-PMN (open
squares), or PMN-N (closed squares). SCIDbgMN mice injected with
PBS served as controls (open triangles). These mice were then infected
orally with 1 X 10° C. parvum oocysts per mouse. To determine the
mortality rates, these mice were observed every 12 h for 3 weeks. The
data shown are representative of three experiments.

mice not having C. parvum infection survived until the end of
the experimental period. These results indicate that oral infec-
tion with C. parvum in SCIDbgMN mice causes acute crypto-
sporidiosis with high mortality rates, while it causes chronic
infection without any mortality in SCIDbg mice.

Anti-C. parvum effector cells for acute cryptosporidiosis.
Acute cryptosporidiosis did not occur in SCIDbg mice orally
infected with C. parvum. However, it occurred severely in
SCIDbgMN mice exposed to the pathogen in the same fashion.
Since the difference between SCIDbg mice and SCIDbgMN
mice was the presence (SCIDbg mice) or lack (SCIDbgMN
mice) of M¢ and PMN, these cells were strongly suggested as
key effector cells in the host defense against acute cryptospo-
ridiosis. Therefore, by reconstitution experiments we next ex-
amined the role of M¢ and PMN in host resistance of SCID
bgMN mice against acute infection with C. parvum. When M
from peritoneal cavities of SCIDbg mice 3 days after C. parvum
infection (CP-Md) were adoptively transferred to SCIDbgMN
mice and these mice were infected with 1 X 10° oocysts of C.
parvum, all of these mice survived. Based on our preliminary
studies, in these experiments 1 X 10° cells/mouse of Mdb were
inoculated intravenously into SCIDbgMN mice. However, the
same number of M¢ from uninfected SCIDbg mice (resident
Md) did not protect SCIDbgMN mice exposed to the same C.
parvum infection (Fig. 2). All of the SCIDbgMN mice not
having C. parvum infection survived until the end of the ex-
perimental period. These results indicate that CP-M¢ (but not
resident M¢) play a role in the resistance of SCIDbgMN mice
against C. parvum infection.

In the next experiments, CP-Md were characterized based
on their cytokine/chemokine production profiles. CCL5 and
IL-12 are biomarkers for M1Mdé. CCLS and IL-12 were de-
tected in culture fluids of M1Md¢ and CP-M&. However, IL-10,
CCL17, CCL1, and CXCL13 were not demonstrated in culture
fluids of M1Md and CP-Md. Culture fluids of resident M did
not contain these soluble factors (Fig. 3). Furthermore, iNOS
mRNA was expressed by MIM¢ and CP-Md, while this
mRNA was not expressed by resident M or any M2Md sub-
populations (data not shown). From these results, CP-Md
were identified as M1Md.

Role of CP-PMN in host resistance against acute cryptospo-
ridiosis. The effect of CP-PMN on the anti-C. parvum func-
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FIG. 3. Cytoklne and chemokine production by CP-M¢. A total of
1 X 10° cells/ml of CP-M¢ and resident Mo (M from uninfected
SCIDbg mice) were cultured for 48 h. As positive controls, standard
MIMdé, M2aM¢$/M2cM¢, and M2bMdé preparations (21) were cul-
tured under the same conditions. Harvested culture fluids were as-
sayed for IL-12, CCLS, IL-10, CCL17, CCL1, and CXCL13 by enzyme-
linked immunosorbent assay. Error bars indicate standard errors of the
means.
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tions of M¢ was examined. SCIDbgMN mice were inoculated
with resident M alone, resident M transwell cultured with
PMN-N, or resident M¢ transwell cultured with CP-PMN and
then were exposed to 1 X 10° C. parvum oocysts/mouse. Trans-
well cultivation between resident M (1 X 10° cells/ml, lower
chamber) and CP-PMN (1 X 10° cells/ml, upper chamber) was
performed for 18 h. When SCIDbgMN mice inoculated with
resident M¢ or with resident M¢ previously transwell cultured
with PMN-N were exposed to C. parvum infection, all of them
died within 16 days of the infection. However, all of the SCID
bgMN mice that were inoculated with resident M¢ previously
transwell cultured with CP-PMN survived (Fig. 4). This indi-
cates that CP-PMN have a function in resident M conversion
to anti-C. parvum M.

Cooperation of M and PMN in host anti-C. parvum resis-
tance in SCIDbg mice. From experiments utilizing SCIDbg
mice and SCIDbgMN mice, both M¢ and PMN were shown to
be required for host defense against acute C. parvum infection.
CP-Mdo, shown to be anti-C. parvum effector cells, were char-
acterized as M1Mo. Therefore, the role of CP-PMN in the
anti-C. parvum resistance of M¢ was examined. When resident
Mdé (lower chamber) were cultured with CP-PMN (upper
chamber) in dual-chamber transwells, M¢ harvested from the
lower chamber produced CCLS. However, this chemokine was
not produced by resident M alone or resident M transwell
cultured with PMN-N (Fig. 5). These results indicate that CP-
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FIG. 4. Lethal C. parvum infection in SCIDbgMN mice inoculated
with various preparations of resident M. Resident Md (1 X 10°
cells/ml, lower chamber) were cultured with CP-PMN (1 X 10° cells/
ml, upper chamber) in a dual-chamber transwell for 18 h. As controls,
resident M¢ were cultured with medium or PMN-N in the same
fashion. These resident M¢ preparations cultured with CP-PMN
(open circles), PMN-N (closed circles), or medium (open triangles)
were harvested from the lower chamber and adoptively transferred to
SCIDbgMN mice at 1 X 10° cells/mouse. These mice were then in-
fected orally with 1 X 10° C. parvum oocysts per mouse. The mortality
rates for these mice were observed every day for 3 weeks. The data
shown are representative of three experiments.

PMN play a role in the M¢ conversion from resident M to
M1Mé.

In the next experiments, CP-PMN were characterized based
on their cytokine/chemokine production profiles. Standard
preparations of PMN-I, PMN-II, and PMN-N were prepared
as described previously (47). CCL3 and IL-12 are representa-
tive cytokines produced by PMN-I, and PMN-II have been
characterized as CCL2- and IL-10-producing cells. PMN-N do
not produce soluble factors. CCL3, IFN-vy, and IL-12 (but not
CCL2, IL-4, and IL-10) were detected in culture fluids of
CP-PMN and PMN-I, while CCL2, IL-4, and IL-10 (but not
CCL3, IFN-y, and IL-12) were demonstrated in culture fluids
of PMN-II (Fig. 6). These cytokines were not detected in
culture fluids of PMN-N. These results indicate that CP-PMN
are PMN-I.

In the next experiments, we examined how CP-PMN induce
Mo conversion from resident M to M1Md. Since M¢ con-
version to M1Mdé was shown when resident M¢ were transwell

CCLS (ng/ml)
~ [*)} o] 5
*

[\

Resident Resident M¢ Resident M¢
M¢ alone * +
PMN-N CP-PMN

FIG. 5. Production of CCLS by resident M¢ transwell cultured
with CP-PMN. Resident Md (1 X 10° cells/ml, lower chamber) were
cultured in a dual-chamber transwell with medium, PMN-N, or CP-
PMN (1 X 10° cells/ml, upper chamber). Eighteen hours after culti-
vation, M¢ were harvested from the lower chamber, and then they
were recultured (1 X 10° cells/ml) for 24 h without any stimulation.
The amounts of CCLS5, a biomarker for M1Md, in the culture fluids
were measured by enzyme-linked immunosorbent assay. Data are
means * standard errors of the means (n = 5).
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FIG. 6. Production of cytokines and chemokines by CP-PMN. A total of 1 X 10° cells/ml of CP-PMN and PMN-N were cultured for 18 h
without any stimulation. As controls, PMN-I and PMN-II preparations (see Materials and Methods) were cultured in the same conditions.
Harvested culture fluids were assayed for CCL3, CCL2, IFN-v, IL-4, IL-12, and IL-10 by enzyme-linked immunosorbent assay. Error bars indicate

standard errors of the means.

cultured with CP-PMN, soluble factors released from CP-PMN
were suggested to be involved in this M¢ conversion. IFN-y
was shown to be an effector molecule for CP-PMN-induced
Mo conversion to M1Md, because M1Md were not obtained
when resident Md were transwell cultured with CP-PMN in
the presence of anti-IFN-y MAb (Fig. 7). These results indi-
cate that M¢ conversion from resident M¢p to M1Md is me-
diated by IFN-vy released from CP-PMN. In our previous stud-
ies (47), IL-12 and CCL3 were also shown to be involved in M¢
conversion from resident M¢ to M1Md. CCL3 has been shown
to be required when IL-12 is produced by M¢ (12), and IL-12
has been described as a key cytokine in the maximal IFN-y
production by M (29). Since CCL3 and IL-12 are produced
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FIG. 7. Effect of anti-IFN-y MAb on M1M¢ generation stimulated
with CP-PMN. Resident Md (1 X 10° cells/ml, lower chamber) were
cultured in a dual-chamber transwell with CP-PMN (1 X 10° cells/ml,
upper chamber) in the presence of anti-IFN-y MAD (2 pg/ml). Eigh-
teen hours after cultivation, M were harvested from the lower cham-
ber, and then they were recultured (1 X 10° cells/ml) for 24 h without
any stimulation. The amounts of CCLS5, a biomarker for M1Md, in the
culture fluids were measured by ELISA. Data are means * standard
errors of the means (n = 5).

by CP-PMN (Fig. 6), these soluble factors may function addi-
tionally in M¢ conversion from resident M to M1Mdé and/or
IFN-vy production by CP-PMN themselves.

DISCUSSION

A variety of animal models have been used to study the
nature and role of host immune responses to C. parvum
infection, including neonatal mice (22), dexamethasone-
treated mice (54), congenital immunodeficient (nude,
RAG /7, SCID) mice (1, 28, 33), and mice with targeted
gene mutations for major histocompatibility complex class
II, CD40, IFN-y or T-cell receptor a (2, 19, 22, 50). From
the studies performed with these models, the central impor-
tance of CD4" T cells (chronic) and IFN-y (acute and
chronic) in the resistance to and recovery of animals from C.
parvum infection have been proven. Thus, IFN-y GKO mice
manifested both acute and chronic infections (17), while
chronic C. parvum infections developed in SCID mice or
normal mice depleted of CD4™" T cells (48). Normal mice or
normal mice depleted of CD8" T cells did not manifest
either acute or chronic infection (48).

In this study, cryptosporidiosis was shown to develop quickly
(within 3 days of C. parvum infection) and severely (a 100%
mortality rate) in SCIDbgMN mice (SCIDbg mice depleted of
functional M and PMN) compared with that in SCIDbg mice
(mice depleted of functional T, B, and NK cells). All of the
SCIDbgMN mice died within 16 days after C. parvum infec-
tion, whereas all of the SCIDbg mice survived after the same
infection. These facts indicate that M¢ and PMN play an
important role in the host resistance of mice against acute C.
parvum infection. The SCIDbgMN mice utilized in these ex-
periments were created from SCIDbg mice after X irradiation
(4 Gy) and other treatments (anti-Ly6G MAb and carrag-
eenan). Since irradiation is known to damage the intestinal
epithelium, there was a concern that intestinal epithelial cell-
mediated innate immune responses (e.g., antimicrobial pep-
tide production and cytokine/chemokine production) would be
impaired in SCIDbgMN mice and the susceptibility of these
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mice to C. parvum infection would be increased. However, the
resistance of SCIDbgMN mice to C. parvum infection was
completely restored to the level shown by SCIDbg mice after
inoculation with CP-M¢ and/or resident M¢$ and CP-PMN.
These results strongly suggest that the influence of intestinal
epithelial cell damage caused by X irradiation on the de-
creased host resistance of SCIDbgMN mice to C. parvum in-
fection is minimal. Plasmacytoid dendritic cells (DC) and
eosinophils present in SCIDbg mice may be strongly influ-
enced by treatment with anti-Ly6oG MAb plus X irradiation.
Although fewer than 1% of plasmacytoid DC and eosinophils
are present in the peripheral blood cells of healthy SCIDbg
mice (47), the accumulation of these cells at the inflammation
site has been described (20, 55). So far, the active pathological
role of these cells at the C. parvum infection site is not known.
Analytical studies on the role of plasmacytoid DC and eosinophils
in acute C. parvum infection in SCIDbg mice are needed.

However, the host resistance of SCIDbgMN mice to acute
C. parvum infection was not restored to the level shown by
SCIDbg mice, even when they were inoculated with CP-
PMN (PMN from C. parvum-infected SCIDbg mice), N-
PMN (PMN from uninfected SCIDbg mice), resident Md
(M from uninfected SCIDbg mice), or resident M previ-
ously treated with PMN-N. SCIDbgMN mice resisted acute
C. parvum infection when they were inoculated with CP-Mé
(M¢ from C. parvum-infected SCIDbg mice) or both resi-
dent M¢ and CP-PMN. Also, SCIDbgMN mice resisted
acute C. parvum infection when they were inoculated with
resident M¢ previously cultured with CP-PMN. In subse-
quent experiments, CP-PMN were identified as PMN-I, with
the ability to produce IFN-y. Also, CP-M¢ or resident M
previously cultured with CP-PMN were identified as M1M¢,
because these M¢ produced IL-12 and CCLS5 and expressed
iNOS mRNA. These results indicate that M1Md (or CP-
M¢) are generated from resident M¢ in cooperation with
CP-PMN (or PMN-I), and IFN-vy released from CP-PMN
may play a role in the M¢ conversion from resident M¢ to
MIMé. M1IM¢ may act as final effector cells in the host
resistance of SCIDbg mice to acute C. parvum infection.
Supporting this, SCIDbgMN mice inoculated with authentic
MI1Mdé were shown to be resistant against acute C. parvum
infection. The beige mutation in SCID mice causes a defect
in the cytotoxic function of NK cells. However, other func-
tions of NK cells may be retained in SCIDbg mice, suggest-
ing that NK cells retained in C. parvum-infected SCIDbg
mice are involved as cells that produce IFN-y. However,
these mice did not resist C. parvum infection even when they
were inoculated with resident Md. This suggests that in
SCIDbg mice, the amounts of IFN-vy released from NK cells
are not enough to convert resident Mé to M1Mé.

M1M¢o have been well described as major effector cells for the
host’s innate immunities (36, 40, 42). In general, M1M¢ exhibit
high oxygen consumption, the ability to kill cells infected with
intracellular pathogens, cytotoxicity against tumor cells, the ability
to express iNOS, and the ability to secrete NO, proinflammatory
cytokines, and Thl response-associated cytokines (36, 40, 49).
The effector molecules of M1M¢ that inhibit C. parvum replica-
tion remain unclear. Recent papers have shown an increase in the
expression of cathelicidin-related antimicrobial peptide mRNA in
MI1Md (6) and that cathelicidins are cytotoxic against both sporo-
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zoites and oocysts of C. parvum (13). This suggests that antimi-
crobial peptides released from M1Md¢ may play a role in the
M1Md-associated host defense of SCIDbg mice acutely infected
with C. parvum. As mentioned above, CP-PMN were shown to be
stimulator cells for M conversion from resident M¢ to M1Md.
However, M¢ conversion from resident M to M1Md did not
occur when resident Md were transwell cultured with CP-PMN in
the presence of anti-IFN-y MAD (data not shown). These results
strongly suggest that IFN-y released from CP-PMN is an effector
molecule in the CP-PMN-associated M conversion from resi-
dent Md to M1Mdo.

An inhibitory effect of IFN-y on C. parvum invasion and
replication in cultures of intestinal epithelial cells has been
reported (24, 38). Thus, parasite replication was diminished up
to 50% when the cultures were performed with 50 ng/ml of
IFN-y. The minimum effective dose of IFN-y for inhibitory
activity against parasite replication was 10 ng/ml. In our exper-
iments, 200 pg/ml of IFN-y was detected in sera of SCIDbg
mice exposed to 1 X 10° C. parvum oocysts. This indicates that
the parasite replication in SCIDbg mice may not be directly
influenced by this amount of IFN-y. However, 200 pg/ml of
IFN-y has been shown to be enough for the conversion from
resident M¢ to M1Mdo. These facts suggest that IFN-vy re-
leased from CP-PMN plays a role in the M¢ conversion from
resident M to M1Md.

IFN-y released from CD4" T lymphocytes has been de-
scribed as an important molecule for the host defense of indi-
viduals infected with Cryptosporidium parvum. In a pediatric
case report (14), it has been reported that in response to
Cryptosporidium antigen, peripheral blood mononuclear cells
from a patient with cryptosporidiosis had the ability to produce
IL-10 (but not IFN-y). However, peripheral blood mononu-
clear cells from a donor who had recovered from cryptospo-
ridiosis had the ability to produce IFN-y. These results suggest
that IFN-y plays a role in the recovery of individuals from
cryptosporidiosis. In addition to IFN-y, in this study, M1Md
were shown to play a role in a host resistance against acute
Cryptosporidium infection. Although cryptosporidiosis in hu-
mans with dysfunctional M¢$ and PMN has not been cleared,
patients with a predominance of M2M¢, such as patients with
severe burn injuries (unpublished data) and certain cancer
patients (49), may be very susceptible to C. parvum infection.
M2M¢ have been reported to be inhibitory to the generation
of PMN-I and M1M¢.
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