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Resistance to and control of Cryptosporidium parvum infection in mice in the absence of adaptive immunity
appears to be gamma interferon (IFN-vy) dependent. Using an IFN-y-neutralizing antibody in a murine model,
we demonstrated increased susceptibility to infection within 24 h. We correlated this early resistance and
control with increased mucosal expression of IFN-y and demonstrate that CD8* T-cell receptor «f3 intestinal
intraepithelial lymphocytes express and secrete this cytokine shortly after infection. The rapid kinetics of
IFN-vy expression and secretion by naive CD8™" T cells in response to a protozoan pathogen have not previously

been demonstrated.

Cryptosporidium parvum is an enteric, intracellular, zoonotic
parasite that causes significant morbidity, particularly among
people suffering from AIDS and children in developing coun-
tries. With the exception of highly active antiretroviral therapy,
there remains no effective therapy for AIDS-related crypto-
sporidiosis. Our understanding of the immune response to C.
parvum is not complete. From studies of human and animal
cryptosporidiosis, it is apparent that adaptive immunity, in the
form of CD4" T cells and the cytokine gamma interferon
(IFN-v), is important for resistance to and clearance of the
infection (24). However, there is convincing evidence from
studies of C. parvum infection in scid mice of an IFN-y-depen-
dent innate resistance to infection with this parasite (7). The
mechanism of this innate immune response as well as the
source of IFN-vy in this setting, however, remains undefined.
Since C. parvum infects primarily the gastrointestinal epithe-
lium, we hypothesized that immune cells within the mucosa
contribute to this innate IFN-y-dependent immunity.

The purpose of this study was to demonstrate the presence
of and characterize the IFN-y-dependent innate immune re-
sponse to C. parvum infection in mice. We hypothesized that
intraepithelial lymphocytes (iIEL) are mediators of this IFN-
v-dependent innate immunity. Using a neutralizing anti-IFN-y
antibody, we show increased susceptibility to C. parvum infec-
tion in C57BL/6 wild-type mice within 24 h after infection. We
also demonstrate increased IFN-y expression within the ter-
minal ileum in mice 24 h after infection with C. parvum and
identify the specific cellular compartments that contribute to
this early cytokine expression.

Early resistance to C. parvum infection is IFN-y dependent.
There is indirect evidence that mice have an IFN-y-dependent
resistance to C. parvum in the absence of adaptive immunity
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(7). However, in these studies, the degree of C. parvum infec-
tion was not assessed until 3 weeks after infection. Others have
shown that IFN-y-deficient mice begin to shed oocysts 3 days
after infection (16). Since we hypothesized that an innate im-
mune response to C. parvum infection would be necessarily
rapid, we sought to determine the importance of IFN-y within
the first 24 h after infection. We treated 3-week-old wild-type
C57BL/6 mice (Charles River Laboratories, Wilmington, MA)
with 1 mg of IFN-y-neutralizing antibody (XMG 1.2, a kind
gift of Saul Tzipori, originally provided by Robert Coffman,
DNAX Institute) intraperitoneally 24 h prior to infection.
These mice and the untreated controls received 107 C. parvum
oocysts of the IOWA isolate (Pleasant Valley and Bunch Grass
Farms, Idaho) in phosphate-buffered saline by oral gavage.
The mice were then euthanized after 24 h, and infection was
quantified in sections of the terminal ileum (Fig. 1). For his-
tological analysis, the number of parasites per sample was
expressed as the mean number of intracellular forms of the
parasite within a 10 by 10 grid counted in five separate high-
powered fields (10). Using this method of quantification, in-
fection was detected in untreated mice at 24 h but was signif-
icantly more severe in the mice that received the XMG 1.2
antibody (P = 0.0001 at 24 h) (Fig. 1b and c). A ¢ test with a
two-tailed test of significance was used for this and all subse-
quent statistical analyses, except where noted. C. parvum in-
fection was also quantified by real-time PCR using DNA (ex-
tracted using a GNOME DNA kit; Qbiogene, Irvine, CA) from
the terminal ilea of C. parvum-infected mice. We designed C.
parvum-specific primers for quantitative PCR to amplify a con-
served region of the Cpgp40/15 gene (5). The sequences of
these primers were as follows: forward (5'-TCA TTT GTA
ATG TGG TTC GGA GAA-3') and reverse (5'-AGG GTA
AAG GCA AAC AAA TCG A-3'). Primers for the murine
housekeeping gene nidogen were used as an endogenous con-
trol as previously described (19). Quantitative PCR was per-
formed on an ABI Prism 7700 (Applied Biosystems, Foster
City, CA) machine using a Quantitect SYBR green PCR kit
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FIG. 1. IFN-vy neutralization increases the susceptibility of wild-type mice within 24 h after C. parvum infection. (a and b) Representative hematoxylin-
and eosin-stained sections of terminal ileum taken 24 h after mice were infected with C. parvum. In panel b, the mouse received an intraperitoneal
injection of anti-IFN-y antibodies (XMG 1.2) 24 h prior to infection, and panel a shows the results with an untreated control. Black arrowheads indicate
parasites. (c) Histogram depicting the mean number (+standard deviation) of parasites counted in histological sections from five mice per group (, P =
0.0001). (d) Histogram showing samples from the same experiment quantified by real-time PCR. Each bar represents the mean number of copies of
Cpgp40/15 normalized to the number of copies of nidogen (++, P = 0.001). Data are representative of two independent experiments.

(QIAGEN, Valencia, CA) at 95°C for 15 min, followed by 40
cycles of 94°C for 30 seconds, 60°C for 1 min, and 72°C for 30
seconds. Using this technique, the mean number of parasites
was also significantly greater in mice that had received the
neutralizing antibody at 24 h (P = 0. 001) (Fig. 1d). Therefore,
the technique of quantitative PCR to measure infection in vivo
at 24 h correlated with standard histological analysis. In sum-
mary, these data are consistent with an early IFN-y-dependent
resistance to and control of C. parvum infection, which is
present before the onset of the adaptive immune response.
IFN-vy expression is increased in the small intestine within
24 h after C. parvum infection. It had previously been shown
that IFN-y expression was increased in the terminal ileum as
early as 3 days after C. parvum infection (14). Earlier expres-
sion of IFN-vy, well prior to the onset of adaptive immunity, has
not been reported. We sought to determine whether the ex-
pression of IFN-y was increased in the small intestines of mice
within 24 h after C. parvum infection. In this experiment, RNA
was purified from the terminal ilea of C. parvum-infected and
uninfected mice 24 h after C. parvum infection using a kit
(RNeasy; QIAGEN, Valencia, CA). After DNase treatment
(Ambion, Austin, TX), cDNA was prepared from RNA using
oligo(dT) (Invitrogen, Carlsbad, CA), followed by reverse
transcription with Stratascript (Stratagene, La Jolla, CA).

Quantitative RT-PCR was performed using fluorescently la-
beled probes for IFN-y and GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) (QIAGEN, Valencia, CA). The expres-
sion of IFN-y was significantly greater in the terminal ilea of C.
parvum infected mice at 24 h than in uninfected controls (P =
0.0004) (Fig. 2a). This rapid mucosal expression of IFN-y in
response to C. parvum infection is consistent with the IFN-y-
dependent resistance and control that we had shown using the
neutralizing antibody. Furthermore, these data suggest that
IFN-v is rapidly expressed within the mucosa in response to C.
parvum infection.

IFN-vy expression is increased among small intestine intra-
epithelial lymphocytes 24 h after C. parvum infection. We
hypothesized that il[EL were a likely source of IFN-y within the
intestinal mucosa. Therefore, we isolated small intestinal ilEL
using a standard protocol (16a) from C. parvum-infected mice
and sham-infected controls (phosphate-buffered saline alone)
at 24 h and then quantified the expression of IFN-y. We used
a MoFlo cell sorter (Dako Cytomation, Fort Collins, CO) to
enrich for lymphoid cells by the removal of larger and more-
granulated epithelial cells according to forward- and side-scat-
ter characteristics (19). After reverse transcription of RNA
extracted from these purified cells, we used quantitative PCR
to measure IFN-y expression. We found significantly increased
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FIG. 2. Increased IFN-y expression in the small intestines of mice 24 h after C. parvum infection. (a) Quantitative PCR demonstrating
increased IFN-y in the terminal ilea of C. parvum-infected mice compared with levels in sham-infected mice. Each bar represents mean copies of
IFN-y normalized to mean copies of GAPDH by quantitative PCR for five mice per group (¥, P < 0.05). Data are representative of two
independent experiments. (b) Increased IFN-y expression in ilEL from infected compared with its expression in uninfected mice. Each bar
represents IFN-y normalized to GAPDH by quantitative PCR from pooled samples of two mice (*, P = 0.01). Data are the means from two

independent experiments.

IFN-y expression in the ilEL 24 h after infection compared
with the expression in sham-infected controls (P = 0.01)
(Fig. 2b).

Since the majority of ilEL are CD8" in mice (13) and there
is in vitro evidence that CD8" ilEL can rapidly be activated to
secrete IFN-y (25), we reasoned that these might be potential
sources of IFN-y. We measured IFN-y secretion ex vivo by
enzyme-linked immunosorbent assay (ELISA) in supernatants
of purified ilEL from infected and uninfected mice. In these
experiments, ilEL were isolated from four mice 24 h after C.
parvum infection and sorted using a MoFLo cell sorter into
CD8a™" T-cell receptor o™ (TCRaB ™) and CD8a* TCRYyd™
cells. Equal numbers of both populations of cells from infected
and uninfected mice were cultured in the presence of anti-CD3
and anti-CD28 (Pharmingen) for 48 h, after which time the
supernatants were harvested and IFN-y was measured by
ELISA (Pharmingen). We found significantly greater IFN-y
secretion in CD8a™ TCRaB ™ ilEL from infected mice than in
iIEL from uninfected mice (P = 0.028). Interestingly, we found
comparably little IFN-y produced by CD8«* TCRvy8" ilEL
from either infected or uninfected mice (Fig. 3). These data
suggest that ilEL, particularly CD8« TCRaf™ cells, are a
source of the rapidly induced expression of IFN-y seen in the
terminal ilea of C. parvum-infected mice.

While rapid IFN-y secretion from CD8" T cells has been
well described in the context of memory responses to intracel-
lular pathogens, there is increasing evidence that naive CD8™
effector T cells can rapidly be activated in a pathogen-specific
and non-pathogen-specific manner (27). Rapid effector CD8™
T-cell responses in mice have been demonstrated in the pri-
mary immune response to Listeria monocytogenes by antigen-
dependent (15) and antigen-independent (3) mechanisms.
There are also reports of rapid IFN-y secretion by naive CD8
T cells in a murine model of meliodosis (3, 17). In the case of
protozoan infections, effector CD8" T-cell responses have
been demonstrated primarily in immunized hosts (4, 21), al-
though in vitro activation of naive CD8" T cells by antigens

derived from Toxoplasma gondii has been reported (9). It is
also possible that the rapid activation of CD8" T cells that we
have described is not pathogen specific. This is consistent with
reports of clearance of C. parvum from chronically infected
scid mice using adoptively transferred splenocytes from
DO11.10 RAG /™ mice (18).

There is substantial prior evidence that mucosal lympho-
cytes are necessary for an effective adaptive immune response
to C. parvum. Increased numbers of small intestinal ilEL, par-
ticularly CD8" cells, and lamina propria lymphocytes have
been reported as early as 3 days after C. parvum infection in
several different mammalian species (1, 2, 6, 8, 11, 12, 20, 28,
29). More definitively, other studies have used adoptive trans-
fer to show that i[EL promote the resolution of infection in
chronically infected scid mice (22). In contrast to what is
known for animals, our understanding of the mucosal immune
response in human cryptosporidiosis is more limited. Increases
in colonic lamina propria CD8" T cells were observed in
AIDS-related cryptosporidiosis (23), and increased colonic
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FIG. 3. ELISA measuring IFN-y secretion from ex vivo-sorted
TCRaB* and TCRyd" CD8a* ilEL from C. parvum-infected and
sham-infected mice (*, P = 0.028). Data are representative of three
independent experiments.
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mucosal CD4" T cells were associated with the resolution of
AIDS-related cryptosporidiosis (26). In a cohort of humans
experimentally infected with Cryptosporidium, mucosal IFN-y
expression correlated with serologic evidence of prior infection
and was observed within the lamina propria of the jejunum.
However, IFN-y could not be detected in biopsies of nonim-
mune humans (26). The lack of “innate” mucosal IFN-y ex-
pression noted in humans may be one explanation for the
differences between species in susceptibility to Cryptospo-
ridium. Despite these differences, further exploration of innate
immune responses in animal models of cryptosporidiosis can
be used as a tool to discover immunogenic components of the
parasite in the hopes of developing strategies aimed at improv-
ing resistance to infection in humans and animals.
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