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Abstract

The present work aims to investigate the antiparasitic and the immunomodulating effects of nitazoxanide (NTZ)
and ivermectin (IVC) alone or combined together or combined with selenium (Se), on Cryptosporidium infection in
diabetic mice. The results revealed that the combined NTZ and IVC therapy achieved the highest reduction of fecal
oocysts (92%), whereas single NTZ showed the lowest reduction (63%). Also, adding Se to either NTZ or IVC resulted
in elevation of oocyst reduction from 63% to 71% and from 82% to 84% respectively. All treatment regimens,
with the exception of NTZ monotherapy, showed a significant improvement in the intestinal histopathology, the
highest score was in combined NTZ and IVC therapy. The unique results of immunohistochemistry in this study
showed reversal of the normal CD4/CD8 T cell ratio in the infected untreated mice, however, following therapy
it reverts back to a normal balanced ratio. The combined (NTZ+ IVC) treatment demonstrated the highest level
of CD4 T cell expression. Taken together, NTZ and IVC combined therapy showed remarkable anti-parasitic and
immunostimulatory effects, specifically towards the CD4 population that seem to be promising in controlling
cryptosporidiosis in diabetic individuals. Further research is required to explore other effective treatment strategies
for those comorbid patients.
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Resumo

O presente trabalho tem como objetivo investigar os efeitos anti-parasitarios eimunomodulantes da nitazoxanida
(NTZ) e ivermectina (IVC), isoladas ou em associacdo, e do selénio (SE), associado a NTZ ou a IVC, sobre a infeccao
por Cryptosporidium em camundongos diabéticos. Os resultados revelaram que a terapia combinada com NTZ e
IVC resultou em maior reducdo de oocistos fecais, enquanto a NTZ isolada mostrou a menor redugdo de oocistos
fecais (63%). Além disso, a associacdo do SE com a NTZ ou IVC resultou em reducdo do numero de oocistos fecais
de 63% para 71% e de 82% para 84%, respectivamente. Todos os tratamentos, com exce¢ao da monoterapia com
NTZ, mostraram uma melhora significativa nos indices relacionados a histopatologia intestinal. Os resultados da
imuno-histoquimica mostraram reversao da razdo celular CD4/CD8 T normal nos camundongos infectados ndo
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tratados, no entanto, apdés a terapia, houve retorno a razao celular CD4/CD8 T normal. O tratamento combinado
(NTZ+ IVC) demonstrou o mais alto nivel de expresséo celular CD4 T. Em conclusdo, a terapia combinada com
NTZ e IVC mostrou efeitos anti-parasitarios e imunoestimuladores notaveis, especificamente para a populagdo
CD4, que parecem ser promissores para o controle da criptosporidiose em individuos diabéticos.

Palavras-chave: Cryptosporidium, ivermectina, selénio, CD4, CD8, diabetes.

Introduction

Cryptosporidium is an apicomplexan protozoan parasite that has been recognized, second to Rotavirus,
as a significant cause of water and food-borne diarrhea outbreaks in humans, especially children and
immunocompromised patients (Efstratiou et al., 2017; Ryan et al., 2018; Khalil et al., 2018).

The establishment of cryptosporidiosis is strongly related to the immune status of the host. Infected
immunosuppressed individuals may develop severe persistent diarrhea that can lead to significant morbidity
and mortality (Laurent & Lacroix-Lamandé, 2017). Several experimental and human studies on Cryptosporidium
have linked cell-mediated immune responses, especially CD4+ count, to susceptibility to infection as well as
outcome and severity of the disease. In patients with HIV, the intensity of the disease depends on the degree of
immunosuppression, as indicated by the CD4* counts (Borad & Ward, 2010; Tinarwo et al., 2020).

Diabetes mellitus has been reported to increase the frequency and severity of common infections and raise
the susceptibility to opportunistic infections (Chinen & Shearer, 2010; Knapp, 2013). Intestinal parasitic diseases
have been reported among significant proportions of diabetic patients (Mohtashamipour et al., 2015; Tangi et al.,
2016; Alemu et al., 2018). The hyperglycemic environment in DM has been suggested to induce weakening in both
innate and acquired immune systems (Tanaka, 2008; Casqueiro et al., 2012). Furthermore, disturbed glucose
metabolism, inadequate blood supply, and denervation are other reported factors that may contribute to the
increased frequency of infections in DM (Chinen & Shearer, 2010). With the increasing numbers of potential
immune-altered diabetic patients, cryptosporidiosis may represent a major public health concern. However, there
is a general lack of scientific research regarding the management of such protozoa infection in diabetic patients.

Several previous studies have attempted to develop a satisfactory therapy for cryptosporidiosis, especially in
AIDS patients (Hunter & Nichols, 2002). Effective drug treatment, especially for immunocompromised infected
patients, has not been consistently successful (Checkley et al., 2015). The current therapeutic drug approved by
the Food and Drug Administration (FDA) for Cryptosporidium infections is nitazoxanide (NTZ). This drug, however,
exhibits limited and immune-dependent efficacy (Sparks et al., 2015; Widmer et al., 2020). This can be seen in HIV
patients and malnourished children who demonstrate limited and weak response rates. Besides, the drug is not
recommended for use in children younger than 12 months (Abubakar et al., 2007; Amadi et al., 2002). Some in-vitro
and animal studies on cryptosporidiosis have reported a better response to NTZ in combination regimens than to
NTZ alone (Theodos et al., 1998; Giacometti et al., 2000; Krause et al., 2012; Bhadauria et al., 2015).

Ivermectin (IVC) is a semi-synthetic derivative belonging to macrocyclic lactones and is approved by FDA.
It possesses broad-spectrum anti-parasitic and antiviral activity as well as cancer chemotherapeutic effects
(Laing et al., 2017; Momekov & Momekova, 2020). Ivermectin is used worldwide against a broad range of
endoparasites (nematodes) and ectoparasites (acarine, insects) of humans and animals. Moreover, a number
of studies have shown activity of the drug against protozoan parasites such as Giardia lamblia, Cryptosporidium
spp. (Youssef et al., 1996; Zinada, 2000; Hassan et al., 2001), and recently, has been considered for mass drug
administration for malaria (Smit et al., 2018). Furthermore, IVC has been reported to potentiate the immune system
in rabbits and affect the cellular and humoral immune responses (Sajid et al., 2007; Zhang et al., 2008; Omer et al.,
2012).

Selenium (Se) is an essential micronutrient which is of major importance to human health (Roman et al., 2014).
It is @ member of the selenoprotein family and has structural and enzymatic functions, moreover it is important
for the proper functioning of the immune system (Gill & Walker, 2008; Majeed et al., 2018).

Numerous studies have reported dramatic effects of antiretroviral therapy on cryptosporidiosis in AIDS patients
as a consequence of immune reconstitution and recovery of the CD4 count (Foudraine et al., 1998; Miao et al.,
2000; Dillingham et al., 2011; Cabada & White, 2010). Therefore, recent evidence suggests that improvement
in cell-mediated immune responses is fundamental for management of the infection in immunocompromised
patients (Checkley et al., 2015; Ahmadpour et al., 2020). Hence, this highlights the need for a proper therapeutic
approach that provides both anti-parasitic and immunostimulatory effects. The aim of the present work is to
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assess the therapeutic effects of NTZ, IVC and Se drugs, using different regimens, on experimental Cryptosporidium
infection in mice with chemically induced diabetes. Furthermore, the study attempts to investigate the possible
immunomodulatory effects of these therapeutic agents on the local intestinal CD4 and CD8 T cell responses.

Materials and Methods

Experimental animals

The present study was carried out on 48 laboratory-bred male Swiss albino mice of CD1 strain; aged 7 weeks,
specific free pathogen (SFP) and weighing 20-25gm each. The animals were provided by Schistosoma Biological
Supply Program (SBSP) at Theodor Bilharz Research Institute (Giza, Egypt). All animal handling and experimental
procedures were performed in accordance with the national and institutional guidelines for the care and use of
laboratory animals. Each mouse was housed in a well-ventilated cage with clean wood-chip bedding, and kept
between 18-23 °Croom temperature with free access to a standard pelleted diet and water ad libitum. The animals'’
stool samples were examined using direct wet saline and iodine smears, then stained with acid fast stain to exclude
the presence of parasites.

Ethical consideration

The experiment was approved by the ethical committee at Theodor Bilharz Research Institute (TBRI) (Approval
code: 11/2018/00010609).

Experimental design and study groups
The animals were classified into 8 groups as follows, each containing 6 mice:

* Groups infected & treated with a single therapeutic drug:
Group 1: treated with nitazoxanide (NTZ);

Group 2: treated with ivermectin (IVC).

* Groups infected and treated with combined drug regimens:
Group 3: treated with NTZ combined with IVC;

Group 4: treated with NTZ combined with Se;

Group 5: treated with IVC combined with Se.

+ Control groups:

Group 6: Normal non-infected non-treated (healthy- control);
Group 7: Non-infected (diabetic - control);

Group 8: Infected non-treated (infected - control).

Induction of type 1 diabetes mellitus

Type 1 diabetes mellitus (T1DM) was induced by administration of multiple intraperitoneal, low doses of
Streptozotocin (STZ, Sigma-Aldrich, USA) to all study groups (except normal control, group 6), in concordance with
the previously described method (Wu & Huan, 2008). Briefly, freshly prepared STZ was dissolved (immediately prior
to injection) in 50mM sodium citrate buffer (50 mM, pH 4.5) to a final concentration of 4 mg/ml. Streptozotocin
solution then was injected intraperitoneally in a dose of 40 mg/kg (1.0 ml/100 g) for 5 consecutive days (starting
from experimental day 1 to 5). Streptozotocin can cause pancreatic B-cell destruction leading to hyperglycemia (Wu
& Huan, 2008). To check for induced hyperglycemia in the STZ- treated mice, the blood glucose level was measured
on experimental day 14 (9 days after the last STZ injection), from a tail vein blood sample using a glucometer.
Measurement of the blood glucose level was continued 3 times per week throughout the experiment.

Preparation of Cryptosporidium oocysts inoculum

Augmentation of Cryptosporidium oocysts (taken from the faeces of infected calves) was performed by passage in
20 Swiss albino CD1 strain mice. The animals were inoculated by gavage (2000 oocysts/animal) repeatedly every 2 weeks
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(von Oettingen et al., 2008). Isolation and purification of oocysts was done by centrifugal flotation (Zeibig, 1997) and they
were then suspended in PBS. The suspension was kept with 0.01%Tween-20, containing 200 IU/mL penicillin, 0.2 mg/mL
streptomycin and 2.5 pg/mL amphotericin B to eliminate any remaining bacterial or fungal contamination, and stored
at 4 °C before use. Finally, the number of Cryptosporidium oocysts in the prepared suspension was determined so
as to adjust the inoculum infecting dose. This was performed by counting the number of Cryptosporidium oocysts in
smears prepared from 50pl aliquots and stained with Kinyoun’s Acid Fast stain (Operario et al., 2015).

Inoculation of mice

All experimental animal groups (except group 6 and 7) were orally infected with Cryptosporidium oocysts on
experimental day 14 (9 days after the last STZ injection), using oral-gastric gavage. Each mouse received a dose of
about 10%oocysts/ mouse (Love et al., 2017).

Administration of the drugs

Drug administration to the treated mice groups was started from the fifth day post-infection. Nitazoxanide suspension
(Nanazoxid; Medizen Pharmaceutical Industries for Utopia Pharmaceuticals) was administrated orally for 10 consecutive
days as follows; in a dose of 250 mg/kg /day as a single therapy (Theodos et al., 1998), and in a dose of 125 mg/kg/day
as a part of combined therapy. lvermectin tablet (Ilverzine; Unipharma Alobour City, Cairo, Egypt) dissolved in distilled
water was given orally as a single dose as follows; 2 mg/kg as a single therapy, and 1 mg/kg in combined therapy.
Selenium tablets (Selenium-ACE; Sigma Pharmaceutical Industries for Interpharma, UK) were dissolved in drinking water
administrated orally in a dose of 2.5 pg/ml to for 14 consecutive days (Desowitz & Barnwell, 1980).

Euthanasia of mice

Atthe end of the experiment, 33 days post infection (PI), all mice were euthanized by intraperitoneal anesthetic-
anticoagulant solution. The terminal ileum sections of the euthanized mice were removed and fixed in 10% formalin
for histopathological and immunohistochemical analysis. The tissues were dehydrated, cleared in ascending grades
of ethanol, then immersed in xylene and finally embedded in paraffin blocks (Drury & Wallington, 1980). For each
mouse, 3 paraffin sections of 5 um thickness were prepared; one was stained with haematoxylin and eosin (H&E)
stains and the other 2 sections were processed for immunohistochemical studies.

Assessment of the infection & the drug effect

Parasitological examination

For estimation of Cryptosporidium oocyst shedding, fresh fecal samples were collected from each infected
mouse at the end of the experiment. The samples were weighed, dissolved in known amounts of 10% formalin
and passed through sterile gauze. Then, 50 pl from each prepared sample were taken, subjected to Kinyoun's
Acid-Fast stain (Garcia, 2001) and examined microscopically for counting of the oocysts, using the oil immersion
lens (1000x%). For each mouse, the number of oocysts was expressed per gram of feces (Benamrouz et al., 2012).
The mean number of oocysts was calculated for each group of mice.

Histopathological examination

Intestinal (ileal) sections of the euthanized mice were examined microscopically to evaluate the degree of
inflammation in the lamina propria, and villous mucosal architecture changes (brush border, villous height and
goblet cells). The histopathological changes were graded as mild, moderate, or marked according to (Sadek & El-
Aswad, 2014), scored by 0 (no), 1 (mild), 2 (moderate) and 3 (severe) to produce, in each group, an average score
for histopathological changes.

Immunohistochemical studies

Immunohistochemical staining of 2 intestinal sections (ileum) from each mouse was performed in order to count
the number of CD4 and CD8 T lymphocytes. The immunostaining process was carried out in an auto-stainer using a
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polymer-based detection system (DakoEnVision™ FLEX, K800O0). Tissue sections (5um) were deparaffinized in xylene,
rehydrated in declining grades of alcohol, followed by incubation in hydrogen peroxide 3% for 5 minutes to block
endogenous peroxidase activity and then washed twice in PBS (each 5 minutes). The slides were then immersed
in citrate buffer (pH 6) in an automated water bath (Dako PT link) for antigen retrieval. Next, the sections were
incubated with the primary antibody murine anti-human CD4 and CD8 monoclonal antibodies (Dako, USA) for 1 hour
at room temperature and washed in PBS. This was followed by the addition of biotinylated goat anti-Polyvalent
secondary antibody and streptavidin peroxidase enzyme consecutively for 10 min and washed in PBS. Visualization
of peroxidase activity was carried out using diaminobenzidine (DAB) chromogen applied for 5 min (Ramos-Vara &
Miller, 2014). The slides were then counterstained with haematoxylin and mounted by DPX. Sections from tonsils
were stained as positive control according to the manufacturer’'s recommendation. Negative controls were prepared
according to the same protocol, except for the use of the primary antibody. T lymphocytes were considered positive
for CD4 or CDS8, if there was expression of membranous or cytoplasmic brownish immunostaining. The number of
CD4 and CD8 T lymphocytes in the lamina propria was counted in 5 representative high-power fields HPFs (x400).
The results were recorded as the average number of cells/HPF for each mouse and for each designated group of
mice (Cassol et al., 2013).

Statistical methods

The collected data was analyzed using the statistical package SPSS version 25. Quantitative data was expressed
as mean, standard deviation and range. The data was tested for normality using Kolmogorov-Smirnov test,
Shapiro-Wilk tests and it showed normal distribution. Analysis of variance (ANOVA) with multiple comparisons
post hoc test was used for comparisons between groups. Differences were considered statistically significant if
P-values were less than 0.05.

Results

Effect of different drug regimens on Cryptosporidium oocysts shedding

A significant decrease in the mean number of Cryptosporidium oocysts in feces, at the end of the experiment,
was obtained in all treated groups (p<0.001). In comparison to the control group 8 (infected, non-treated), group
3 (received combined NTZ and IVC) showed the lowest oocyst count with a 92% reduction. This was followed by lower
reduction rates 84%, 82% and 71% in group 5 (combined IVC and Se), group 2 (single IVC) and group 4 (combined
NTZ and Se), respectively. The lowest percentage of reduction (63%) was reported in group 1(NTZ monotherapy).
Also, it was observed a significant difference in the mean number of excreted oocysts between all treated groups
(p<0.001) except between group 2 (IVC) and group 5 (IVC + Se) (Table 1 and Figure 1).

Histopathological examination

The infected, non-treated control (group 8) showed moderate to severe histopathological changes in the ileal
mucosa in the form of moderate to severe inflammatory cellular infiltrate (plasma cells, lymphocytes and histiocytes),
massive edema in the lamina propria, remarkable shortening of villi, crypt elongation and depletion of goblet cell
content (Figure 2B). As Table 2 shows, there was a significant difference in the severity of intestinal inflammation
between control group 8 and all other treated groups, except group1 (NTZ) which showed no significant difference
(P>0.05). Among all treated groups, group 3 (NTZ+IVC) showed the weakest inflammatory reaction, where 16.7%
of the animals did not reveal any inflammatory response, while 66.7% and 16.7% revealed mild and moderate
inflammation respectively. The results also showed a significant difference in the severity of ileitis between group
3 (NTZ+ IVC) and all other treated groups (P<0.001), except group 5 (IVC + Se) (P> 0.05) which showed mild and
moderate inflammation in 66.7% and 33.3% respectively. There was no significant difference between group
2 (IVC) and both; group 4 (NTZ+ Se) and group 5 (IVC+ Se) regarding the degree of pathological changes (P>0.05)
(Table 2 and Figure 2).
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Table 1. Cryptosporidium oocysts counts per gram feces in the infected control and treated groups. The least reduction is seen
with group (1) treated with NTZ monotherapy, followed by group (4) NTZ & Se, while the highest reduction is achieved in group
(3) treated with combined treatment NTZ +IVC, followed by group (5) treated with IVC +Se.

Range
Group Mean + SD % of reduction
Minimum Maximum
Group1 27000 105000 35500+8117.88 63%
Infected + NTZ
Group2 12000 25000 17500+4847.68 ¢ 82%
Infected + IVC
Group 3 5000 11000 7833.33 £2041.24 ¢ 92%
Infected + NTZ +IVC
Group 4 19500 34000 27500 +4795.83 ¢ 71%
Infected + NTZ+Se
Group 5 8500 22000 15000 +4764.45 ¢ 84%
Infected + IVC +Se
Group 8 86000 105000 95666.67+6889.61 @

Infected non treated (control)

abcdeThere is no significant difference (P>0.05) between any two groups, within the same column have the same superscript letter.

120000
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60000

40000 ;
35
20000 é o %

shedding oocysts per gram

=
0
diabetic diabetic diabetic diabetic diabetic Infected not
infected + NTZ infected + IVC infectelc\i/ E: NTZ infecte% +NTZ infecteg +IVC treated control
+ + Se +Se

Group

Figure 1. Box-plot diagram shows Cryptosporidium oocyst counts per gram feces in the infected control and treated groups.
The least oocyst reduction is seen with the group treated with NTZ monotherapy, while the highest reduction is achieved in the
group treated with combined treatment (NTZ +IVC).

Immunohistochemical results

In comparison to the control group (6, normoglycemic non-infected), there was no significant difference in the
expression of local intestinal CD4 in either group 7 (diabetic control) or group 8 (infected control) (P> 0.05). However,
group 8 presented significantly lower CD4 expression than all other groups that received treatment (Table 3 and
Figure 3, 4 and 5). In addition, it was observed that CD4 expression in all treated groups was significantly higher
than control group 6 (P<0.001), except group 1 (NTZ) which showed non-significant elevation (P>0.05). The highest
level of CD4 expression among the treated groups was found in group 3 (NTZ+ IVC), this was statistically significant
(P<0.001). This was followed by group 5 (IVC + Se), group 2 (IVC) and group 4 (NTZ+ Se), however, no significant
difference was detected between these 3 groups (Table 3 and Figure 3).

In comparison to group 6 (healthy control), a significant increase in the expression of local intestinal cytotoxic
CD8 T lymphocytes was observed in all diabetic groups (P<0.001) (Table 3 and Figure 4, 5 and 6). The highest level
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Figure 2. Photographs show sections of ileum from different study groups; (A) non-infected non diabetic control group showed
features of normal villous architecture and components; (B) Diabetic infected non treated group showed severe ileitis with
severely disrupted villus/crypt ratio “broadened villi” (white arrowhead), disturbed mucosa and basal nuclei (yellow arrowhead)
with dense inflammatory infiltrate (blue arrows); (C) Diabetic infected group treated with NTZ showed moderate to severe ileitis;
disrupted mucosal lining and basal nuclei (yellow arrowhead) with moderate inflammatory infiltrate (blue arrow); (D) Diabetic
infected group treated with IVC showed moderate villous changes with slightly disrupted mucosal lining and basal nuclei (black
arrow) and moderate collection of inflammatory cells; (E) Diabetic infected group treated with NTZ & IVC showed mild villous
changes, in which most of the mucosa plus nuclei regain its normal distribution (black arrow) with improvement of villus/crypt
ratio; (F) Diabetic infected group treated with NTZ & Se showed moderate villous changes; areas of disrupted mucosa are seen
(yellow arrowhead) with dense collection of inflammatory cells (blue arrow); (G) Diabetic infected group treated with IVC & Se
showed mild villous changes with areas with almost normal mucosa and normal villus/crypt ratio (black arrow) and very mild
inflammatory infiltrate (Hx & E stain x200).

was detected in group 8 (infected control) followed by group 7 (diabetic control). Regarding CD8 expression in
differently treated groups, no statistically significant differences were found between the groups, except between
group 3 (NTZ+ IVC) and both group 1 (NTZ) and group 2 (IVC). (Table 3 and Figure 6).
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Table 2. Degree of intestinal histopathological changes in the infected control and treated groups. Minimum pathological changes
are seen in group (3) treated with combined therapy NTZ + IVC, followed by group (5) treated with IVC +Se.

Degree of pathological changes

Group Mean Score
No (0) Mild Moderate Severe (3 +SD
) @ vere (3)
Group 1 N 0 0 5 1 2.17 £ 0.408 2
(Infected + NTZ)
% 0.0% 0.0% 83.3% 16.7%
Group 2 N 0 2 4 0 1.67 £ 0.516 P
(Infected + IVQC)
% 0.0% 33.3% 66.7% 0.0%
Group 3 N 1 4 1 0 1.00 + 0.632¢
(Infected + NTZ
+IVC) % 16.7% 66.7% 16.7% 0.0%
Group 4 N 0 2 4 0 1.67 £0.516 °¢
(Infected + NTZ
+Se) % 0.0% 33.3% 66.7% 0.0%
Group 5 N 0 4 2 0 1.33+0.516¢
(Infected + IVC
+Se) % 0.0% 66.7% 33.3% 0.0%
Group 8 N 0 0 3 3 2.5+0.548°
(Infected non
treated) % 0.0% 0.0% 50.0% 50.0%
control

abcdThere is no significant difference (P>0.05) between any two groups, within the same column have the same superscript letter.

Table 3. Number of local CD4 and CD8 T lymphocytes in the lamina propria of immunostained intestinal sections (ileum).
Reversal CD4/CD8 ratio is seen in group (7&8) with the highest CD8 expression, while treatment succeeded to raise CD4 with
the best result seen again in group (3 & 5).

(CD4) (CD8)
e Mean + SD Mean £ SD
Group 1 17.8+0.97 ¢ 13.5+1.20¢
(Infected + NTZ)
Group 2 21.2 £ 1.94° 12.0+1.624
(Infected + IVQ)
Group 3 24.4+1.81¢2 16.2+2.15¢
(Infected + NTZ + IVC)
Group 4 20.8 +2.69° 14.6 +1.59 <4
(Infected + NTZ+ Se)
Group 5 22.8+1.692P 15.2+1.29¢d
(Infected + IVC + Se)
Group 6 16.8 £ 1.49<d 10.2+0.87¢
(Healthy control)
Group 7 18.4+1.85¢ 19.0+ 1.40°
(Diabetic control)
Group 8 143 +1.43¢ 21.6+1.692

(Infected control)

abcdeThere is no significant difference (P>0.05) between any two groups, within the same column have the same superscript letter.
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Figure 3. Box-plot diagram shows the number of local CD4 T lymphocytes in the lamina propria of immunostained intestinal
sections (ileum). The least CD4 expression is seen in the infected non treated control group. The highest expression among the
treated groups is seen in mice received combined therapy (NTZ+ IVC).

Figure 4. Photographs present immunohistochemical stained sections before image analysis (small one), in which the stain
is identified by its brown discoloration (red arrow). Bluish colour (yellow arrow) is seen within the corresponding larger photo
during image analysis. Figures show CD4 (left) & CD8 (right) within the control non-infected non diabetic group (A&B) and diabetic
group (C&D). Notice the apparently higher expression of CD4 in normal group (A) than CD8 (B) and the almost equal expression
in the diabetic group (C &D) (IHC x200).
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Figure 5. Photographs show CD4 (left) & CD8 (right) within diabetic infected non-treated group (A&B) and diabetic infected
treated group (representative) (C&D). Expression of CD4 (A) apparently decreases in the non-treated group. Expression of CD4
(C) obviously increases over CD8 expression (D) in the treated group. Red arrows represent the expression before analysis and
yellow arrows denote the expression during software analysis (IHC x200).

250

CcD8
i
-
— -
HIlH-

100

50

diabetic diabetic diabetic diabetic diabetic Healthy ~ Diabetic Infected

infected + infected + infected + infected+ infected+  control control  not treated
IVC NTZ+IVC NTZ+Se IVC+Se control
Group

Figure 6. Box-plot diagram shows the number of local CD8 T lymphocytes in the lamina propria of immunostained intestinal
sections (ileum). The highest level of CD8 expression is seen in the infected non treated control group.
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Discussion

Cryptosporidiosis in immunocompromised patients is a major health problem that can result in chronic,
debilitating, potentially serious diarrhea and severe consequences (Chinen & Shearer, 2010; Florescu & Sandkovsky,
2016; Wang et al., 2018; Gerace et al., 2019).

Current treatment for Cryptosporidium infections is not satisfactory (Sparks et al., 2015). Therefore, there is an
intense need for safe and effective anti-cryptosporidiosis treatment, particularly forimmunocompromised people
(Love et al., 2017).

The present work assessed the effectiveness of different combination regimens comprising NTZ, IVC and Se,
compared to NTZ and IVC mono-therapies in treating cryptosporidiosis in diabetic mice models.

In the present study, the group that received combined NTZ and IVC therapy showed the highest percentage
of oocyst reduction (92%) in feces compared to the control group. On the other hand, the lowest percentage of
reduction (63%) was found in the group that received single NTZ. This finding supports the theory of the insufficiency
of NTZ treatmentin infected immunocompromised hosts (Love et al., 2017). At the same time, IVC has been reported
to potentiate the immune system in rabbits and affect both cellular and humoral immune responses (Sajid et al.,
2007; Zhang et al., 2008; Omer et al., 2012).

The present results also proved that Se supplementation might have a role in improving the efficacy of NTZ and
IVC. It was observed that adding Se supplements to either NTZ or IVC resulted in an increase of the percentages of
oocyst reduction from 63% to 71% and from 82% to 84% respectively. The role of Se in Cryptosporidium infections
has been demonstrated by Wang et al. (2009) who suggested that Se nutritional deficiency can decrease the immune
response, thereby increasing susceptibility to the infection. In the same context, Se supplementation was proved
in other studies to possess anti-leishmanial properties and to reduce parasitemia in the case of Trypanosoma spp.
infections (Silva et al., 2014; Soflaei et al., 2014).

In the current study, histopathological examinations of the intestinal sections of the infected control group
showed moderate to severe inflammatory cellular infiltrate, remarkable shortening of villi, edema and depletion
of goblet cell content. These findings are consistent with those of Waters & Harp (1996) who reported intestinal
inflammatory changes in the form of inflammatory infiltrate and villous atrophy in response to Cryptosporidium
infection. Moreover, numerous studies have detected similar histopathological changes in infected animals (Abu
El Ezz et al., 2011; Al-Mathal & Alsalem 2012; Al-Warid et al., 2013). On the other hand, in comparison to the control
group, a significant improvement of the intestinal pathological changes was noticed in all treated mice, except
in the NTZ-treated group, which showed no significant difference. Furthermore, previous studies performed on
immunosuppressed mice, have reported a limited efficacy of single NTZ treatment in infected intestinal sections
(Sadek & El-Aswad, 2014; Taha et al., 2017; Moawad et al., 2021).

The present results revealed that among all the treated groups, the group that received combined therapy
(NTZ+IVC) showed the greatest improvement in the severity of ileitis, as only 16.7% of the animals presented
moderate inflammation, while the remainder showed an absent or mild response. This finding could be explained,
in part, by (Zhang et al., 2008) who proved experimentally that IVC has suppressing effects, in vivo and in vitro, on
the production of pro-inflammatory cytokines. Another possible explanation is the effect of this combined (NTZ+IVC)
regimen on oocyst clearance, mentioned above, leading to such improvement in the intestinal inflammatory changes.
However, reports of Warren & Guerrant (2007) and Leitch & He (2012), have suggested that in Cryptosporidium
infection, the histopathology of the small intestine does not fully correlate with the parasite load.

In fact, cell-mediated immune responses play a critical role in controlling cryptosporidiosis in both human and
animal models. In addition, the balanced ratio between CD4 and CD8 immune cells (CD4/CD8) has been considered
as an important marker for evaluating the immunomodulation status and response to the homeostasis of the
intrinsic immune system (Dhur et al., 1991; Wang et al., 2017). Hence, this study intended to investigate the local
(intestinal) expression of these 2 main subsets of the T lymphocyte populations in the infected mice.

The present immunohistochemical results demonstrated that the normal control group exhibited a higher
expression of local CD4 T cells relative to CD8 cells. Similarly, Tauschmann et al. (2013) reported high CD4 and
low CD8 T cell frequencies throughout the small and large intestine, which is important for immunomodulation
in these regions.

In the present study, up-regulation of local ileal CD4 and CD8 was noticed in all diabetic groups compared to
the normal group. These findings were in concordance with variable reports worked on T cells in type 1 diabetes
(T1D), either chemically induced (Zhen et al., 2012) or due to autoimmune disorder (Rodriguez-Calvo et al., 2015).
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Zhenetal. (2012) have investigated CD4*CD25" T regulatory cells in mice with long-term STZ-induced diabetes and
the results showed significant elevation of these cells in the peripheral ymphoid compartments, including peripheral
and mesenteric lymph nodes, peripheral blood lymphocytes and the spleen. In the same context, a study done by
Luo et al. (2007) indicated that the induced diabetic state following STZ administration causes rapid lymphopenia
followed by homeostatic T cell proliferation. This may explain the relatively higher levels of both CD4 and CD8 in all
diabetic groups compared to the healthy control. However, the infected non-treated control mice, in the present
study, have demonstrated an overexpression of the local CD8 over CD4 cells leading to reversal of the balanced CD4/
CD8 ratio, which again reverted to a normal ratio after therapy. Therefore, this overexpression of CD8 cells in the
infected control group without improvement in either the parasite load or the pathological consequences supports
the idea of inadequacy of CD8 cells in elimination of Cryptosporidium infection in murine models (Perryman et al.,
1994; Abrahamsen et al., 1997; Tessema et al., 2009). For example, Tessema et al. (2009) reported that transferring
both CD4 and CD8 T cells (pan T-cells) to naive recipient mice doesn't confer better protection, against C. parvum
than that of CD4 cells alone. In another study conducted on STZ-diabetic mice to investigate the role of CD8 cells
in the removal of tumor cells, the authors concluded that CD8 (cytotoxic T lymphocytes) retained their proliferative
capacity, yet exhibited diminished effector functions (Chen et al., 2014). On the contrary, these observations are
in conflict with other studies which have demonstrated the importance of CD8 T cells in eradication of intestinal
epithelial Cryptosporidium infection (Schaefer et al., 2000; Pantenburg et al., 2010).

As aforementioned, the diabetic treated groups in the present work have displayed a significant increase in the
local expression of CD4 over CD8 cells thus inversing the ratio towards CD4, which has been considered essential
for cure. The key role of CD4 cells in resistance to, and resolution of cryptosporidiosis has been investigated in
previous animal and human studies (Borad & Ward, 2010; Checkley et al., 2015). For example, mice depleted with
anti-CD4 antibody, have a reduced ability to resolve C. parvum infection (Chen et al., 1993). Furthermore, previous
research showed that MHC-II (important for CD4 T cells) deficient mice are more susceptible to C. parvum infection
than MHC-I (important for the function of CD8 T " cells) deficient mice (Aguirre et al., 1994). Moreover, numerous
studies have reported resolution of Cryptosporidium infection after CD4 T cell reconstitution in AIDS patients given
antiretroviral therapy, denoting the importance of such a cell population in the clearance of this opportunistic
infection (Schmidt et al., 2004; O'Connor et al., 2011; Dillingham et al., 2011; Ahmadpour et al., 2020). In our earlier
work on the dexamethasone immunocompromised mice model, CD4 expression in the treated animals was not
elevated enough to the effective level that restores the balanced CD4/CD8 ratio (Fahmy et al., 2020)

The present work revealed that the highest level of CD4 expression among the treated mice was in the group
which received combined regimen (NTZ+ IVC), whereas, the lowest level was in the single NTZ-treated group, thus
suggesting the beneficial effect of the former therapy on the local cellularimmune response. This data together with
the results of oocyst excretion may signify the superiority of combined (NTZ+ IVC) regimen over the other forms
of therapy. Aside from its anti-parasitic activity, IVC was reported in previous research to modulate the immune
system, especially in conditions involving immunosuppression (Blakley & Rousseaux, 1991; Lopez-Olvera et al., 2006).
Blakley & Rousseaux (1991) have shown that the properties of IVC, as an immune stimulator in male CD-1 mice,
are associated with altered function of T lymphocytes, particularly T-helper lymphocytes.

Conclusion

From the current work, it is concluded that NTZ and IVC combination regimen achieved the maximum reduction
rate in the Cryptosporidium oocyst count, when compared to the other used regimens. In addition, it remarkably
improved the intestinal histopathological features as well as the local cellular immune response. Therefore, the
combination regimen appears to be promising in controlling cryptosporidiosis in the diabetic patient population.
Further work is needed to better understand the immunomodulatory effect of IVC to determine the optimal strategy
for its application in immunosuppressed conditions.
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