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Cryptosporidiosis is an important diarrheal disease of humans and neonatal livestock caused by Cryptospo-
ridium spp. that infect epithelial cells. Recovery from Cryptosporidium parvum infection in adult hosts involves
CD4* T cells with a strong Th1 component, but mechanisms of immunity in neonates are not well character-
ized. In the present investigation with newborn mice, similar acute patterns of infection were obtained in
C57BL/6 wild-type (WT) and T and B cell-deficient Rag2 ™'~ mice. In comparison with uninfected controls, the
proportion of intestinal CD4* or CD8" T cells did not increase in infected WT mice during recovery from
infection. Furthermore, infection in neonatal WT mice depleted of CD4™ T cells was not exacerbated. Ten
weeks after WT and Rag2™/~ mice had been infected as neonates, no patent infections could be detected.
Treatment at this stage with the immunosuppressive drug dexamethasone produced patent infections in
Rag2 ™/~ mice but not WT mice. Expression of inflammatory markers, including gamma interferon (IFN-v) and
interleukin-12p40 (IL-12p40), was higher in neonatal WT mice than in Rag2™'~ mice around the peak of
infection, but IL-10 expression was also higher in WT mice. These results suggest that although CD4" T cells
may be important for elimination of C. parvum, these cells are dispensable for controlling the early acute phase

of infection in neonates.

Intestinal cryptosporidiosis is a debilitating infectious diar-
rheal disease caused by apicomplexans of the genus Cryptospo-
ridium that develop in epithelial cells (6, 8). Infection is trans-
mitted in a fecal-oral manner by oocysts that release
sporozoites in the intestine. Epithelial cells are invaded by the
sporozoites, and asexual reproduction produces merozoites
that infect new cells. Later generations of merozoites undergo
sexual differentiation that leads to formation of new oocysts.
Outbreaks of human cryptosporidiosis have been linked to
contact with infected hosts or with oocyst contamination of
water supplies or food (6, 8). Illness normally lasts a few days,
but infection often persists in immunocompromised hosts, in-
cluding AIDS patients, and may become fatal (6, 11).

Cryptosporidium parvum is a zoonotic pathogen that com-
monly infects humans and neonatal livestock (8). Immunolog-
ical studies have shown that host resistance against C. parvum
is established through both innate and adaptive immune re-
sponses. Recent studies indicated that NK cells were important
in innate immunity, since Rag2 '~ mice that lack T and B cells
were more resistant to infection than alymphocytic Rag2 ™/~
vc~/~ mice (3). Gamma interferon (IFN-y) is also important
for innate immunity to infection (15, 23, 32), and although NK
cells are a major source of IFN-y, Rag2™/~ yc™/~ mice were
found to have IFN-y-dependent innate immunity against the
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parasite (3). Interleukin-12 (IL-12) was shown to be required
for inducing IFN-y-dependent immunity to C. parvum in SCID
mice that lack T and B cells (32).

Studies suggest that in adaptive immunity to C. parvum,
IFN-y and IL-12 also have protective roles in adult mice,
indicating the involvement of Thl responses (5, 24). Ultimate
control of infection in adult mice and humans is dependent on
CD4™" T cells (2, 27), and IFN-y expression by these cells could
be a key factor in host defense, although in humans, this
cytokine might be more important during secondary infection
(12, 14, 36). In one report, CD8™ T cells in juvenile mice were
reported to be involved in very early innate immunity (17), and
antigen-specific human CD8" T cells cytotoxic to C. parvum-
infected cells have been developed in vitro (25), but numerous
other studies suggest that there is no major role for CD8" T
cells in establishing immunity (2, 30). An investigation with
v8 " T cell-deficient mice suggested that 3™ cells had a partial
protective effect against infection in neonatal mice but not
adult mice (35).

Adult immunocompetent animals are generally refractory to
C. parvum infection (11). Neonatal animals, including cattle,
sheep, deer, and mice, are highly susceptible to infection, al-
though they usually survive (11). This vulnerability of neonates
might be a result of defective T cell responses, as for example,
newborn mice are lymphopenic and may be less able to de-
velop Th1 responses (1). Recently, however, we observed that
neonatal Rag2™/~ and Rag2™’~ yc™/~ mice not only survived
an early surge of C. parvum reproduction but also brought the
infection under effective immunological control (3). This im-
plied that T cells may not be essential for control of infection
in neonatal hosts.

The aim of the present study was to investigate the respec-
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tive contributions of innate and adaptive immunity in resis-
tance to C. parvum infection of neonatal mice. Comparative
studies with wild-type (WT) and Rag2 ™/~ mice suggested that
the early resistance that develops against infection in the neo-
natal host is not dependent on CD4™ T cells but on innate
immunity.

MATERIALS AND METHODS

Animals. The mice employed, WT C57BL/6 and Rag2™/~ C57BL/6 mice (the
latter developed at the Pasteur Institute), were specific pathogen free and bred
and maintained in cages with filter lids. Animals had free access to food and
water. Experiments were carried out under license from the United Kingdom
Home office and with ethical approval of Queen Mary College, University of
London.

Parasite and animal infections. Purified C. parvum oocysts (IOWA isolate
obtained from Bunch Grass Farm, Deary, ID) were surface sterilized by being
washed in phosphate-buffered saline (PBS), pH 7.2, with 10% domestic bleach
and then being washed three times in PBS. Neonatal mice were infected with C.
parvum by two oral inoculations, with 2.5 X 10* oocysts in 5 wl PBS with 5 min
between doses. Infections were measured by microscopic counting of oocysts in
acid-fast stained fecal smears. Parasites were counted in 50 random fields at a
high magnification (X1,000).

Antibody treatment of mice. CD4" T cells in neonatal mice were depleted by
three intraperitoneal (i.p.) injections of rat anti-mouse CD4 IgG monoclonal
antibody GK1.5 (R&D Systems), as follows: 50 pg on the day of infection (day
0) and 75 pg on days 2 and 4. Depletion of NK1.1" cells was achieved by i.p.
injection of 100 wg murine anti-NK1.1 IgG monoclonal antibody PK136 (R&D
Systems) on days 0 and 3. Control mice received similar amounts of normal rat
or mouse IgG.

Preparation of lymphoid cell populations from mice and flow cytometry.
Spleens, mesenteric lymph nodes (MLN), and small intestines were excised and
placed in cold isolation buffer (Hanks” balanced salt solution [HBSS] without
calcium and magnesium [Invitrogen], 10% fetal calf serum [FCS], 0.09% sodium
azide). Cell suspensions were prepared from spleens and MLN that were passed
through 40-pm strainers and, after erythrocyte lysis using 8.3 g/liter NH,CI in
0.01 M Tris-HCI, resuspended in FACS buffer (PBS, 1% FCS, 0.09% sodium
azide). Intestines were flushed with isolation buffer, opened longitudinally, and
cut into 0.3-cm pieces. After two washes, intestinal epithelial cells containing
intraepithelial lymphocytes (IEL) were separated from the intestinal tissue by
incubation for 20 min at 37°C, slow rotation in 10 mM EDTA-isolation buffer,
and subsequent vortex mixing for 20 s. The remaining intestinal tissue was
incubated three times in digestion buffer (0.5 mg/ml collagenase D [Roche] and
0.5 mg/ml DNase I [Sigma] in isolation buffer) for 20 min at 37°C and underwent
slow rotation. After each incubation step, the suspension was vortexed for 20 s,
and remaining pieces were allowed to settle. Supernatants containing lamina
propria (LP) cells were pooled, and cell suspensions (epithelial cells with IEL or
LP cells) were passed through a 40-wm strainer and washed. Cell pellets were
resuspended in 40% isotonic Percoll (Sigma), layered on 80% isotonic Percoll,
and centrifuged for 30 min at 900 X g Lymphoid cells were collected at the
interface and washed in FACS buffer. Cells were incubated with anti-CD16/
CD32 antibodies to block Fc receptors, and after being labeled with fluoro-
chrome-conjugated antibodies, cell surface expression of T cell markers was
assessed using a FACSCanto II instrument (BD Biosciences). Anti-mouse CD8
fluorescein isothiocyanate (FITC; clone 53-6.7), anti-mouse CD3 PerCP-
eFluor710 (clone 17A2), anti-mouse CD4 allophycocyanin (APC; clone GK1.5),
and respective isotype-matched control antibodies were purchased from
eBioscience.

Quantitative PCR. Extraction of RNA from small intestinal samples, reverse
transcription to cDNA, and real-time quantitative PCR were performed as de-
scribed previously (3). The primer sequences used were as follows: B-2-micro-
globulin forward, GCA AGG ACT GGT CTT TCT ATA TCC T, and reverse,
ATC ACA TGT CTC GAT CCC AGT AG (132 bp); IFN-vy forward, GCC AAG
TTT GAG GTC AAC AAC, and reverse, ATC AGC AGC GAC TCC TTT TC
(121 bp); IL-12p40 forward, TGT AAC CAG AAA GGT GCG TTC, and
reverse, ACT TGC TGC ATG AGG AAT TGT (115 bp); CD69 forward, GAA
GGA CCA TGG CAC CAG, and reverse, AGG ACG TGA TGA GGA CCA
CT (101 bp); IL-2RB forward, CAGC AGA TCC CAT GAA GGA, and reverse,
TAC CGG CAC TTG ACC AAA AT (115 bp); Klrblb forward, AAG AAG
AAC TGA GAT TCC TAC TGG AC, and reverse, TGA AAG CTG TGC CAT
TTA TCC (117 bp); granzyme B forward, CTA AAG CTG AAG AGT AAG
GCC AAG, and reverse, CCA GCC ACA TAG CAC ACA TC (104 bp); and
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FIG. 1. Course of C. parvum infection in neonatal C57BL/6 and
Rag2™~/~ mice. C57BL/6 and Rag2 '~ animals were infected by oral
gavage with C. parvum oocysts at 7 days of age, and microscopic
measurements of oocyst shedding in Ziehl-Neelsen acid-fast stained
fecal smears from mice at different times of infection were made. The
values represent the mean numbers of oocysts per 50 fields = standard
errors for 6 to 10 animals per group.

IL-10 forward, ACT TTA AGG GTT ACT TGG GTT GC, and reverse, TCT
CAC CCA GGG AAT TCA AA (126 bp).

Statistical analyses. In mouse experiments, infections were measured each day
with 6 to 10 animals. Mean values * standard errors of the means were calcu-
lated, and statistical examination was performed using Student’s ¢ test and the
Mann-Whitney U test. The data shown are representative of replicate experi-
ments.

RESULTS

Control of infections in Rag2™/~ and WT mice. A compar-
ison was made of the patterns of C. parvum infection in neo-
natal T and B cell-deficient C57BL/6 Rag2 '~ and WT mice
infected at 7 days of age. Figure 1 shows that for each mouse
strain, a similar course of acute infection was obtained, and
there was no significant difference in the level of oocyst excre-
tion during the 11-day monitoring period of the acute infec-
tion.

Oocyst excretion in WT and Rag2 ™/~ mice could not be
detected from 3 to 10 weeks postinfection (data not shown). At
10 weeks, the mice were immunosuppressed by i.p. treatment
with 1 mg dexamethasone on three consecutive days. No in-
fection relapses were observed in WT mice, but oocyst excre-
tion was detected within a few days in Rag2 ™/~ mice (Fig. 2).
These results implied that following an early acute phase of
infection during the neonatal period, Rag2™/~ mice main-
tained a latent chronic infection, while WT mice eliminated the
parasite.

Taken together, the above-mentioned results suggest that
the early acute phase of infection in neonates is resolved as
effectively in T cell-deficient mice as in immunocompetent
mice, but later elimination of the parasite cannot be attained in
the absence of T cells and adaptive immunity.

Role of CD4™ T cells in control of infection in WT neonates.
CD4™" T cells are essential in the resistance of adult hosts to
cryptosporidial infection, but the protective role of these cells
in neonates has not been thoroughly evaluated. In a flow cy-
tometry study, measurements of the numbers of CD4" and
CD8™ T cells in the intestines from WT mice and age-matched
uninfected mice were made on day 5, the point when recovery
from infection begins. The relative numbers of CD4" and
CD8" cells were similar to those reported previously in new-
born mice of a similar age (28). No increase in the percentage
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FIG. 2. Measurement of excretion of C. parvum oocysts in C57BL/6
and Rag2™’~ mice immunosuppressed with dexamethasone (DXM)
following recovery from neonatal infection. C57BL/6 and Rag2™/~
mice were infected by oral gavage with C. parvum oocysts at 7 days of
age. Ten weeks after recovery from acute infection, mice were immu-
nosuppressed by i.p. injection with 1 mg dexamethasone on three
consecutive days, and oocyst excretion was monitored for 6 days after
the first injection. The percentage of mice that developed patent in-
fection is shown. The values represent the mean numbers of oocysts
per 50 fields = standard errors for 9 animals per group.

of CD4" or CD8" T cells in infected mice or uninfected mice
had occurred (Fig. 3A). Similar results were obtained when
intestinal tissue was collected on day 8 (data not shown). As
this may have suggested a lack of CD4™ T cell involvement in
immunity, the effect of the depletion of CD4™ T cells on the
course of infection in neonatal WT mice was examined. Treat-
ment of neonatal WT mice with anti-mouse CD4 antibodies
was shown to virtually ablate CD3™ CD4" T cell numbers in
the spleen, mesenteric lymph node, lamina propria, and intra-
epithelial lymphocyte populations (Fig. 3B). This loss of CD4*
cells, however, did not increase the susceptibility of the neo-
nates to C. parvum infection, as the pattern of oocyst repro-
duction was similar to that in control mice (Fig. 3C). These
results imply that CD4™ T cells in newborn mice do not play a
key part in the control of C. parvum infection.

Involvement of NK1.1* cells in control of infection in WT
neonates. As T cells, including CD4™ T cells, appeared to not
be important for establishing early resistance to infection in
neonates, an investigation of the protective role of NK1.1"
cells, which include NK cells, in WT mice was made. Mice
treated with anti-NK1.1 antibodies were slower in controlling
the infection than controls, producing significantly higher num-
bers of oocysts on days 5 and 6 (Fig. 4). This suggests that
NK1.1" cells may play an important part in immunity against
C. parvum in neonatal WT mice.

Intestinal expression of immunological mediators in in-
fected WT and Rag2~'~ neonatal mice. On day 5 of infection
of WT and Rag2 /" mice, studies by quantitative PCR of
intestinal expression of mRNA of cytokines known to be im-
portant in immunity to infection were done. There was a sig-
nificant increase in expression of IFN-y and IL-12p40 in in-
fected WT and Rag2/~ mice (Fig. 5A and B), but Rag2 ™/~
animals showed lower abundances of both cytokines than WT
animals. Examination of the anti-inflammatory cytokine IL-10
also showed that there was enhanced expression in both strains
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of mice as a result of infection, but the level was greater in WT
mice than in Rag2~'~ mice (Fig. 5C).

Further studies showed that in the small intestine of infected
WT and Rag2 ™/~ mice, there was a significant increase on day
5 in the abundance of mRNA encoding the § subunit of the
IL-2 receptor (Fig. 6A), which is constitutively expressed on
the majority of NK cells and upregulated on activated T cells,
and in the abundance of mRNA coding for the NK/NK T
(NKT) cell-specific receptor Klrblb (NKI1.1 in animals on a
C57BL/6 background) (Fig. 6B). Similarly, in both mouse
strains, there was significantly elevated expression of the lym-
phocyte activation marker CD69 and granzyme B, a serine
protease important in NK cell- and T cell-mediated cytotoxic-
ity (Fig. 6C and D). As with IFN-y and IL-12p40, the levels of
expression of Klrblb, CD69, and granzyme B mRNA in in-
fected mice were more pronounced in WT mice than in
Rag2 /" mice. Collectively, these findings indicate that infec-
tion with C. parvum leads to an increase in the small intestine
of markers of NK cells and T lymphocytes and their activation.

DISCUSSION

In neonatal animals such as cattle and mice infected with C.
parvum, the intestine becomes heavily parasitized within sev-
eral days, but the host is then usually able to mount a protec-
tive immune response that leads to the infection becoming
subclinical in a few days (11). The immunological basis under-
lying the control of parasite reproduction by neonates has not
been well described, however. In adult hosts, CD4™" T cells, but
not CD8" T cells, are required for resistance to infection by C.
parvum or Cryptosporidium muris (reviewed in reference 22).
The findings of the present investigation, however, suggest that
for neonatal mice, innate immune mechanisms are sufficient to
block the early surge of parasite reproduction and that CD4™
T cells may not have a significant protective role during this
period.

A key observation in this investigation was that newborn
Rag2™/~ mice were able to control infection as efficiently as
WT mice of the same age. This indicated that in the neonates,
innate responses could be as effective as adaptive immunity in
establishing control of infection. After the initial phase of
infection, neither mouse strain showed evidence of relapse by
microscopy at up to 10 weeks postinfection. At this time, dexa-
methasone treatment produced patent infections in Rag2™/~
mice but not WT mice. This suggested that the WT mice but
not the Rag2™/~ mice probably had eliminated the parasite.
Without dexamethasone treatment, many Rag2 ™/~ mice (but
not WT mice) infected as neonates eventually demonstrated
patent infections that became progressive and fulminant (data
not shown), but the immunological basis for this loss of innate
resistance is currently unknown. Hence, adaptive immunity is
required to achieve sterile immunity against C. parvum, but
neonates appear to be able to activate potent innate immune
mechanisms that alone are proficient for surmounting a severe
C. parvum infection.

In the only similar study of which we are aware in which the
early courses of C. parvum infection in WT and mutationally T
cell-deficient neonatal mice were compared, Heine et al. (16)
observed that the recovery of neonates was less pronounced in
athymic BALB/c nude mice than in WT mice and that the T
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FIG. 3. Frequency of intestinal T cells in neonatal C57BL/6 mice at the peak of C. parvum infection and effect of CD4™ T cell depletion on
the course of infection. (A) Neonatal C57BL/6 mice were infected by oral gavage with C. parvum oocysts, and the surface expression of CD3, CD4,
and CD8 on CD45" lamina propria cells (top) and on cells of the intestinal epithelium (bottom) on day 5 postinfection was analyzed by flow
cytometry. Representative plots show the frequencies of CD4" and CD8" T cells among the CD3" CD45* cells. (B and C) Effect of CD4" T cell
depletion. (B) Neonatal C57BL/6 mice were infected by oral gavage with C. parvum oocysts. Animals were administered anti-CD4 antibody or
control IgG on days 0, 2, and 4 postinfection. The efficiency of the ablation of CD4* CD3* CD45" T cells in the spleen, mesenteric lymph nodes,
lamina propria, and intestinal epithelium was assessed by flow cytometry on day 5 postinfection. Representative plots are shown. (C) The infection
was followed by microscopic examination of fecal smears from mice at different times of infection and by quantification of oocyst shedding. The
values shown represent the mean numbers of oocysts per 50 fields = standard errors for at least 7 animals per group.

cell-deficient mice soon developed fulminant infections. The
variation in results between the two studies may have been due
to differences in mouse strain used, parasite isolate used, num-
bers of oocysts used for infection, or animal maintenance con-
ditions used. However, we observed an infection pattern sim-
ilar to that seen in Rag2 ™/~ mice with BALB/c SCID mice
infected as neonates with the IOWA or Moredun isolates of C.
parvum (our unpublished data).

We next studied the involvement of CD4" T cells in the
recovery of WT neonatal mice from infection. An examination
of T cells present in the intestine during the recovery period
showed that the percentages of intestinal CD4" T cells and
CD8™ T cells were not significantly greater than those in un-
infected mice. This was in agreement with the finding in a
previous report that the proportions of CD4* and CD8" T
cells in Peyer’s patches of C. parvum-infected neonatal mice
did not rise significantly until late in recovery (21). Others
observed no C. parvum antigen-specific activation of splenic T
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FIG. 4. Effect of NK cell depletion on the course of C. parvum
infection in neonatal C57BL/6 mice. Neonatal C57BL/6 animals were
infected by oral gavage with C. parvum oocysts and administered either
anti-NK1.1 antibodies or control IgG. The infection was followed by
microscopic examination of fecal smears from mice at different times
of infection and by quantification of oocyst shedding. The values rep-
resent the mean numbers of oocysts per 50 fields =+ standard errors for
6 to 8 animals per group. Significant differences between mean values
for control and antibody-treated mice are marked (¥, P = 0.0286;
#, P = 0.0476).



VoL. 79, 2011
* *%
A ;e B .,
*kk
£ 101 5 <
") p4 7] ['4 3'
8E 81 8
S - S
3= 3&
o 6 =B 24
g5 s
S 3 5o 11
Z= 24 z 5
J 0 T T
Control C.p. Control C.p. Control C.p. Control C.p.
C57BL/6 Rag2” C57BL/6 Rag2”
*
14+
*
o 124
o<
2 Z 10+
o E
52 o
-
N5 61
244
[ -

$s

2

Control C.p. Control C.p.

C57BL/6 Rag2”

FIG. 5. Intestinal cytokine expression in neonatal C57BL/6 and
Rag2™’~ mice during acute C. parvum infection (C.p.). Neonatal
C57BL/6 and Rag2~/~ animals were infected by oral gavage with C.
parvum oocysts, and intestinal tissue samples from the small intestine
were collected on day 5 postinfection. The amounts of intestinal IFN-y
(A), IL-12p40 (B), and IL-10 (C) mRNA were quantified by real-time
quantitative PCR using the threshold cycle (AAC;) method, with B-2-
microglobulin as the reference gene and samples collected from unin-
fected animals as calibrators. The examples shown represent at least 6
animals per group (¥, P < 0.05; **, P < 0.01; *%*, P < 0.001).

cells from neonatal mice at the peak of infection (13). The
integrin a4B7 is important for migrating activated mucosal T
and B cells to reenter the gut, but recovery from C. parvum
infection was not impaired in B7-deficient neonatal mice (20).
Studies with calves at the peak of C. parvum infection have
shown increases in the percentage of CD4% T cells in the
epithelium but not in the lamina propria (10, 37). Significantly,
in the present study, it was found that anti-CD4 antibodies
were highly effective in depleting CD4™" cells from the intestine
as well as other immune organs, but the loss of CD4" T cells
did not increase the susceptibility of the neonatal mice to
infection. It had previously been shown that neonatal WT mice
given weekly injections with the same anti-CD4 antibodies
failed to clear the infection, but the early acute phase of in-
fection we described was not monitored in that study (30).
Adult WT mice continuously administered this antibody de-
veloped low-grade chronic infections that persisted for weeks
after antibody treatment was terminated (31). Clearly, there-
fore, CD4" T cells are important for clearance of the parasite.
However, the evidence obtained from the present study sug-
gests that CD4" T cells are not required in the vital early
immune response that protects neonates from C. parvum in-
fection.

While depleting CD4™ cells in neonatal WT mice had no
effect on infection, depleting NK1.1" cells, which include NK
cells, hampered recovery. We had previously shown a protec-
tive role for NK cells in neonatal and adult T cell-deficient
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FIG. 6. Intestinal expression of NK cell and T cell markers in
neonatal C57BL/6 and Rag2™/~ mice during acute C. parvum infec-
tion. Neonatal C57BL/6 and Rag2™/~ animals were infected by oral
gavage with C. parvum oocysts, and intestinal tissue samples from the
small intestine were collected 5 days postinfection. The amounts of
intestinal IL-2RB (A), Klrblb (B), CD69 (C), and granzyme B
(D) mRNA were quantified by real-time quantitative PCR using the
AAC; method, with B-2-microglobulin as the reference gene and sam-
ples collected from uninfected animals as calibrators. The examples
shown represent at least 6 animals per group (¥, P < 0.05; **, P <
0.01; #x%, P < 0.001).

mice (3). However, NKT cells may also express NK1.1 (9), and
thus, could be involved in immunity, although as we observed,
Rag2~'~ mice that lack NKT cells and other T cells were as
effective in controlling infection as WT mice.

At the peak of infection in WT and Rag2 ™/~ mice, measure-
ments made by quantitative PCR showed increased levels of
expression of IFN-v, IL-12p40, the lymphocyte markers CD69
and IL-2RB, NK1.1, and granzyme B. The observations for
IFN-y and IL-12p40 were expected, as they are important in
the development of immunity to C. parvum. Increased percent-
ages of activated T cells in the intestines of C. parvum-infected
calves have been found (10, 37). The enhanced expression of
NKI1.1 is commensurate with the result showing that treatment
with anti-NK1.1 increased the level of infection. Granzyme B is
important for cytotoxic activity of T cells and NK cells, and
increased expression may be an indication that cytolysis of
infected epithelial cells is involved in immunity. Cytolysis of C.
parvum-infected human intestinal epithelial cell lines by hu-
man antigen-specific CD8™" T cells or IL-15-activated NK cells
has been described, although these cytotoxic cells were devel-
oped in vitro (7, 25). Interestingly, the intestinal levels of all
these markers of inflammation were higher in WT mice than in
Rag2 ™'~ mice, and yet, there was no variation in the courses of
infection between the two mouse strains. This difference for
some of the markers (e.g., CD69, IL2RB, and granzyme B) is
likely to be due to the absence of adaptive immune cells in
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Rag2 ™'~ mice. Importantly, it was also observed that the level
of IL-10, which downregulates inflammation, was significantly
higher in WT mice than in Rag2~’~ mice. The cellular sources
of IL-10 in these mice are not known, but two possibilities are
that regulatory T cells and IL-10-secreting B cells are more
readily induced in neonatal mice than in adult mice (33, 34).

The lack of T cell involvement in immunity to C. parvum in
newborn mice may be explained by a paucity of T cells in
neonates (1), a propensity of neonatal Thl cells to undergo
apoptosis (19), a high level of regulatory T cell activation (34),
or delayed maturation of IL-12-producing dendritic cells (18).
The transfer of adult T cells into newborn mice has increased
resistance to microbial pathogens such as influenza virus, sug-
gesting that resident neonatal T cells are less efficiently acti-
vated (39). Neonatal mice or goats may compensate for im-
paired adaptive immune responses by developing more potent
innate immune responses than adults, and this may result from
increased inflammatory activation through Toll-like receptors
(TLRs) (28, 29, 38). Evidence suggests that neonatal mice may
overcome bacterial sepsis independently of adaptive immunity
by mechanisms involving TLR ligation (38). Neonates are ca-
pable of generating strong innate immune responses to the
extent that inducing inflammation via TLRs could lead to
greater morbidity and mortality than in adults because of re-
duced regulation of the TLR activation pathways in the new-
born animals (40). Studies suggest that TLRs might play an
important part in immunity to C. parvum: neonatal mice
treated with the TLR9 ligand CpG were found to be strongly
resistant to infection (4), and juvenile mice lacking MyDS88, a
key adaptor molecule in TLR activation, had increased sus-
ceptibility to infection (26).

The findings of the current investigation suggest that the
relative importance of innate and adaptive immunity in control
of C. parvum might alter with the age of the host. If T cells are
not essential for the development of resistance to C. parvum in
neonates, as the current results indicate, it will be important to
better characterize the nature of the protective innate re-
sponses of these hosts during infection. Elucidation of these
responses could open the way for designing novel approaches
in immunotherapy.
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