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CRYPTOSPORIDIUM-MALNUTRITION INTERACTIONS: MUCOSAL DISRUPTION,

CYTOKINES, AND TLR SIGNALING IN A WEANED MURINE MODEL

Lourrany B. Costa*, Eric A. JohnBull, Jordan T. Reeves, Jesus Emmanuel Sevilleja, Rosemayre S. Freire*,
Paul S. Hoffman, Aldo A. M. Lima*, Reinaldo B. Oriá*, James K. Roche, Richard L. Guerrant, and Cirle Alcantara Warren�
Center for Global Health, University of Virginia, Charlottesville, Virginia 22908. e-mail: ca6t@virginia.edu

ABSTRACT: Cryptosporidiosis is a leading cause of persistent diarrhea in children in impoverished and developing countries and has
both a short- and long-term impact on the growth and development of affected children. An animal model of cryptosporidial infection
that mirrors closely the complex interaction between nutritional status and infection in children, particularly in vulnerable settings such
as post-weaning and malnourishment, is needed to permit exploration of the pathogenic mechanisms involved. Weaned C57BL/6 mice
received a protein-deficient (2%) diet for 3–12 days, then were infected with 5 3 107 excysted C. parvum oocyts, and followed for rate of
growth, parasite stool shedding, and intestinal invasion/morphometry. Mice had about 20% reduction in weight gain over 12 days of
malnutrition and an additional 20% weight loss after C. parvum challenge. Further, a significantly higher fecal C. parvum shedding was
detected in malnourished infected mice compared to the nourished infected mice. Also, higher oocyst counts were found in ileum and
colon tissue samples from malnourished infected mice, as well as a significant reduction in the villous height–crypt depth ratio in the
ileum. Tissue Th1 cytokine concentrations in the ileum were significantly diminished by malnutrition and infection. mRNA for toll-like
receptors 2 and 4 were diminished in malnourished infected mice. Treatment with nitazoxanide did not prevent weight loss or parasite
stool shedding. These findings indicate that, in the weaned animal, malnutrition intensifies cryptosporidial infection, while
cryptosporidial infection further impairs normal growth. Depressed TLR2 and 4 signaling and Th1 cytokine response may be
important in the mechanisms underlying the vicious cycle of malnutrition and enteric infection.

Cryptosporidium parvum is an obligate intracellular protozoan

parasite that invades and resides in the epithelial cells of the small

intestine (Tzipori and Ward, 2002; Sasahara et al., 2003).

Discovered by Tyzzer in 1907, it is now well recognized as a

major cause of diarrheal illness and gastroenteritis in children and

adults worldwide (Dillingham et al., 2002; Huang et al., 2004;

Tzipori and Widmer, 2008). Cryptosporidiosis is associated with

severe life-threatening illness among immunocompromised indi-

viduals, most notably those with AIDS (Pozio et al., 1997).

Different from immunocompetent adults, in whom the disease is

usually a self-limited diarrhea, people with AIDS are susceptible

to a devastating form manifested by chronic, voluminous diarrhea

and increased mortality (Pantenburg et al., 2008; Borad and

Ward, 2010). Furthermore, in patients with AIDS, infections may

result in malabsorption of antiretroviral drugs and, possibly, in

increased drug resistance (Brantley et al., 2003). In resource-

limited countries, the disease probably exerts most of its impact

on pediatric health, particularly as an important cause of

morbidity and mortality in young children (Agnew et al., 1998;

Newman et al., 1999). In these areas, successive or persistent

infections of Cryptosporidium spp. intensified by malnutrition

have been considered responsible for substantial long-term

consequences for the later physical and cognitive development

of these children and even leading to death (Guerrant et al., 1999;

Gendrel et al., 2003). Malnutrition itself can increase susceptibil-

ity to infection, which, in turn, contributes to further malnutri-

tion, resulting in a vicious cycle, with potentially serious health

consequences for the host (Guerrant et al., 2000; Katona and

Katona-Apte, 2008).

Attempts to treat cryptosporidial infections in humans have

included antimicrobial drugs, as well as other pharmacologic

approaches, but have yielded limited or only partial success (Armson

et al., 2003; Gargala, 2008; Rossignol, 2010). Nitazoxanide (NTZ)

was effective in treating diarrhea in immunocompetent children

and adults but is not effective in the absence of an appropriate

immune response; in AIDS patients, restoration of the immune

system, along with antimicrobial treatment, is necessary (Maggi

et al., 2000). The development of effective intervention is hampered

by the still incomplete knowledge about the human immune

response toward C. parvum, how the parasite causes disease, and

the contribution of immunocompromising conditions, e.g., AIDS or

malnutrition.

Our goal is to study the interaction of malnutrition and C.

parvum infection in weaned mice, a model that is more easily

executed than previous neonatal models and correlates more

closely to the complex interaction between the immune response

and infectious agents in children transitioning from breast feeding

to solid foods. We observed the weight loss caused by

malnutrition, as well as infection, quantified fecal parasite

shedding, and intestinal tissue parasite burden, and analyzed

morphometric and histopathologic characteristics of crypts

and villi from the ileal mucosa. In addition, we examined the

effectiveness of the treatment with NTZ in this model and

assessed the innate and adaptive immune responses by measuring

toll-like receptors (TLRs) and Th1/Th2 cytokines production in

the intestinal tissue.

MATERIALS AND METHODS

Animal studies

Animals and malnutrition protocol: Twenty-one-day-old female C57BL/6
mice were purchased from Charles River Laboratories, Inc. (Wilmington,
Massachusetts). Mice were acclimated, fed a regular diet for 3 days, and
then assigned to experimental groups matched for body weight. On day 24
of life, mice assigned to the nourished groups received chow containing
20% protein (Harland Labs, Madison, Wyoming), and mice assigned to
the malnourished groups received isocaloric chow with 2% protein
(Harland Labs). The animals remained on their diets for 3–12 days before
oocyst challenge and continued their diet until the end of the experiment.
In some experiments, mice were killed by cervical dislocation on the peak
of infection (day 3 or 4 post-infection [PI]), at which time ileal and colonic
specimens were collected and processed. The protocol described here was
approved and is in accordance with the Institutional Animal Care and Use
Committee policies of the University of Virginia.

Preparation and administration of C. parvum: The C. parvum oocysts
were obtained from experimentally infected calves (Iowa isolate;
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Waterborne, Inc., New Orleans, Louisiana). Oocysts of C. parvum were
stored in phosphate-buffered saline (PBS) at 4 C and used within 8 wk of
their receipt from Waterborne. The concentration of oocysts in the stock
solution was measured using a hemocytometer. Oocysts were excysted by
adding 1 part sodium hypochlorite to 4 parts of the oocysts solution to
make a final concentration of 20% sodium hypochlorite solution. The tube
was briefly vortexed and incubated in room temperature for 10 min. The
number of oocysts was then counted before and after hypochlorite to
compute for the excystation rate (30–35% in these experiments). Each
infected mouse received 75 ml of PBS containing freshly prepared excysted
oocysts in a recently vortexed solution (5 3 107 oocysts per mouse) by oral
gavage directly into the stomach.

Administration of NTZ: Nitazoxanide was purchased as a powder,
formulated for oral administration to children (AliniaTM; Romark
Pharmaceuticals, Tampa, Florida). It was prepared as a suspension,
containing 2 mg per 50 ml of water, a concentration allowing a 50-ml dose
to be equivalent to 100–150 mg/kg depending on the weight of each
animal. For mice treated with NTZ, each received 50 ml daily for 3 days via
gavage, beginning 24 hr after challenge with excysted oocysts.

Stool collection and weight measurements: Mice were weighed daily, and
stools were collected daily from the infected and non-infected groups in
pre-weighed tubes and stored at 220 C until DNA or protein was
extracted.

Analysis of samples

DNA extraction: The DNA was extracted from the frozen stool samples
using Qiagen QIAamp DNA Stool Kit (Qiagen, Inc., Germantown,
Maryland) with minor modifications as follows. First 400 ml Buffer ASL
(warmed to 60 C) was added to each sample, and each sample was
vortexed at 1,500 rpm overnight until homogenized. The samples were
incubated at 82.5 C for 5 min and then vortexed for 1 min at full speed.
The supernatant was pipetted into a new tube with 30 ml of proteinase K to
which was added 400 ml of Buffer AL and incubated at 70 C for 10 min;
400 ml of ethanol (100%) was added and mixed by vortexing. The
‘‘Protocol for Isolation of DNA from Stool for Pathogen Detection’’ was
then followed to completion, and the DNA was eluted in 200 ml Elution
Buffer and stored at 220 C. DNA from tissue samples was extracted from
frozen tissue samples using the QIAamp DNA Tissue Kit (Qiagen),
following the protocol exactly.

Real-time PCR for C. parvum quantification: Extracted DNA (5 ml) was
added to the master mix (20 ml) to give a total reaction volume of 25 ml per
sample. Master mix was prepared by mixing 12.5 ml of Bio-Rad iQ SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, California), 5.5 ml of
DEPC-treated nuclease free sterile water (Fisher Scientific, Pittsburgh,
Pennsylvania), and 1.0 ml (6.2 mM) each of both forward and reverse
primers (Invitrogen, Carlsbad, California). The primers target the 18s
rRNA gene of the parasite (forward: 59-CTGCGAATGGCTCATTA-
TAACA-39; reverse: 59-AGGCCAATACCCTACCGTCT-39; GenBank
no. AF164102). The reaction was performed in a Bio-Rad iCycler iQ
multicolor PCR Detection System using iCycler software (version 3.0).
Amplification consisted of 15 min at 95 C followed by 40 cycles of 15 sec
at 95 C, 15 sec at 52 C, and 20 sec at 72 C, followed by 0.5-degree
increments for 10 sec starting at 75 C and ending with 95 C for the Melt
Curve. Fluorescence was measured during the annealing step of each cycle.
Ct values of each run were compared to standards with known amounts of
C. parvum DNA and transformed into number of organisms per mg of
stool sample.

RNA extraction and reverse transcriptase PCR for toll-like receptors
expression: Ileal and colon samples were taken immediately from
necropsied animals and frozen in liquid nitrogen. After freezing, the
samples were stored at 280 C until analysis. Samples were thawed and
total RNA was extracted using Qiagen RNeasy mini Kit according to the
manufacturer’s instructions. RNA concentration was quantified and
checked for purity (A260:280 ratio) by standard spectrophotometry
(Biophotometer; Eppendorf, Hamburg, Germany). Synthesis of cDNA by
Reverse Transcriptase PCR was performed using SuperScript III First-
Strand Synthesis System SuperMix (Invitrogen) with the use of oligo (dT)
as primers. cDNA was used in quantitative PCR for measuring TLR2, 4,
and 9 expression compared to GAPDH expression (used as housekeeping
gene) and using the nourished uninfected group as control. The primers
for murine TLR2 (forward: 59-TCT GCT GTG CCC TTC TCC TGT
TGA-3; reverse: 59-GGC CGC GTC GTT GTT CTC GT-39) (GenBank

no. NM_011905), TLR4 (forward: 59-AGC CGG AAG GTT ATT GTG
GTA GT-39; reverse: 59-TGC CGT TTC TTG TTC TTC CTC T-39;
GenBank no. NM_021297.2) and TLR9 (forward: 59-GCA ATG GAA
AGG ACT GTC CAC TTT GTG-39; reverse: 59-ATC GCC TTC TAT
CGC CTT CTT GAC GAG-39; GenBank no. AY649791) were purchased
from Invitrogen. Amplification consisted of 10 min at 95 C, followed by 40
cycles of 25 sec at 95 C, 25 sec at the respective annealing temperature to
each pair of primers (60 C for TLR2 and 4, 45 C for TLR9, and 54 C for
GAPDH), and 20 sec at 72 C, followed by 40 cycles of 10 sec starting at
75 C with 0.5 C increment for the Melt Curve. Fluorescence was measured
during the annealing step of each cycle. Reagents and equipments were the
same as what were used in C. parvum quantification above. The relative
gene expression was determined using the 22DDCt method (Pfaffl, 2001).

Cytokine concentrations in ileal homogenates: Ileal tissue was homog-
enized using cold lysis buffer (50 mM HEPES, 1% Triton 3100 and 1:100
protease inhibitor), centrifuged at 4 C at full speed for 10 min, then
supernatant was collected and stored at 280 C. Levels of IL-2, IL-4. IL-5,
IL-6, IL-10, IL-12, GM-CSF, IFN-c, and TNF-a were measured using a
Bio-Plex Pro Mouse Cytokine Assay (Pro Mo Cyto TH1/TH2 1 3 96,
M6000003J7; Bio-Rad) according to the manufacturer’s instructions. A
dual-laser, flow-based microplate reader system was used to report the
level of target protein in each sample, employing a Bio-Plex 200 reader
System (Bio-Rad).

Histopathology analyses: Digital micrographs of H&E sections were
taken using a high-resolution microscope Aperio ScanScope Slide Scanner
and analyzed with ImageScope software (Aperio Technologies, Vista,
California). For villus height and crypt depth, well-oriented sections of
ileum for 4 mice at day 3 or 4 post-challenge were analyzed.

Statistical analyses: Analyses of weight loss/increase were expressed as a
percent change in baseline body weight. The analyses of stool shedding
(number of parasites per mg of stool) and tissue burden (number of
parasites per mg of tissue) were performed using SPSS 17.0 software
(Chicago, Illinois). Statistical analyses were performed using ANOVA
with Bonferroni post-hoc correction. A P value less than 0.05 was
considered significant. Data were presented as mean ± SEM.

RESULTS

Malnutrition is critical for generating a murine model of
excysted C. parvum infection

Protein deprivation and C. parvum challenge influence growth:

The inability to attain an expected rate of growth has been

proposed as a biological marker of malnutrition, or enteric

infection, or both, in humans and in small animal models

(Coutinho et al., 2008; Mondal et al., 2009). Following up to

12 days of a special diet containing 2% protein, 2 of 4 groups of

36-day-old C57BL/6 mice had a profound failure to gain weight

(day 26–36; P , 0.01) (Fig. 1). Challenge with excysted C. parvum

oocysts (5 3 107/mouse) was associated with a rapid further

impairment in the rate of weight gain of malnourished mice,

compared to iso-calorically nourished mice, which steadily gained

weight despite infection (P , 0.001). Malnourished infected mice

had about 20% reduction in weight gain over 14 days caused by

protein deprivation, and an additional 20% weight loss caused by

C. parvum challenge. Similar results were observed in a second

independent study. These findings suggest that malnutrition in

association with C. parvum infection in weaned C57BL/6 mouse

results in disease of substantial severity in which there is profound

weight loss.

Stool shedding of parasites: We reasoned that the intensity of

enteric infection in mice might be best reflected in the number of

and duration over which challenge organisms are shed into the

stool. To test this hypothesis, we collected stool from each oocyst-

challenged mouse for 14 days and quantified the number of

organisms per mg of stool by quantitative PCR (Fig. 2).

Malnourished mice shed more organisms than nourished mice
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(by 1–3 logs on days 1–7 PI), with shedding gradually abating

over time. This result suggested that malnourished and nourished

mice can both be infected orally, but that the intensity of

infection, as mirrored by shedding of organisms into the stool,

is markedly increased in those that are malnourished. Findings

were similar in a second independent experiment with a shorter

duration of observation.

Tissue burden of organisms: While stool shedding may reflect

the rate of generation of new intra-luminal parasites, the ability of

the organism to infect the epithelium may be more indicative of

disease activity. Therefore, stool-free colon and distal ileum were

taken from C57BL/6 mice 3 days after challenge with 5 3 107

excysted oocysts/mouse and analyzed for C. parvum, by quanti-

fying the amount of C. parvum-specific DNA. Normalized by wet

weight of tissue, malnourished mice were observed to have 3.5-

fold more C. parvum organisms per mg of tissue, in both the ileum

and the colon, than nourished mice (P , 0.05) (Fig. 3).

Duration of protein deprivation: While the malnourished C.

parvum–challenged weaned mouse does manifest enhanced

infection as assessed by prolonged stool shedding and a

substantial tissue burden (Figs. 2, 3), the duration and extent of

protein deprivation needed to enable parasite colonization and

stool shedding in these mice is not clear. Therefore, we subjected

to the 2% protein diet identical groups of mice for 3, 7, or 10 days,

then challenged them with 5 3 107 excysted oocysts per mouse

FIGURE 1. Growth of mice as altered by nutritional status and by
challenge with C. parvum oocysts. Female C57BL/6 mice at 24 days of life
were assigned to either a 2% (malnourished) or 20% (nourished) protein
diet. Groups to be infected were then challenged 12 days later (day 36 of
life) with 5 3 107 excysted oocysts/mouse. Shown is the body weight
change (percentage of initial body weight) from each group starting at day
24 until day 50 of life; *P , 0.01 for both malnourished groups compared
with both nourished groups; **P , 0.01 for malnourished infected mice
compared with malnourished uninfected mice. Results are shown as mean
± SEM.

FIGURE 2. Malnutrition increases stool shedding of oocyst-challenged
mice. Parasite shedding was increased in malnourished infected relative to
the nourished infected mice over the first 9 days PI. Shown is the number
of parasites per mg of stool determined by quantitative real-time PCR.
*P , 0.05 at day 3 PI (n 5 11). Results are shown in log scale as mean
± SEM.

FIGURE 3. Tissue burden of C. parvum organisms in the ileum and
colon of challenged mice, as altered by nutritional status. Female C57BL/6
mice, nourished or malnourished (12 days), were challenged with 5 3 107

excysted oocysts/mouse and then killed 3 days later in order to determine
the level of ileal and colonic tissue burden of organisms. The number of
parasites per mg of tissue was determined by quantitative PCR. Data are
shown as mean ± SEM. n 5 5 mice per group. For ileum and colon, *P ,
0.05 for malnourished infected vs. nourished infected mice.

FIGURE 4. Stool shedding as affected by the duration of protein
deprivation. Mice were malnourished for 3, 7, or 10 days (A, B, C,
respectively), then challenged with 5 3 107 excysted oocysts per mouse.
Shown is the number of parasites per mg of stool, determined by qPCR
over time after C. parvum challenge. Results are shown in log scale as
mean ± SEM. n 5 4 per group.
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(Fig. 4). Stool shedding through days 7–11 was observed, with a

tendency to prolonged shedding with longer periods of protein

deprivation. Similarly, challenge of mice with half as many

excysted oocysts (2.5 3 107) was associated with modestly (but

not significantly) fewer shed oocysts than in mice given the higher

inoculum challenge (data not shown). Thus, while short periods of

protein deprivation and challenge with as few as 2.5 3 107

excysted oocysts/mouse appear sufficient for enabling infection in

a weaned C57BL/6 mice model, longer duration (10 days) was

associated with more prolonged stool shedding through day 11.

Taken together, these data (Figs. 1–4) suggest that C. parvum

challenge of C57BL/6 mice that are made protein deficient results

in a loss of growth velocity, more intense infection as reflected

in stool shedding of organisms, and heavier epithelial infection

compared to nourished mice.

Cryptosporidial infection causes intestinal crypt changes
in malnourished mice

Histopathological changes: Cryptosporidium parvum infection in

humans is associated with villus blunting and crypt hyperplasia

(Orenstein, 1997; Alcantara et al., 2008); hence, we examined

whether there would be similar changes in the excysted oocyst–

challenged mouse. On day 3 following oocyst challenge, ileal

segments were examined for villous height and crypt depth. A

reduction in villous height was noted in the malnourished mice

(Fig. 5A), and crypt depth was observed to be significantly

greater in the ileum of malnourished infected animals compared

with any other group (P , 0.05) (Fig. 5B). Nourished infected

mice did not show significant differences in villous height or crypt

depth compared with nourished and malnourished uninfected

animals. The ratio of villous height to crypt depth was

significantly lower in malnourished infected animals compared

with any other group (P , 0.01) (Fig. 5C). Representative ileal

histopathology from infected and uninfected nourished and

malnourished mice is shown in Figure 6.

TLR mRNA expression: Previous studies have shown that

TLR2 and TLR4, through activation of NFkB, mediate defense

against cryptosporidiosis in human cholangiocytes (Chen et al.,

2005, 2007) while in C. parvum–infected neonatal mice, activation

of TLR9 by CpG-ODN decreased intestinal parasite load by 80–

95% (Barrier et al., 2006). To begin to explore innate immune

events underlying the effects of infection and malnutrition, ileal

tissues were harvested from C57BL/6 mice 3 days after challenge

with 5 3 107 excysted oocysts/mouse and analyzed for mRNA

expression for TLR2, 4, and 9. Malnourished uninfected mice

showed higher TLR2 and TLR4 expression compared with

nourished controls (Fig. 7; P , 0.05 for TLR2). Malnourished

infected mice had lower TLR2 and TLR4 expression compared

with malnourished uninfected controls (P , 0.05 for TLR2). No

difference was observed on TLR9 expression. These data suggest

that infection with C. parvum is associated a marked reduction in

expression of TLR2 mRNA from that induced by malnutrition

alone. Similar, but not statistically significant, effects were seen

with TLR4.

FIGURE 5. Impact of malnutrition and infection on ileal morphology.
Ileal sections were harvested from C57BL/6 mice 3 days after C. parvum
challenge with 5 3 107 oocysts/mouse. (A) Villus height was diminished in
malnourished mice but was not statistically different from other groups.
(B) Crypt depth was increased in malnourished infected mice compared

r

with any other group (*P , 0.05). (C) Villus height:crypt depth was lower
in malnourished infected vs. any other group (*P , 0.01). n 5 3–5 per
group. Bars show mean ± SEM.
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Cryptosporidium parvum generation of cytokines: Given studies

above showing that C. parvum elicits morphological changes

and an increased tissue burden of organisms in the ileum of

malnourished mice, we examined whether local (mucosal)

generation of pro-inflammatory cytokines might play a role.

Therefore, ileal tissues from nourished (n 5 4) and malnourished

(n 5 4) weaned mice challenged with 5 3 107 excysted oocysts/

mouse, were examined for cytokine concentrations 4 days post-

challenge. IFN-c, shown previously to be important for resistance

to C. parvum infection (Coutinho et al., 2008), was 292 ± 72 pg/ml

in normal uninfected ileum, but was reduced with malnutrition

(37 ± 32 pg/ml), with infection (103 ± 13 pg/ml), as well as in the

setting of malnutrition and infection (107 ± 14 pg/ml) (P , 0.02,

compared to normal uninfected tissue). The TNF-a concentra-

tions determined in ileum followed a similar pattern (929 ±

413 pg/ml dropping to 693, 236, and 584 pg/ml, respectively) (P ,

0.03, comparing nourished control and nourished infected tissue).

IL-2 was also highest in concentration in nourished, uninfected

FIGURE 6. Ileal morphology in malnourished mice. Tissue from uninfected control (A) and infected (B) mice were examined at 4 days PI,
demonstrating diminished villous height (*) and increased crypt depth (**) in malnourished, infected mice. Brackets mark the length of villi and crypts
in representative specimens.

FIGURE 7. Relative mRNA expression for TLR2, TLR4, and TLR9
measured with RT-qPCR. C57BL/6 mice were malnourished for 10 days,
challenged with 5 3 107 excysted C. parvum oocysts, and killed 3 days later
for ileal tissue. Age-matched nourished untreated mice were studied as
controls. Malnourished uninfected mice showed significantly higher TLR2
and TLR4 expressions compared with nourished controls (*). Malnour-
ished infected mice have significantly lower TLR2 and TLR4 expressions
compared to malnourished control (**). Ct values were normalized for
GAPDH (used as reference gene) in the same sample. Expression ratio
calculated using the 22DDCt method. n 5 4 per group. Bars show mean
± SEM.

FIGURE 8. Effect of three consecutive days of treatment with NTZ
(days 1 to 3 PI) on body weight change in malnourished female C57BL/6
mice challenged with 5 3 107 excysted oocysts/mouse at day 36 of life.
Results are shown as mean ± SEM. P , 0.05 for malnourished uninfected
compared to any infected group. NTZ had no significant effects on
weight change.
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control tissue (5.1 ± 3.9 pg/ml), while IL-4 and IL-5 were

essentially unchanged. These findings suggest that malnutrition,

as well as infection with C. parvum, is associated with marked

reductions in at least 2 important Th1 cytokines in affected tissue,

compared to control, and may contribute to inability of the host

to combat the parasite after challenge.

Nitazoxanide is not effective against cryptosporidiosis in

malnourished mice: Prior reports suggested that nitazoxanide

may be therapeutic for C. parvum infection in pediatric

populations (Diaz et al., 2003). Therefore, nitazoxanide was

given by gavage (2 mg/mouse/day) on days 1, 2, and 3 after

challenge with 5 3 107 excysted C. parvum oocysts, to C57BL/6

mice malnourished for 10–12 days with a 2% protein diet.

Nitazoxanide did not ameliorate weight loss in malnourished

infected mice, relative to malnourished non-infected mice, studied

over 14 days post-challenge (Fig. 8). Furthermore, nitazoxanide

did not diminish the intensity of stool shedding of parasites

relative to controls (malnourished infected but non-treated mice;

Fig. 9). Nourished challenged mice continued to shed the fewest

oocysts. These findings suggest that, at oral doses similar on a

weight basis to those used in human pediatric populations,

nitazoxanide had no effect on preserving weight gain or on

reducing the intensity of infection measured by stool shedding in

C. parvum–challenged malnourished mice.

DISCUSSION

Cryptosporidiosis is a diarrheal illness that is self-limited for

many healthy travelers but is frequently devastating and

persistent for young malnourished children living in many areas,

as well as immune-compromised patients such as those with AIDS

(Dillingham et al., 2002; Huang et al., 2004; Tzipori and Widmer,

2008). Several animal models of C. parvum infection have been

published, primarily in the neonatal host or in the immune-

suppressed adult mouse (Ungar et al., 1990). Here we report a

new model in the weaned malnourished mouse, unique in its

ability to be easily generated (change in diet), require minimal

manipulation, be free of the need for inborn genetic defects in

protective cytokines, and have robust quantifiable end points

(growth rate, stool shedding) that can be followed longitudinally,

associated with tissue invasion and morphometric changes, and

whose size allows a wealth of tissue to be available for study

in vitro. This new malnourished weaned mouse model should

provide an excellent tool to elucidate disease mechanisms

contributing to the infection-malnutrition cycle, as well as

putative therapies, with several distinct advantages compared to

other models. The time interval before disease onset is one such

area, particularly in comparison with genetically manipulated

models. SCID mice require a minimum of 2–3 wk before shedding

is detected (Mead et al., 1991; Tzipori et al., 1995). In the

interferon gamma knockout adult mouse infected with small

doses of oocysts, body weight change does not occur for 7 days,

while high doses of oocysts (,107/mouse) are needed to observe

profound weight loss (Griffiths et al., 1998). Models dependent on

steroid administration require continuous immune suppression, as

well as a high challenge dose of oocysts in the adult mouse

(Rasmussen and Healey, 1992; Cheng et al., 1996; Surl and Kim,

2006). In contrast, the current model we report demonstrated

weight loss and robust shedding of oocysts on the first day post-

challenge, with a time course that extended for at least 11 days.

Our finding of prolonged stool shedding, detected by PCR, is

consistent with that clinically observed in humans and strongly

supports the notion that nutritional status affects host suscepti-

bility to cryptosporidiosis (Agnew et al., 1998; Bushen et al.,

2007). The absence of genetic manipulation of the immune

system/response in the current model enables it to be used to

explore the naturally occurring innate and acquired immune

response to cryptosporidiosis. While parasite attachment/invasion

of the ileal and colonic mucosa was marked in the malnourished

challenged animal, atrophy of villi and elongation of crypts were

seen in the ileum when the host was both malnourished and

infected with C. parvum.

The new malnourished weaned mouse model can be useful to

study already established chemotherapies and new potential

therapeutics against C. parvum. NTZ is the drug of choice to treat

cryptosporidiosis (Rossignol, 2010). The effect of NTZ has been

studied in immunocompetent and immunodeficient people, includ-

ing young children and patients with AIDS and highly active

antiretroviral therapy (HAART) (Rossignol et al., 2001; Smith and

Corcoran, 2004; Anderson and Curran, 2007), in many animal

models as well as in vitro (Gargala et al., 2000). In the present

study, we analyzed for the first time the effect of the treatment with

NTZ on malnutrition and C. parvum infection using a weaned

mouse model. We observed that malnourished infected mice

treated with NTZ did not show significant differences in stool

shedding of parasites or body weight loss compared to malnour-

ished infected mice that did not receive the treatment. These

findings contrast with previous studies showing that NTZ can

reduce C. parvum infection in neonatal mice (Blagburn et al., 1998)

and SCID adult mice (Theodos et al., 1998). This discrepancy with

the current study likely reflects the effects of malnutrition that

intensifies cryptosporidiosis as was previously observed in neonatal

mice (Coutinho et al., 2008) and, potentially, of wasting among

HIV-infected pediatric populations in developing countries,

contributing to a lack of efficacy of NTZ (Zulu et al., 2005;

Abubakar et al., 2007; Amadi et al., 2009), indicating the need for

improved chemotherapy and alternative approaches to treatment.

Intestinal epithelial cells play an important role in the

activation of immune responses to C. parvum infection. Epithelial

FIGURE 9. Lack of effect of NTZ on fecal shedding of parasites in
malnourished mice described in Figure 8 (procedures for malnutrition and
administration of NTZ were the same). Shown is the number of parasites
per mg of stool determined by quantitative PCR. Results are shown in log
scale as mean ± SEM.
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cells can trigger innate and adaptive immune responses via

production of cytokines and activation of TLRs, for example,

TLR2, 4, and 9 (Abreu et al., 2005). We analyzed the mRNA

expressions of these TLRs from ileal tissue of nourished and

malnourished mice that were infected and uninfected. Compared

with control (nourished, uninfected), malnourished uninfected

mice exhibited up-regulation of TLR2 and TLR4 mRNA

expression. However, in the presence of infection at day 4 post-

challenge, both were diminished to near control levels. TLR9

message expression did not change with malnutrition or with

infection (Fig. 7). Prior in vitro studies using epithelial cells

showed that TLR2 and TLR4 mediate defense to C. parvum

infection (Chen et al., 2005, 2007; O’Hara et al., 2009) and that

MyD88 (signaling adaptor of most TLRs) mediates protective

responses against cryptosporidiosis in adult mice (Rogers et al.,

2006). Moreover, malnutrition and infection in weaned mice

resulted to inadequate local humoral response as evident in the

reduced ileal TNFa and IFNc levels. Our findings suggest that the

intensified and prolonged shedding in the current model may be

due to the inability to sustain protective innate immune responses

when the malnourished host is challenged with C. parvum in vitro.

Our results have several limitations. Inherent to the nature of

animal studies, it is uncertain whether our findings would hold

true in other mouse strains or in humans. Although weight loss

and intestinal histopathology were noted, infected mice, unlike in

human disease, were not observed to develop diarrhea. Only

selected TLRs and cytokines were examined, and no time course

experiments were performed, possibly missing changes that occur

at different time points after infection and during recovery of the

epithelium. Besides malnutrition, there may be other host,

parasite, or environmental factors, not examined by us, that

could have resulted in poor response to nitazoxanide.

In conclusion, we described cryptosporidiosis in a novel weaned

mouse model with biological end points (weight loss, stool

shedding, tissue burden of organisms, and morphometry) that are

worsened by malnutrition. In this model, NTZ did not change the

natural history of the disease. TLR2 and TLR4 were down-

regulated, and fewer Th1 cytokines were seen with malnutrition,

potentially helping to explain the increased infection and

histopathology in the intestinal epithelium. The model may be

useful in elucidating mechanisms that intersect malnutrition and

C. parvum infection, as well as developing new therapies to better

control the disease in vulnerable human populations.
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