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IntroductIon

Cryptosporidium spp. is the only genus of the subclass 
Cryptogregaria listed as a major foodborne protozoan 

parasite among Apicomplexa (Ryan et al., 2016). This in-
tracellular parasite is transmitted by the ingestion of Cryp-
tosporidium cysts through contaminated water and food ( 
Gerace et al., 2019). Its reproduction and gametes forma-
tion develop within the microvillus layer of intestinal epi-
thelial cells in the host’s small intestine (Chen et al., 2005) 

causing watery diarrhea and malabsorption along with his-
topathological deterioration (Guitard et al., 2006). Persis-
tent Cryptosporidium spp. infection is associated with villus 
atrophy, crypt hyperplasia, and variable increases in leuco-
cytes in the lamina propria (Klein et al., 2008). The disease 
was reported with an extensive veterinary and medical im-
pact worldwide (Salama et al., 2020) for being the main 
agent inducing moderate to severe diarrhea (Costa et al., 
2020) in both immunocompetent and immunodeficient 
hosts (Chique et al., 2020), and due to causing malnutri-
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Abstract | To investigate the prophylactic and therapeutic potentiality of Egyptian probiotic Lactobacillus reuteri in the 
cryptosporidiosis model (hereafter home-isolated probiotic). As per the health conditions of the experimental mice, 
they were deployed into two main batches: immunocompetent and immunocompromised. Each batch comprised 
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decay models were utilized to predict the recovery rate of the experimental mice at days different from the tested ones 
using the data collected from the Nitazoxanide-different time-scheduled protocol. The response to the treatment by 
probiotics in the immunocompromised mice is less than that of the immunocompetent mice. Positive outcome results 
are in favor of the home-isolated probiotic treatment. On the contrary, Nitazoxanide is the treatment with the highest 
number of cysts recovered from the experimental mice.  In a nutshell, the results demonstrate that the home-isolated 
probiotic is efficient in decolonizing the Cryptosporidium spp. cysts and ameliorating the pathogenicity of the disease. 
Besides, this research study is shedding the light on the importance of isolating and utilizing a country/region-based 
Lactobacillus reuteri probiotic for high-efficiency treatment of cryptosporidiosis in immunodeficient cases. 
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tion of the children of ages under 5-years old (Checkley et 
al., 2015). This opportunistic parasite can be life-threat-
ening for patients with acquired immunodeficiency syn-
drome (Gerace et al., 2019), and hence, there is a need to 
develop or repurpose a drug to overcome the limitation of 
action of Nitazoxanide, which is not effective in for the 
treatment of cryptosporidium-induced diarrhea (Chen et 
al., 2002) So far, up to the authors’ best knowledge, there 
is no effective drug or vaccine that can eliminate crypto-
sporidiosis, despite the current promising results with the 
candidate therapy AN3661, which is still under investiga-
tion (Swale et al., 2019). 

The approach of introducing probiotics to multiple gut-in-
testinal disorders has been well-perceived globally by sci-
entists for the promising results recorded in some animal 
models and human research (Varankovich et al., 2015).

The current research study aimed at isolating and utiliz-
ing an Egyptian probiotic strain of L. reuteri (hereafter 
home-isolated probiotic) in experimental cryptosporidio-
sis. A commercial probiotic of the same strain, Nitazoxa-
nide drug, and infected controls were the references used to 
evaluate the efficacy of this home-isolated strain. 

MAtErIAlS And MEthodS

ethicAl ApprovAl 
This study was approved by the Ethics Committee of the 
Institutional Animal Ethics Committee and local laws and 
regulations of the National Research Centre, Egypt.  Deal-
ing with the experimental animals was carried out per the 
international valid guidelines and they were kept up under 
appropriate conditions at the Schistosome Biological Sup-
ply Program (SBSP) animal house of TBRI.

mice, pArAsite, And inFection
Parasite-free, 6-week-old male Swiss Albino mice (n=210) 
weighing 20-24 gm were used for this research study af-
ter their stool was examined for 3 consecutive days by the 
modified Ziehl–Neelsen stain technique (Tahvildar-Bi-
derouni and Salehi, 2014). Cryptosporidium oocysts were 
obtained from the ileal mucous membrane and cecal con-
tent of naturally infected calves at slaughterhouses as de-
scribed by Anderson (1985). Samples were preserved in an 
equal volume of 2.5% potassium dichromate (K2Cr2O7) as 
per the protocol of (Dubey, 2018). The infective inoculum 
was prepared, and cysts were counted as described by Ernst 
et al. (1982). The Cryptosporidium cysts were maintained 
by a regular passage in suckling rats (Capet et al., 1999), 
and purified through a sucrose gradient, and 1.25% so-
dium hypochlorite treatment just before inoculation. All 
overnight-thirsty experimental mice were infected orally 
and individually with approximately 1 x 104 inoculums of 

Cryptosporidium cysts, in 0.2 ml of sterilized phosphate 
buffer solution (PBS), after the priming phase.

reGimens
The experimental animals were deployed into two batches 
run in parallel, immunocompetent and immunocompro-
mised, each with 105 mice. The home-isolated probiotic 
L. reuteri was courteously isolated, characterized, prepared 
as described in (Abdou et al., 2019) and provided by Dr. 
Amro Abdu, Department of Microbiology and Immunol-
ogy, NRC, Giza, Egypt.

Probiotics administration in immunocompetent batch. The 
study was performed over 20 days. Post-priming phase, on 
day 11, all groups were infected by the prepared inoculums 
of Cryptosporidium cysts in 0.2 ml of sterilized PBS. Over 
the experimental 20-day duration, three groups of mice, 25 
each, were assigned as infected controls administered with 
0.2 ml PBS only (group I), commercial probiotic-treated 
mice administered with l08 colony-forming unit (cfu) in 
0.2 ml PBS (group II), and home-isolated probiotic-treat-
ed mice administered with 108cfu in 0.2 ml PBS (group 
III). Fecal pellets of all mice were examined microscopi-
cally for any parasitic infection on the last day of the prime 
phase. Every other day post-infection (1, 3, 5, 7, and 9), five 
animals from each group were sacrificed by ether inhala-
tion. Fecal samples were collected for Cryptosporidium enu-
meration. A 1-2 cm length of the proximal stomach, distal 
ileum, were removed from each mouse and fixed in 10% 
phosphate-buffered formalin (pH 7.4) for histopathologi-
cal examination.

Probiotics administration in the immunocompromised ex-
perimental group. The previous 20-day treatment protocol 
was applied to the other 75 mice of this batch by consider-
ing day 15 post-Dexamethasone (DM) suppression as the 
zero-day. Dexamethasone (0.25 mg/g/day) was adminis-
tered orally (Rehg et al., 1988). DM administration was 
maintained during the whole experimentation as previous-
ly described by Certad et al. (2007).

Nitazoxanide administration in immunocompetent and im-
munocompromised batches. Analogous to the previous pro-
tocol, sixty mice were deployed into two batches, 30 mice 
each. Fifteen immunocompetent mice were orally admin-
istered with 100mg/kg/day Nitazoxanide 3-days-post-in-
fection for a week. The other 15-infected healthy mice 
served as controls.  On the other hand, the immune sys-
tem of the other 30 mice was crushed by Dexamethasone 
(0.25 mg/g/day) as previously described. On the 15th-day 
post-immune suppression, mice were infected with the 
prepared inoculums of cryptosporidium cysts and three 
days later, they were treated with Nitazoxanide (100mg/
kg/day) for a week. The other 15-infected immunodefi-
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cient mice served as this batch’s controls. Five mice from 
each group were sacrificed on days 2, 5, and 8 post-treat-
ment using ether inhalation.

Assessment instruments

Light Microscopic examination (LM) of Cryptosporidium 
cysts. A fecal smear was prepared and stained by Ziehl–
Neelsen for the microscopy examination (Henriksen and 
Pohlenz, 1981). The total number of cysts/g was calculated 
as per a previous method (O’Handley et al., 1999).
 
Decay model. A decay model was developed for each ex-
perimental data set to indicate the recovery rate if any. The 
correlation between the cysts counts and the days after 
each probiotic treatment protocol was plotted using the 
Nitazoxanide protocol as a reference.

Histopathological examination. Paraffin sections were pre-
pared as previously described (Cardiff et al., 2014). Sec-
tions of ilea were stained with hematoxylin and eosin (H 
&E) for evaluation. 

stAtisticAl AnAlysis

Two-way ANOVA analysis was performed between the 
number of days after infection and the treatment proto-
col applied to all immunocompetent and immunocompro-
mised mice.  

rESultS

microscopic counts oF FecAl Cryptosporidium 
spp.  cysts
The cysts were counted in all experimental mice at differ-
ent intervals (1, 3, 5, 7, and 9 post-infection).  The low-
er the number of cysts, the higher the likelihood that the 
mice are responding to the treatment.  For the immuno-
competent batch, the number of days after the infection 
had a statistically significant effect (p = 7.95E-17 com-
pared to 0.01) on the recovery of the treated mice. Whilst 
the number of cysts dropped down by keeping the mice for 
a longer period under certain treatment protocols, a surge 
in the number of cysts was detected in the infected mice 
when kept over the same period with no treatment.  As 
shown in Figure 1, the responses of experimental mice to 
the administration of the two probiotics were different (p 
= 2.4E-37 compared to 0.01). The home-isolated probiotic 
inoculation induced faster recovery (lower count of cysts) 
of mice compared to the one experienced with the com-
mercial probiotic.  Besides, the number of cysts recovered 
from the probiotics treated mice reached the peak on day 
3, and gradually declined to reach the minimum on day 9, 
whereas their counterparts of the infected untreated mice 

Figure 1: Count of Cryptosporidium cysts every other day 
post-infection of the groups of immunocompetent mice 
treated with a commercial- and home-isolated probiotics 
compared to the infected untreated controls. The thin 
vertical bars at each point refer to the standard errors of 
the tested samples.

Figure 2: Count of Cryptosporidium cysts every other day 
post-infection of the groups of immunocompromised mice 
treated with a commercial- and home-isolated probiotics 
compared to the infected untreated controls. The thin 
vertical bars at each point refer to the standard errors of 
the tested samples. 

Figure 3: Average count of Cryptosporidium cysts over the 
10-day treatment phase for infected, immunocompromised, 
and immunocompetent mice. The thin vertical bars at each 
point refer to the standard errors of the tested samples.
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reached the peak on day 7 and slightly declined on day 
9. Although the values were slightly different, comparable 
results were observed for the examined immunocompro-
mised mice (Figure 2).  The thin vertical bars at each point 
in the graphs refer to the standard errors of the tested sam-
ples.  It can be observed that immunocompromised mice 
(Fig. 2), in general, had a higher count of cysts compared 
to the immunocompetent mice (Fig. 1).  This indicates that 
the response to the treatment by probiotics in the immu-
nocompromised mice is less than that of the immunocom-
petent mice. On the other hand, the infected-untreated 
immunocompromised mice had a higher count of cysts 
compared to that one recorded in infected-untreated im-
munocompetent mice.  The aforementioned observations 
are verified by the results shown in (Fig. 3), which depicts 
a comparison between the immunocompetent and immu-
nocompromised mice under different regimens.  The im-
munocompetent mice had lower average cysts count over 
the 10-day treatment phase compared to the immunocom-
promised mice.  The thin vertical lines on the histogram 
columns refer to the standard errors of the tested samples.  

decAy models results
In decay (regression) models, the declined data points re-
spective to the number of days were considered rather than 
the days with the peak of cysts counts. These data points 
were considered within the range of 9 days starting on day 
3 post-infection. The regression models were expressed for 
the commercial and isolated treatment protocols, respec-
tively, as follows:

(1a)
(1b)

(2a)
(2b)

where t is the number of days after treatment, CC1 and CC2 
are the counts of cysts of the immunocompetent and im-
munocompromised mice administered with the commer-
cial probiotic mice, respectively, and CI1 and CI2 are the 
counts of cysts of the immunocompetent and immuno-
compromised mice treated with the home-isolated probi-
otics, respectively. Figures 4 and 5 show the experimental 
data fitted to the proposed decay regression models along 
with the coefficient of determination R2 for various mod-
els.  The R2 value was about 0.98 for the various models.  
The high R2 value for all the proposed decay models in-
dicates that there is a strong correspondence between the 
count of cysts of the mice and the number of days after 
treatment. The high R2 values prove also the reliability of 
the proposed models and that these decay models can pro-
vide satisfactory predictions for the count of cysts of the 
mice concerning the number of days after treatment for 
the examined protocols.  

The regression decay models were utilized to predict the 
recovery rate of the experimental mice at days different 
from the tested ones based on the data collected from the 
Nitazoxanide-different time-scheduled protocol. In our 
research study, the regression models are valid for t ≥ 3, 
therefore for t = 2 simple average values were obtained 
from days 1 and 3 for the commercial- and home-isolat-
ed probiotics’ protocols. Figure 6 shows the three different 
treatments manifestation in the immunocompetent mice. 
Positive outcome results are in favor of the home-isolated 
probiotic treatment. On the contrary, Nitazoxanide is the 
treatment with the highest number of cysts recovered from 

Figure 4: Fit of the regression decay models to the 
experimental data of the commercial probiotic. R2 value is 
the coefficient of determination.

Figure 5: Fit of the regression decay models to the 
experimental data of the isolated probiotic. R2 value is the 
coefficient of determination.

Figure 6: Treatment protocols for the immunocompetent 
mice compared to Nitazoxanide. The counts of 
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Cryptosporidium spp. cysts on the days 2 and 8 post 
infection were calculated for the mice treated with the two 
probiotics using the decay model.

Figure 7: Treatment protocols for the 
immunocompromised mice compared to Nitazoxanide 
The counts of Cryptosporidium spp. cysts on the days 2 and 
8 post infection were calculated for the mice treated with 
the two probiotics using the decay model.

Figure 8: Cross-sections of intestinal tissues stained with 
hematoxylin and eosin. A) Control group, magnification 
20x. B) Infected immunocompetent mice, magnification 
40x. C) Immunocompetent mice infected and treated 
with the commercial probiotic, magnification 10x, 
D) Immunocompetent mice infected and treated 
with home-isolated probiotics, magnification 40x. E) 
Infected immunocompromised mice magnification 10x. 
F) Immunocompromised mice infected and treated 
with commercial probiotic magnification 20x. G) 
Immunocompromised mice infected and treated with 
home-isolated probiotic magnification 10x. Villi (V), 
Lamina Propria (LP), Goblet Cells (G), Degenerated Villi 

(DV), Fused Villi (FV), and Cell Infiltrate (I).

the experimental mice.  Similar trends can be observed in 
the immunocompromised mice, however, the number of 
cysts of mice, in general, is higher for the immunocompro-
mised mice as could be seen in Figure 7.

histopAtholoGicAl chAnGes
The intestinal tissues of various probiotic-treated mice 
were microscopically examined for estimating the effect 
of those treatments during the different health conditions 
(competent vs deficient). Tissues of normal mice had a dis-
cernible, regular continuous brush border on the columnar 
epithelium with intact villi (V), Lamina propria (LP), and 
goblet cells (G), which are noted at intervals between the 
surface columnar cells (fig. 8A). Challenging the immu-
nocompetent mice with the cryptosporidiosis resulted in 
some pathological effects noticed in atrophied, short, fused 
(V) and degenerative changes to secretory glands (arrow), 
and muscularis (M) as shown in (fig. 8B), whilst on the 
other hand, treating those infected immunocompetent 
mice with commercial probiotic considerably ameliorated 
their intestinal tissue (fig. 8C), and this improvement was 
best attained by the home-isolated probiotic’s treatment 
(fig. 8D). In the latter group, most of the villi were integral 
with their tall columnar epithelium and mild inflamma-
tory cells in their core. On the other hand, the intestinal 
tissues of infected immunocompromised mice experienced 
degenerated and fused villi (DV and FV, respectively) with 
pathological alterations in focal areas, severe vacuolar de-
generation in mucosal epithelial cells, and mild inflamma-
tory cell infiltrate in the submucosal layer (I). Also, goblet 
cells were remarkably diminished compared to those of 
the normal intestinal tissues (fig. 8E). The intestinal tissues 
of the infected immunodeficient mice treated with com-
mercial probiotics showed a marked reduction in goblet 
cells and mild to moderate pathological alterations (Fig. 
8F) reflected on the focal area of considerable degenerative 
glandular changes and mild inflammatory cell infiltrate in 
the submucosal layer (I). Many villi (V) also showed nor-
mal tall columnar epithelium with moderate inflammation 
in its core. Similarly, the infected immunodeficient mice 
treated with isolated probiotic maintained mild patholog-
ical changes in the tissue structure. Although intact glands 
with many villi (V) were detected, some villi displayed fu-
sion with proliferated tall columnar epithelium (E) at the 
tip of the villi, together with the reduction of goblet cells.

dIScuSSIon 

In this study, the experimental mice received either the 
Egyptian L reuteri strain or the same commercial strain 
developed without observed complications or signs of tox-
icity, which is supported by other studies (Walter et al., 
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2011; Hou et al., 2014; Yang et al., 2015; Liu et al., 2017).
Since the stringent challenge of applying Nitazoxanide 
against cryptosporidiosis is recorded with the immunode-
ficient cases, we designed our protocol to include immu-
nosuppressed animals alongside the immunocompetent 
ones, when Dexamethasone was the immunosuppressive 
drug of our choice based on several previous studies (Die-
hl et al., 2017; Giles et al., 2018; Strehl et al., 2019).  The 
Swiss Albino adult mice were used due to their availabil-
ity and comparatively safe to handle. Being affordable, 
the big number of mice enabled us to ensure the Crypto-
sporidium infection and run the experiment in a long term 
to record the cysts at variable times. Oral inoculation of 
Cryptosporidium spp. cysts to the experimental mice was 
a simulation of cysts ingestion in natural infection which 
is supported by Bouzid et al. (2013) and the number of 
cysts used to develop the disease in our model was 1 x 104/
ml, which is the acceptable range, in general, to create an 
infection in mice (Benamrouz et al., 2012). 

We observed the cysts shedding of the infected (un-/
treated) mice in all groups started at day 1 post-infection 
(PI), which is supported to a certain extent by (Nossair 
et al., 2018) and different from (Zambriski et al., 2013). 
These controversial findings may be due to the differences 
in animal species and microbiota. In general, the rate of 
cysts shedding was higher in the immunocompromised 
mice than their counterparts in the immunocompetent 
mice, which indicates a higher rate of autoinfection cy-
cle of Cryptosporidium spp. in the intestinal epithelial cell 
membranes due to the suppression of anti-parasite CD4+ 
cell immune responses (Gebrewahid et al., 2019) by dex-
amethasone (Giles et al., 2018).  The maximum numbers 
of fecal cysts excreted by the treated and untreated mice 
were attained on days 3 and 7 PI, respectively. There was a 
pattern of an indirect relationship between the number of 
fecal cysts shedding and the term of infection; the longer 
the time post-infection, the less the number of fecal cysts 
excreted by probiotics-treated mice in the immunocom-
petent and immunocompromised batches. The cysts’ shed-
ding declined and almost ceased at day 10 PI, accordingly 
there was no need to extend the experimental plan for a 
longer time post-infection. The peak of fecal cysts shed-
ding correlated with the time after infection varies from 
one study to another as per the model, gender, cysts geno-
type, source, and dose inoculum, etc. (Nossair et al., 2018), 
therefore the comparison is too difficult. In our study, we 
used the cysts of Cryptosporidium spp., which were isolat-
ed from Egyptian animals and prepared in our lab. This 
might raise the question that the period of cysts shedding 
is a strain-dependent, then, a future comparative study has 
to be performed. On the other hand, the remarkable pro-
gressive decline of fecal cysts shedding since day 3 in the 
probiotics-treated immunocompetent mice indicates an 
antagonizing effect of the L. reuteri on cryptosporidiosis 

(Al-alousi and Abdullah, 2018).  Scientifically speaking, 
the probiotics might block the pathways to the epitheli-
um cells infection by competing for the pathogen-receptor 
binding sites and /or changing the microenvironment of 
the pathogen by generating metabolites such as trypto-
phan and histamine-related enzymes like lactase and bile 
salt hydrolases that create an unpleasant experience to the 
parasite and restore gut flora (Oelschlaeger, 2010).

Interestingly, the recovery speed was accelerated in im-
munocompetent and immunocompromised mice by the 
home-isolated probiotic rather than by the commercial 
probiotic as indicated by the average number of fecal cysts 
shedding. This positive influence might be attributed to 
the compatibility of Egyptian Lactobacillus reuteri to the 
gut microbiome of the experimental mice which togeth-
er with the unified and consistent environmental factors 
strengthen the action of this bacterium strain as anti-cryp-
tosporidium (Terrapon and Henrissat, 2014).

In the current study, we treated the immunocompetent 
and immunosuppressed mice with Nitazoxanide, as a 
well-studied and approved drug reference, implement-
ing a different schedule to use the data for predicting the 
number of fecal cysts shedding in the hidden days (2, 4, 
6, and 8), and hence, to verify the correlation between the 
number of fecal cysts and infection duration. Surpris-
ingly, the home-isolated probiotic diminished the aver-
age number of fecal cysts showing a superior effect over 
the commercial probiotic and the Nitazoxanide in both 
immunocompetent and immunocompromised batches. 
While Nitazoxinde acts directly on the parasitic-protozoa 
by destructing their cell membranes including those of the 
mitochondria causing inhibition of the pyruvate, ferredox-
in/flavodoxin oxidoreductase (PFOR) cycle (Broekhuysen 
et al., 2000). The probiotics act naturally to enhance the 
immune system and indirectly compete with the patho-
gens resulting in their clearance from the gut (Mathipa et 
al., 2017). These different action modes may be in favor of 
using the probiotics either alone or combined with Nita-
zoxanide because the latter does not prevent the autoin-
fection, whilst the former does by preventing the cysts to 
inhabit the epithelium cells.  

The histopathology of intestinal tissues showed ileum 
burdened with the cysts and severe microvillus damage, 
edematous and vacuolated epithelial cells in the infected 
untreated mice of both immunocompetent and immuno-
suppressed batches. These results are supported by others’ 
findings (Certad et al., 2007; Abdou et al., 2013). How-
ever, treating those infected mice with the two probiotics 
remodeled the morphology and cellular configuration of 
intestinal microvilli and epithelium cells. Moreover, the 
decolonization of Cryptosporidium cysts in the intestinal 
tissues of those probiotics-treated mice was remarkable. 
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This may be, fortunately, due to the low pH microenvi-
ronment cherished by Cryptosporidium spp. and endured 
by L. reuteri probiotics (Krumbeck et al., 2016). Whilst 
the conditions of the upper small intestine were ideal for 
the propagation of the parasite, the biological tolerance of 
L. reuteri enabled it to colonize and efficiently compete 
Cryptosporidium cysts for adhering themselves to mucin 
and intestinal epithelia kicking the cysts out to the lumen. 

concluSIon

This research paper with its findings demonstrates that the 
Egyptian L. reuteri strain may be effective for the preven-
tion of Cryptosporidium spp. in immunocompromised and 
immunocompetent subjects. Further and future work will 
use the same protocol to understand the concomitant T 
and B cells immune responses including IFN-gamma and 
IL-10 as well as the IgA.
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