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Abstract: Toxoplasma gondii is a deadly intracellular parasite known to reside in every
nucleated cell and known to cause severe complications in immunocompromised host. Standard
drugs are cost effective and cause side effects, therefore, there is a necessity for a new drug
molecule with immunomodulatory potential. Lactoferrin (Lf) is a natural milk protein, which
has shown antimicrobial properties in its nanoformulation using alginate chitosan calcium phos-
phate bovine lactoferrin nanocapsules (AEC-CCo-CP-bLf-NCs). The present study was aimed
to analyze and compare the effect of bovine Lf (bLf) in its native as well as nanoformulation
(AEC-CCo-CP-bLf-NC) against coccidian parasite 7. gondii. In vitro analysis has shown a
significant increase in nitric oxide production and low parasitemia in in vitro cell culture model.
In vivo BALB/c mice model have been used to develop human toxoplasmosis model. After
treatment with NCs it has substantially increased the bioavailability of the protein and showed
comparatively increased levels of reactive oxygen species, nitric oxide production, and Th1
cytokine which helped in parasite clearance. The mechanism of action of NCs has been clarified
by immunoreactivity analysis, which showed accumulation of Lf in macrophages of various
visceral organs, which is the site of parasite multiplication. Effect of NCs has significantly
decreased (P<<0.05) the parasite load in various organs and helped survival of mice till day 25
postinfection. Fe metabolism inside the mice has been found to be maintained even after admin-
istration of mono form of Lf, this indicates novelty of Lf protein. From the present study we
concluded that nanoformulation did not reduce the therapeutic potential of Lf protein; however,
nanoformulation has enhanced the stability of the protein and shown anti-toxoplasmal activity.
Our study presents for the first time nanoformulation of Lf protein against Toxoplasma, which
has advantages over the standard drug therapy without any side effects.

Keywords: nanocapsules, oral delivery, cytokines, Toxoplasma gondii, ceramic nanocapsules
and reactive oxygen species, immunoreactivity, parasite load

Introduction
Toxoplasma gondii is one of the most important intracellular coccidian parasites
known to cause toxoplasmosis in human and animals. 7. gondii is a deadly parasite
as it has the capacity to invade all nucleated cells and highly fatal during pregnancy.
It is generally assumed that approximately 25%—-30% of the world’s human popula-
tion is infected by this disease. Toxoplasma infection in human is most common in
immunocompromised and immunocompetent situation like in case of HIV-infected
person, pregnant women, and transplant patients. The newborn gets infection from
infected mother in later stages of pregnancy.

High levels of interleukin-10 (IL), IL-4, and IL-8 may lead to rapid multiplica-
tion of parasite and progression of disease in immunocompromised patients, which
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lead to ocular infection, schizophrenia'? like complication.
Treatment of toxoplasmosis includes routine old drugs such
as sulfadiazine and pyrimethamine,® which are good for the
treatment but all of them show adverse side effects leading
to gastric problem, weight loss, headache, blurred vision,
etc. Side effects of these drugs can be overcome by using
natural potential protein/drug molecule, which directly
targets on the infected site without causing any side effects.
Therefore, there is a need of immunomodulatory drug that
boost up the immune response against infection and help
in recovery. In the field of new technology and advance-
ment, we need a natural potent molecule that has already
been documented against many microbes, acts without
any side effects, and also does not show any resistance.
Various studies have been reported on immune regula-
tory, antimicrobial, and antioxidant capacities of natural
herbal and dairy products. Among all the milk proteins,
Lactoferrin (Lf) has been found to be the most potent one.
There are several studies that have documented the role of
Lf molecules against many microbes like bacteria, viruses,
and fungal infections.*

Lf is a 78-80 kDa molecule known to be present in
many body fluids like milk, colostrum, serum, semen, and
tears, therefore being a part of the body it does not cause
any side effects’ and show immunomodulatory activity.
Antiparasitic activity has also been documented against
parasites like Entamoeba,’ Giardia,® Cryptosporidium,’ and
Trypanosoma'® but clear mechanism of action has not been
detailed out in these studies. The effect of natural Lf protein
is limited in these studies and results are not so promising.
Due to the bioavailability of this protein, it has given a lot
of curiosity for its use in advance drug treatment for better
drug delivery and target therapy. Among the various routes
of drug administration, oral drug delivery is marked as the
safest. But, for development of novel drug molecule there
are a lot of issues that has to be faced when drugs are being
passed through gastrointestinal tract of human. These include
enzymatic action and gut pH, which may lead to degradation
of this protein. Recent advances in nanotechnology have
improved the onsite drug therapy as well as oral delivery
system for better efficacy of loaded drug molecules. Nano-
technology has offered various benefits such as slow drug
delivery, target specificity, better efficacy, and less side
effects, which are indispensible properties for drug design.

Various nanoparticles have been used to load Lf mol-
ecules for target delivery,'! against many infections.'? Lipid
nanoparticles have been used against cancer and for brain
carcinoma delivery. Kanwar et al and group has prepared

alginate chitosan calcium phosphate nanocapsules (AEC-
CCo-CP-NCs), which have been extensively used as drug
carriers and as drug therapy. Alginate and chitosan are
biodegradable polymers, and calcium phosphate is naturally
present in teeth therefore are safe to use as NCs. These NCs
have been loaded with bovine Lf (bLf) molecule to protect
it from degradation of gut environment. Therefore, bioavail-
ability of Lf protein at the site of infection does not alter and
has shown maximum efficacy.!*

Earlier successful studies have shown efficacy of these
NCs against various tumors'® and osteoarthritis,'” and have
shown promising results against diseased mice models. Not
only Lf protein has been incorporated in these NCs, but
also herbal products have been tried against arthritis like
diseases,'® which has divulged multiple availability of these
NCs for any drug/molecule/peptide to be loaded. These suc-
cess stories have initiated the idea to use NCs in treatment of
parasitic infections. These NCs loaded with Lf have never
been tried against parasitic diseases like toxoplasmosis;
therefore, its potential effects need utmost evaluation. The
present study is therefore the first study that has tried to
scrutinize the effect of these NCs against Toxoplasma. So,
the present study proposes to analyze the effect of native
bLf protein along with its nanoformulation (AEC-CCo-CP-
bL{-NC) against intracellular parasite 7. gondii. This study
is the pioneer one to establish the antiparasitic effect against
T. gondii infection using bLf nanoformulation.

Materials and methods

Toxoplasma gondii

T. gondii was routinely maintained in Department of Medical
Parasitology, PGIMER, Chandigarh, India in Swiss albino
mice through intraperitoneal (I/P) route and passage was
done every 3—4 days.

In vitro study

Cell lines and cell culture conditions

The J7741 mouse macrophage cell line was collected from
National Cell Culture Science (NCCS) Pune, India and was
grown in tissue culture flasks using RPMI medium con-
taining high glucose and L-glutamine, supplemented with
20% heat-inactivated fetal bovine serum (Sigma-Aldrich,
St Louis, MO, USA). Penicillin/streptomycin was added at
a final concentration of 0.1 mg/mL to prevent contamination
of microbes, and the culture was maintained at 37°C in 5%
CO, to ensure a saturated humid atmosphere. Culture media
were changed every 2—3 days and cells were passaged at
90% confluency.
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In vitro cell culture model

J7741 mouse macrophages were taken as a source of host
cells for growth of intracellular parasites and were infected
with RH strain of 7. gondii tachyzoites. Tachyzoites were
incubated with macrophage cells at a ratio of 0.5:1 and
examined after 24 hours for calculating mean number of
tachyzoites present inside each macrophage. After obtaining
optimum parasitemia, treatment of Lf protein was started.

Lactoferrin

bLf was obtained from Australia. Various iron saturated
forms of bLf such as apo, mono, and holo forms were pre-
pared and used for in vitro inhibition assay. Fe-saturated Lf
was prepared by the method previously described by Bates
and Wernicke.!” Apo Lf was prepared by the method previ-
ously described by Feng et al?® with minor modifications.
Iron estimation of all forms of Lf was done by using previous
method with minor modification.?' Apo Lf was found to be
8%—10% saturated with Fe, mono form of Lf was found to
be 40%—-65% saturated, and holo form of Lf was found to
be 85%-95% saturated.

In vitro inhibition study

After obtaining optimum parasitemia in J7741 macrophage
cells as described above, bLf in its various Fe formulations
was incubated at different doses of 10, 20, and 40 pg/mL for
24 hours. Sulphadiazine, a standard drug was kept as positive
control and used at a concentration of 20 pg/mL. Cells with
only media were kept as an untreated group.

Nitrite production

Nitrite production from Nitrate is a measurement of nitric
oxide (NO) within cells and was measured by using Griess
reagent (Sigma-Aldrich) as per standard protocol.? Briefly,
cell culture supernatant of different groups were taken in
96-well plates and mixed with Griess reagent. Samples were
allowed to keep at room temperature for 15 minutes and read-
ing was taken at 595 nm using spectrophotometer. Amount
of NO production was calculated by plotting standard curve
against the reading obtained from culture supernatant of dif-
ferent groups. The results were expressed as the mean nitrite
concentration (UM/mL) + standard error of the mean.

In vivo study

Preparation of diet containing AEC-CCo-CP-bLf
NCs for oral therapy

The bLf dose for oral therapy was standardized in earlier
studies,'® where we found that 1.2% (w/w) or 12 g Fe-bLf/kg

of diet showed no side effects and helped in clearing various
tumors. The same dose was then used in our recently pub-
lished study with a nanoformulated Fe-bLf diet'® with similar
findings. But, in present study instead of Fe-Lf, native form
of bLf has been used along with its nanoformulation. The
diet was mixed with the appropriate amount of autoclaved
milli Q water and made into pellets of suitable sizes, to be
able to give as a treatment diet. An equal quantity of this
diet was given to mice each time to normalize the dosage in
metabolic cages. The detailed structure and release profile
of NCs has been studied previously' and after the success
stories of these NCs they have been now targeted against
intracellular parasite 7. gondii.

Animal model of human toxoplasmosis and in vivo
studies

A human toxoplasmosis disease model was developed by
inoculating 100 tachyzoites of 7. gondii through I/P route
inside Balb/c mice. All animal procedures were done in
accordance with the guidelines from institutional animal
ethics committee (IAEC), PGIMER, Chandigarh, India. All
animal experiments included five mice per treatment group
and 4- to 5-week-old female mice (Mus musculus mice-
BALBY/c) were used in the present study. The mice were fed
either control AIN 93G diet or AIN 93G supplemented with
either of the following treatments: bLf; AEC-CCo-CP-bLf
NCs and sulfadiazine as standard drug. Mice were weighed
thrice weekly and assessed for signs of any physical or
physiological distress. Sulfadiazine standard drug was admin-
istrated through oral route at a concentration of 40 mg/kg/
day. Parasitemia was monitored routinely and the presence
of tachyzoite in blood was confirmed as a marker for infec-
tion. As infection appeared in the blood, different drugs were
given as described previously. The parasite started multiply-
ing and appeared in blood after day 5 postinfection. So, the
effect of different formulations was studied at days 10 and 15
postinfection and different parameters were assessed. Details
of the experiment have been mentioned in Table 1.

Histopathological analysis

In terms of tissue sample preparation, mice were sacrificed
under euthanasia by cervical dislocation, liver and spleen
were removed aseptically and fixed in 10% buffered formalin
and processed for histological examination. Histopathologi-
cal examination of parasite was assessed by observing the
presence of inflammation and the presence of parasite with
the use of Hematoxylin and Eosin stain (H&E) as per stan-
dard protocol.?
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Table | Experimental design for the study and detailed description of different groups

Days of Untreated control group bLf diet group AEC-CCo-CP-bLf-NC-treated Sulfadiazine-treated

infection 15 mice 15 mice group |5 mice group |5 mice

5 Diet started Diet started Diet started Diet started

10 Five mice sacrificed for Five mice sacrificed for Five mice sacrificed for Five mice sacrificed for
studying various parameters studying various parameters studying various parameters studying various parameters

15 Five mice sacrificed for Five mice sacrificed for Five mice sacrificed for Five mice sacrificed for
studying various parameters studying various parameters studying various parameters studying various parameters

Last day of Mortality/survival analyzed Mortality/survival analyzed Mortality/survival analyzed Mortality/survival analyzed

survival (25)

Abbreviations: AEC-CCo-CP-bLf-NCs, alginate chitosan calcium phosphate bovine lactoferrin nanocapsules; bLf, bovine lactoferrin.

Parasite load determination — absolute quantification
(real time—polymerase chain reaction)

Parasite load determination was done by using real time-
polymerase chain reaction (RT-PCR) using absolute
quantification. DNA was extracted from the blood of Toxo-
plasma-infected mice and quantification of extracted DNA
was done using Nano drop (Thermo Fischer, Waltham, MA,
USA). From the extracted DNA, B1 gene of 7. gondii was
amplified using specific primers as described earlier* and
PCR product was purified using Roche kit (Roche, Basel,
Switzerland). The number of copies per unit volume (mL)
was calculated using the formula described elsewhere.?
Serial dilutions of these stock solutions served as quantifica-
tion standards to plot the standard curves. Following formula
was used to calculate the copy number.

Number of copies/mL =6.023x10*xCx0D,, /Mwt

where 6.023x10%= Avogadro’s number, C =5x10~° g/mL for
DNA, Mwt = bp x6.58x10° g OD,, = absorbance at 260 nm.

When assaying the samples for Toxoplasma B1 gene, the
corresponding standard series was run under the same condi-
tions and the copy number of the samples was determined by
reading off the standard series with the crossing point (Cp)
values of the samples.

Quantification of reactive oxygen species and NO
production in different organs

Reactive oxygen species (ROS) are produced intracel-
lularly through multiple mechanisms depending upon the
cell and tissue type. ROS production helps in host defense
as it kills intracellular microbes, therefore its production
was observed in liver and spleen cells of mice using the
dihydro-fluorescein diacetate dye (DCFH). The spleen and
the liver were aseptically removed and chopped with the
help of sterile surgical blade into single cell suspension,
which was washed with 1x phosphate buffer saline. Cells

were stained with dihydro-fluorescein diacetate dye as
previously mentioned* and acquired with flow cytometry
using fluorescence activated cell sorting (FACS Caliber, BD
Bioscience, Oxford, UK).

NO production was estimated as described previously
using Griess reagent. Mice were sacrificed, blood was col-
lected from heart, and serum was separated by centrifugation,
and levels of NO were measured as per standard protocol.

Immunoreactivity for Lf localization

Mice were sacrificed from different groups after the treat-
ment period, spleen and liver tissues were collected asepti-
cally. For immunohistochemical staining, the sections were
fixed in formalin as described earlier. The sections were
rehydrated with tris-buffered saline (TBS)-Tween-20 and
blocked with 3% hydrogen peroxide in 3% bovine serum
albumin to overcome endogenous peroxidase activity.
Goat anti-bLf antibody HRP conjugate (Bethyl Labs,
Montgomery, TX, USA) (1:1,000) was used for the detec-
tion of exogenous bLf. The sections were then washed in
TBS-Tween-20, developed with 3,3’-diaminobenzidine
substrate (Sigma-Aldrich) and incubated for 10 minutes
in the dark. After counterstaining with hematoxylin, slides
were fixed with permanent mounting media and observed
under 20x and 40x oil immersion objectives using bright
field microscope (Nikon Y 1000).

Cytokine profile

Cytokines expressed in mouse serum were determined using
the Single Analyte ELISA Kits (QIAGEN) for IL-1p, IL-6,
IL-18,1L-12,1L-10, IL-15, IFN-10, IFN-1f3, IL-2, IL-4, IL-5,
IL-17,1L-13, IFN-y, IL-19, GM-CSF, IL-7, IL-11, IL-3, and
tumor growth factor-beta (TGF-), and followed as per
manufacturer’s instructions as described earlier.'>!'* In brief,
after euthanizing mice, blood was collected via cardiac punc-
ture and transferred into unheparinized tubes. The blood was
allowed to clot by incubating the tubes at RT for 20 minutes.
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Blood clot was removed by centrifugation at 2,000x g for
10 minutes at 4°C and the supernatant was carefully trans-
ferred into a fresh tube and stored immediately at —80°C.

Biodistribution

Tissues (small intestine, spleen, liver, large intestine, brain,
kidney, lung, heart, and stomach) from treated group of
mice were removed and stored at —80°C until use. bLf was
measured using ELISA with antibodies to bLf and amount
in ng/mL of Lf was plotted using a histogram.

Regulation of miRNA and genes involved in iron
metabolism by AEC-CCo-CP-bLf-NCs

Gene expression of iron regulation of nano-bLf diet was
analyzed using RNA isolated from mice tissues using the
Trizol method. miRNA involved in iron metabolism and
expression in different mice tissues were analyzed using
miRNA isolation kit. Tissues stored in RNA later were
homogenized thoroughly on ice before isolation of miRNA
was performed as per manufacturer’s instructions. Samples
were run in triplicates and the mean Ct value used to calculate
regulation of genes using the 2744 method.

Survival curve

Survival curve was drawn from different groups. Mortality
and survival of mice in different groups were observed till
the completion of the experiment and survival curve was
plotted till day 25 postinfection by using Graph pad prism
software.

Statistical analysis

All the statistical analysis were done using Graph pad Prism
version 5.0. Parasite copy number was calculated using Box
plot assay. Measurement of in vitro growth inhibition, ROS,
NO production, copy number, cytokine assay, and biodistri-
bution were analyzed by unpaired #-test. One-way ANOVA
test was applied for analysis of parasitemia and cytokine
response between more than two group. Results were pre-
sented as SD + or SEM. Any P>0.05 is presented as non-
significant values and *P<<0.05 is considered as significant,
*¥*P<0.01, ***P<<(0.001 are highly significant.

Results
Efficacy of native bLf on in vitro cell

culture model of T. gondii

Antiparasitic activity of different forms of bLf protein
was assessed by using different concentrations. Out of
all three protein forms, native bLf has shown maximum

inhibitory effect (IC,, value) at 20 ug/mL concentration as
shown in Giemsa smears showing least number of infected
macrophages and number of tachyzoites per macrophage
(Figure 1A), whereas Fe-bLf supported the parasite growth
(large number of infected macrophages) compared with
untreated and apo form of protein when observed at 12 and
24 hour treatment (Figure 1A). Apo form (iron free) of the
protein has inhibited the parasites to a certain extend but due
to less iron (Fe) content, few macrophages showed deforma-
tion and degradation. Among all the treatment groups used,
native bLf showed best results followed by sulfadiazine and
apo bLf, which have shown very few number of intracel-
lular parasites as well as number of infected macrophages
(Figure 1B). The native form of the protein was found to be
non-toxic to the cells as described previously in our study
and therefore chosen for in vivo study.?

NO levels

Nitrite production is a measurement of NO production and was
found to be significantly elevated in all the treatment groups
compared with untreated groups. The highest level of NO
production was found to be present in bLfand bLfapo-treated
group, which can be co-related with less number of infected
macrophages as well as few number of intracellular tachyzoites
mentioned in microscopy results. Similarly, NO levels were
found to be higher when treated with standard drug sulfadi-
azine (20 ug/mL) (Figure 1C). These results indicate that NO
production has helped in reducing the number of intracellular
tachyzoites significantly in the above-mentioned group.

Inhibitory effect of bLf and AEC-CCo-

CP-bLf against Toxoplasma gondii in vivo
All the parameters were studied at days 10 and 15 postinfec-
tion. To reduce the cost of the study, few parameters were
studied at day 15 postinfection.

Histopathological analysis

Histopathological studies were performed in liver and spleen
sections to assess the effect of different formulations, stan-
dard drugs and various parameters were studied at days 10
and 15 postinfection.

Liver

Liver sections of untreated control group showed the presence
of inflammation due to accumulation of lymphocytes
and histiocytes along with actively multiplying parasites
(tachyzoite forms) (Figure 2Ai). Whereas in all treatment
groups including bLf, AEC-CCo-CP-bLf and sulfadiazine, no
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Figure | Inhibitory potential of bLf in in vitro cell culture model.

Notes: (A) Giemsa stain smear showing infected macrophages with intracellular parasites post 12 and 24 hours treatment with 20 pg/mL concentration of various Lf
forms as well as sulphadiazine. Red arrows represents the multiplying tachyzoites. (B) Mean number of infected macrophages post 24 hours treatment and mean number of
intracellular tachyzoites present inside the macrophages post 24 hours. (C) NO production in different groups after treatment with various drugs at 24 hours posttreatment.
Significant difference found in NO production between untreated and all treated groups except bLf Fe and between sulphadiazine and bLf Fe (P<<0.001). Significant difference
was found between the untreated group and treated groups in mean number of macrophages as well as tachyzoites, (P<<0.05). Results were obtained from three experiments,
which were repeated twice with similar observations and presented in the + SD or SEM. Results were analyzed with Student’s t-test. Significant difference represented by

asterisk *P<<0.05, **P<0.01.

Abbreviations: SEM, standard error of the mean; bLf, bovine lactoferrin; NO, nitric oxide.

histopathological abnormalities like inflammation or tissue
degradation were found. Moreover, no sign of parasitic infec-
tion was observed at day 10 postinfection (Figure 2Aii—Aiv).
When histopathological liver sections were observed a day 15
postinfection, the presence of tachyzoites at multiple foci (red
arrows) were seen in untreated control group (Figure 2Av).
However, young tissue cyst was found in liver sections of bLf
and AEC-CCo-CP-bLf NC group with sign of inflammation
(Figure 2Avi and Avii) but no sign of parasite multiplication
tachyzoites or tissue cyst was detected in sulfadiazine group
(Figure 2Aviii).

Spleen

Spleen histopathological analysis showed different results
from liver section studies. Untreated control group has
shown multiple sites of parasite multiplication (red arrows)
along with inflammation at days 10 and 15 postinfection
(Figure 2Bi and Bv). Whereas no histopathological abnor-
malities were observed in different treatment groups at days
10 and 15 postinfection (Figure 2Bii—Biv, Bvi, and Bvii)
except sulfadiazine group which showed inflammatory signs
in spleen sections at day 15 postinfection (Figure 2Bviii).
These results indicate the anti-inflammatory property of bLf
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Figure 2 Histpathological analysis in liver and spleen at day 10 and |5 post infection.

Notes: (Ai) Liver histopathology of untreated group of mice at day 10 postinfection showing the presence of tachyzoites (marked with red arrows). (Aii-iv) Liver
histopathology of treatment groups showing no sign of inflammation or parasite at day 10 post infection. (Av) Untreated control group showing huge number of infected
macrophages marked by red arrows. (Avi-vii) bLf and NCs treatment groups showing development of bradyzoites or tissue cyst inside the macrophages (kupffer cells)
marked by red arrows. (Aviii) Sulphadiazine treatment group showing no infection but sign of inflammation marked by red arrow. Figure B. (Bi) Untreated Liver cells showing
multiple sites of tachyzite multiplication (red arrows). (Bii-iv). Treatment groups showing no sign of inflammation or infection. (Bv) Liver histopathology at day 15 post
infection showing multiple sites (50%) with tachyzoites marked with red arrows. (Bvi-vii) No parasite infection shown in treatment groups, however, inflammation was seen

in sulphadiazine group (Bviii) marked as red arrow.

Abbreviations: AEC-CCo-CP-bLf, alginate chitosan calcium phosphate bovine lactoferrin; bLf, bovine lactoferrin; NO, nitric oxide.

protein, which does not cause any tissue damage and help
inhibiting the growth of parasite.

Quantitative assessment of parasite load

in liver and spleen

Quantitative assessment of parasite load was performed by
using RT-PCR through quantitative analysis, which was used
to calculate the mean copy number of parasite from liver and
spleen tissue lysates. The distribution of 7. gondii copy number
in different groups was represented by graph plots (Figure 3).
There was significant difference found between copy number
of treated groups and untreated group (P<<0.05). Highest
copy number of 2,833 was found in untreated group, followed
by 2,199 in bLf] 2,083 in NCs group and least copy number of
1,846 found in sulphadiazine group. These results are in con-
cordance with histopathological findings, which showed more
number of parasites in untreated group. Sulfadiazine-treated
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Figure 3 Box plot showing parasite load in different groups of mice.

Notes: Results were obtained from triplicate experiments with similar observations
and presented in the + SD or SEM and analyzed with Student’s t-test. Significant
difference represented by *P<<0.05, **P<<0.005.

Abbreviations: AEC-CCo-CP-blLf, alginate chitosan calcium phosphate bovine
lactoferrin; bLf, bovine lactoferrin; SEM, standard error of the mean.

International Journal of Nanomedicine 2015:10

submit your manuscript

6361

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Anand et al

Dove

mice showed least number of copy number followed by NCs
group and bLf treatment group (Figure 3).

ROS and NO production in liver and

spleen of mice

ROS and NO production was used as a marker to observe
the intracellular killing of parasites, observed at days 10 and
15 postinfection. Intracellular ROS production levels were
found to be highly elevated in liver and spleen cells of all
treatment groups of mice. There was a significant increase in
mean fluorescence intensity (MFI) two- to fourfold change
between different groups (Figure 4A and B). Highest shift
in MFI from untreated group was found in sulphadiazine
group followed by bLf and NCs in liver. Whereas, high-
est shift in MFI was found in NCs, sulphadiazine group in
spleen cells. High levels of ROS production can be correlated

with histopathological and quantitative parasite load detec-
tion, which has shown very less amount of parasitemia in
treated group of mice. Similarly, substantial amount of NO
was found elevated in treatment groups as compared with
untreated group when observed at days 10 and 15 postinfec-
tion (Figure 4C). NO levels were found to be significantly
high in NCs group (P>0.005) compared with bLf group,
which showed the potential of NCs in clearing the parasitemia
by producing intracellular free radicle production.

Cytokine response

Cytokine production was checked in mice by examining
various innate and adaptive cytokine responses in bLf, NCs,
and sulfadiazine group. Various innate immunity cytokines
were found to be elevated in treatment groups of bLf and
NC:s such as IL-6, which is required for B-cell proliferation.

A B
= Untreated = Untreated
——— DbLf —— bLf
—— AEC-CCo-CP-bLf —— AEC-CCo-CP-bLf
Sulfadiazine Sulfadiazine
FITC-A FITC-A
C Nitric oxide production
Sm 2 *% M
|| | |
*%*
c
o] 6- "
s al E=3 Untreated
S
‘qe; E=4 bLf
4w
2 E=] AEC-CCo-CP-bLf
[e]
o [T sulfadiazine
=
3
n
Day 10

Figure 4 ROS and NO production.

Notes: (A) ROS production in liver cells of various groups of mice posttreatment at day |5 postinfection. Overlay of various MFI showing the comparison with untreated
group. (B) ROS production in spleen cells showing an increase in MFl in all treated groups compared with untreated group. (C) NO production in different groups of mice
at days 10 and |5 postinfection showing efficacy of killing effect of nanocapsules and bLf. Experiment was repeated twice, which included five mice in each group. Results
were obtained from triplicate observations and presented in the + SD or SEM. Results were analyzed with Student’s t-test. Significant difference represented by **P<0.01,

*P<<0.05.

Abbreviations: AEC-CCo-CP-bLf, alginate chitosan calcium phosphate bovine lactoferrin; bLf, bovine lactoferrin; MFI, mean fluorescence intensity; NO, nitric oxide;

ROS, reactive oxygen species; SEM, standard error of the mean.
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Table 2 Cytokines levels (pg/mL) for cytokines of innate immunity,
adaptive immunity and cytokines of Thl7 differentiation and
activation of immune cells for immune responses and inflammation

Cytokine AEC-CCo-CP- bLf Sulfadiazine Untreated
bLf-NCs group
IL-1B 512 10+2 1545 1212
IL-6 255428 200+7 20045 210+25
IL-18 45124 20+2 32+6 512
IL-12 550£120 572+19  220x15 220+20
IL-10 245+35 240+2  270%15 220421
IL-15 60+10 30+5 18+4 35+5
IFN-1o 65+10 62+7 1942 26+5
IFN-13 10£5 9+| 1212 I11+4
IL-2 145+15 105£10  50+5 2045
IL-4 3416 29+4 2045 20+6
IL-5 410 5+l 9+l 12+3
IL-17 1243 10£3 4+ 5+l
IL-13 5+2 10+2 1014 2045
IFN-y 12+2 91 812 512
IL-9 1242 (NES| 8+l 1445
GM-CSF 2516 19+2 101 2245
IL-7 35%10 10+3 10+2 10£5
IL-11 1545 7£1 1041 4+5
IL-3 1245 8+l 5+0 315
TGF-B 2516 25+| 2143 I1£5

Note: Data are presented as mean =* standard deviation.

Abbreviations: AEC-CCo-CP-bLf-NCs, alginate chitosan calcium phosphate
iron bovine lactoferrin nanocapsules; GM-CSF, granulocyte-macrophage colony-
stimulating factor; bLf, bovine lactoferrin; IFN, interferon; IL, interleukin; TGF-f,
tumor growth factor-beta.

Whereas lower levels of various cytokines were observed in
sulfadiazine group (Table 2). An IL-12 elevated level signi-
fied the proliferation of T helper cells production and was
found to be highly elevated in NCs and bLf treatment group.
All other innate immune cytokines such as IL-18, IFN-1q,
IFN-1, and IL-17 showed increased levels in bLf and AEC-
CCo-Cp-bLf groups compared with untreated control and
sulfadiazine group. Various adaptive immunity cytokines
were studied such as IL-2, IL-4, IL-5, IL-13, and IFN-y, which
has shown elevated levels in NCs treatment group compared
with untreated group. However, only IL-10 which is a marker
of Th2 response was found to be elevated in NCs group as
well as in untreated group, the reason for this high level is
unknown. Cytokines of hematopoiesis like IL-7, IL-11, IL-3,
and TGF-f3 showed increased concentration up to threefold in
NCs followed by bLf-treated mice compared with untreated
group and sulfadiazine. All these cytokine markers are helpful
in cell survival, differentiation, and proliferation as they are
the stem-cell markers (Table 2) and therefore these cytokine
results showed enhanced Th1 type of response which is highly
expressed in case of NCs group compared with untreated
group leading to survival of mice for a longer time.

Regulation of miRNA and genes involved in iron
metabolism

Iron is an essential nutrient critical for many cellular func-
tions including DNA synthesis, ATP generation, and cellular
proliferation. So, it was essential to study the various markers
involved in iron regulations after treatment of mice with mono
form of bLf, AEC-CCo-CP-bLf NCs having one Fe molecule.
Various markers such as miR-Let7d, miR-122, miR-196, miR-
200b, miR-210, miR-214, miR-320, miR-485, and miR-584
were studied in different mice organs like intestine, spleen,
liver, and brain at day 15 postinfection. Lower levels of miR-
Let7d were found in all organs compared with untreated group.
MiR 122 levels that were highly expressed in spleen and brain
compared with other organs. High expression levels of miR 200
were observed in intestine and brain of mice. MiR196 levels
showed high expression in intestine and liver. Elevated levels
of miR485 were found in all organs involved in all treated
group compared with untreated group (Figure 5A). When Fe
metabolism was studied in bLf-treated mice, negligible expres-
sion was observed and therefore these results were not included
in the present study. These elevated levels of different iron
regulators showed that even in its native form, bLf is capable
of maintaining the appropriate iron metabolism and hence can
inhibit the parasite and also maintain the tissue integrity.

Biodistribution of bLf in tissue lysates
Biodistribution of bLf'in various tissue lysates obtained from
blood, liver, spleen, kidney, lung, heart, brain, stomach,
small intestine, and large intestine was studied and compared
between mice fed with native bLf diet and NCs treatment
mice. Results revealed high levels of bLf concentration
expressed in ng/mL in NCs treatment group compared
with native protein group. Levels of bLf were found to be
approximately twofold high in case of NCs in all organs,
which show the promising bioavailability of the protein after
encapsulation and target delivery (Figure 5B).

Immunoreactivity

In order to assess the internalization of bLf and AEC-CP-bLf-
NCs in the spleen and liver tissues, immunohistochemical
observation for the bLf positivity was carried out. Interesting
findings were observed when immunoreactivity was done in
different organs. These observations imply the bioavailability
of bLf at infected site.

Liver
Immunoreactivity was found to be positive only in mac-
rophages of mouse liver cells (Kupffer cells) and negative in
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Notes: (A) The miRNA expression of different iron metabolism miRNAs, such as miR-Let7d, miR-122, miR-196, miR-200b, miR-210, miR-214, miR-320, miR-485, and
miR-584, was identified in different tissues of control and nanoformulated diet-fed mice. (B) When the concentration of AEC-CCo-CP-bLf-NCs in the tissue lysates was
studied in the infected tissues of mice after 15 days of treatment with this drug as compared with bLf alone, nanoformulated Lf was predominantly observed in the tissues,
mainly the vital tissues of bacterial colonization (ie, small intestine, blood and liver, among others). Results are expressed as mean + SD and P>0.05 is found to be statistically

different.

Abbreviations: AEC-CCo-CP-bLf-NCs, alginate chitosan calcium phosphate bovine lactoferrin nanocapsules; bLf, bovine lactoferrin; Lf, lactoferrin.

hepatocytes when observed from bLf- and NC-treated mice.
Immunoreactivity was negative in hepatocytes and Kupffer
cells of mice of untreated group as shown in Figure 6A. As
histopathological findings have suggested that tissue cyst
developed in Kupffer cells (macrophages) only, therefore, Lf
must have accumulated at the site of parasite multiplication as
shown in Figure 6Aii (positivity of tissue cyst with DAB) and
hence showed its mechanism of action by converting actively
multiplying tachyzoite form to dormant bradyzoite stage.

Spleen

Immunoreactivity of Lf was found to be positive in mouse
spleen macrophages and negative in white pulp. Macrophage
area showed positive brown color developed by Diaminoben-
zidine (DAB) chromogen, which was found to be negative

in untreated group of mice (Figure 6B). This reactivity of
Lf in spleen showed the accumulation and site of action of
Lf inside the spleen macrophages, red pulp, which is the
only site for multiplication of the parasite, 7. gondii. These
immunoreactivity results obtained from different organs
have revealed the mode of mechanism of action of Lf protein
against intracellular parasites. As Lfis found to be present in
macrophages only, this proves that Lf has directly inhibited
the parasite multiplication inside the macrophages and forced
it to change to dormant tissue cyst stage.

Survival assay

To measure the survival tendency of mice treated with
different formulation and untreated group, we kept the mice
on normal diet as well as bLf, NC diet and sulfadiazine for
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A Untreated

Figure 6 Immunoreactivity in different organs.

Macrophages

* White pulp

Notes: (A) Immunoreactivity with liver cells: (Ai) Liver cells of mice fed with normal diet showing negative IHC. (Aii and Aiii) Lf-treated mice showing positive IHC in liver
Kupffer cells and negative in hepatocytes when observed at x20 and x40. (B) Immunoreactivity with spleen cells: (Bi) Spleen cells of mice which were fed with normal diet
showing negative IHC. (Bii) Lf-treated mice showing positive IHC (brown color using DAB) in spleen macrophages cells x20. (Biii) Positive IHC of spleen cells x40.

Abbreviations: AEC-CCo-CP-bLf, alginate chitosan calcium phosphate bovine lactoferrin; bLf, bovine lactoferrin; DAB, diaminobenzidine; IHC, immunohistochemistry; Lf,

Lactoferrin.

25-30 days (total period of experiment) and monitored them
for remainder of their lifespan. As explained in Figure 7,
mean and maximum life was extended by NC-treated mice
till 25 days and was significantly different from untreated
control group that survived till day 10 only. Survival among
the NC and bLf groups was significantly high from untreated
group who lived longer on their counterparts. Survival was
found to be 100% in sulfadiazine group of mice. Two mice
from bLf group and one from NCs group of mice died at
day 20 postinfection (Figure 6). Whereas all mice died in
untreated group by day 10 postinfection. Mortality of 6/6 was

Survival curve for Toxoplasma-
infected mice

_ 1501
©
2
:E, 100 a | -*- bLf
(7] -= AEC-CCo-CP-bLf
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g 507 ¥ | = Untreated
= e
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o
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Figure 7 Survival curve for Toxoplasma-infected mice showing mortality in different
groups of mice.

Abbreviations: AEC-CCo-CP-blLf, alginate chitosan calcium phosphate bovine
lactoferrin; bLf, bovine lactoferrin.

found in untreated group at day 10 postinfection. Whereas the
mortality of 2/6 was observed at day 20 postinfection in bLf
and 1/6 was observed in NCs treatment group (Figure 7).

Discussion

In order to be able to overcome the side effects of present-
day’s toxic drugs, there is a need of natural potent molecule
causing no side effects and help in developing immunity.
To date, sulfadoxine/pyrimethamine has been tested suc-
cessfully against toxoplasmosis. Although these drugs are
effective, but cause many gastric problems. Efficacy of these
drugs has been found to be low in subclinical infection.
Suppression of tissue cyst with sulfadiazine in mouse has
been found to be of little effect. Also these drugs are not
able to cross the placenta efficiently for treatment of con-
genital toxoplasmosis. Due to over dose, side effects, and
adverse reaction in immunocompromised host, these drugs
need a replacement with natural therapy. Among the natural
molecules used, Lf, a milk protein has been studied since so
many decades for its antimicrobial properties. Recent study
has shown the effect of this protein encapsulated in alginate
chitosan NCs against cancer and osteoarthritis like diseases.
These NCs have proven to be biologically safe and efficient
to transport the drug across the mucosal, gastric barrier of
human alimentary canal. These NCs are safe for oral route
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delivery and therefore, incorporated in animal diet. The
alginate coating is not dissolved at lower pH in stomach
but dissolve at higher pH (>6) in the intestine and due to
mucoadhesive nature of the chitosan the remaining CCo-CP-
bLfNCs stick to the intestine and pass through due to endo-
cytosis and/or transcytosis.?” The efficacy of these NCs has
already been studied against bacterial infection and cancer.
Activity of the loaded Lf protein as well as efficacy has been
shown previously by Kanwar et al and was found to be pres-
ent in blood plasma at a concentration of 1,000 ng/mL after
8 hours postadministration and up to 100 ng/mL at 10 days
postadministration, which has been found to be optimum
to inhibit any tumor or microbial infection. The integrity of
NCs in the blood has already been measured in our previ-
ous studies.!*!*3 In previous study by Gupta et al control
release profile of bLf as well as NC group in different time
intervals have been studied.? In this study, administration
of single dose of 100 mg/kg/body weight of NCs was given
in mice and bLf controlled release has been studied in dif-
ferent time interval ranging from 0, 15, 30 minutes, 1, 3, 6,
8,10, 12, 24, 48 hours to 5, 7, and 10 days. The maximum
release has been observed at 8 hours postadministration
(1,000 ng/mL) whereas 100 ng/mL has been observed at
day 10 postinfection. Also the integrity of NCs in acidic and
alkaline pH has been measured and NCs have been found to
reach stomach and intestine and Lf was found to be intact
in these NCs. Lf is an immunomodulatory protein, which
has suppressed every tested disease so far. After taking
into the mind so many advantages of Lf, we have targeted
this protein against complex deadly coccidian protozoan
parasite, 7. gondii.

The present study has revealed the effect of various forms of
bLfisolated from bovine colostrum and were checked using in
vitro cell culture model for the anti-toxoplasma activity against
T. gondii RH strain maintained in the J7741 macrophage
cells. The optimum concentration that does not show any
toxicity against macrophages was calculated by cytotoxic-
ity experiments in our previous study.? The concentration
obtained in our previous study was found to be 20 pg/mL
and when analyzed in present study this concentration was
found to inhibit 50% of infected macrophages and there-
fore considered as IC,; dose. The anti-toxoplasmal activity
of different forms of bLf at this dose was compared with
standard drug used for treatment of toxoplasmosis ie, sul-
fadiazine. Effective anti-toxoplasmal activity was analyzed
by counting the mean number of infected macrophages and
mean number of tachyzoites present inside each macrophage
and by determining the intracellular NO production that

was measured from the culture supernatant after 24 hours
posttreatment. In the present study, maximum inhibitory
activity against Toxoplasma has been shown by mono form
of bLf having less Fe content than holo form. The NO lev-
els were also found to be higher by the same form of Lf.
The amount of NO production inside the cell is directly pro-
portional to the inhibition of intracellular tachyzoites.

The present results are in concordance with the previously
published studies, which documented the role of iron as an
essential micronutrient required for the growth of intracellular
tachyzoites and its multiplications.?® The results of the present
study also confirm the same findings as apo/mono form of Lf
was found to be more potent compared with holo form against
the parasite. Lf has been known to bind with two rhoptry pro-
teins (ROP2 and ROP4) of 7. gondii, which acts as a binding
ligand for the parasite.” Thus, binding of Lf with these rhoptry
proteins may inhibit the adhesion and invasion of the parasite
with the host cells.**3! Similarly Eimeria stiedae when treated
with Lf was found to be less invasive as compared with the
untreated sporozoites.*? Previously, anti-toxoplasmal activity
of human Lfhas been documented and was found to inhibit the
T. gondii tachyzoites at a concentration of 1 mg/mL. However,
in this study no cytotoxicity was checked, whereas in our pre-
vious study we have analyzed the heavy dose cytotoxicity of
Lfprotein on macrophage cells and has shown degradation of
macrophages at doses more than 50 pg/mL. The toxic effects
of increased concentration of Lf have not been studied in the
previously published studies. Thus, optimum concentration of
Lfshould be used if therapeutic effect of Lf has to be utilized
against the 7. gondii and prior host cells cytotoxicity must be
studied, which we have studied previously.?

The mono form of bLf that was found to be effective in
inducing NO in macrophages was further tested for in vivo
activity against 7. gondii using suitable BALB/c mouse
model. To the best of our knowledge, the present study
is the pioneer one to analyze the effect of bLf in mouse
model infected with 7. gondii targeting the tachyzoite
form of parasite (acute infection). The inhibitory effect
of NCs and bLf were demonstrated in the histopathologi-
cal sections of spleen and the histopathological examina-
tion confirmed the finding that NCs and bLf are showing
inhibitory effect to 7. gondii. Due to the inhibitory effect
of mono form of bLf, actively multiplying tachyzoites
converted into bradyzoites which is a dormant stage of
T. gondii. Moreover, there were no pathological abnormali-
ties like inflammation or fibrosis present in and around liver
and spleen among the NCs-treated group of mice this may be
one of the evolving strategies of the parasite to defend itself
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from the inhibitory effect of bLf. Hisopathological findings
were conciding with absolute quantification analysis in which
least copy number of parasite was found in sulphadiazine
group followed by NCs group and bLf group.

On the contrary sulfadiazine-treated group did not reveal
tachyzoites or the bradyzoites formation. Thus, mechanism
involved in inhibition by bLf'is different from that of sulfadi-
azine. The results obtained from ROS production and serum
levels of NO production have well confirmed the proposed
mechanism of inhibition of intracellular tachyzoites. These
findings were further confirmed by the use of nanoformulation
of bLf in the mouse model, which showed more protection
compared with native bLf. Due to the better bioavailability
of nanoformulated Lf and elevated levels of NO and ROS
production, it showed more protection/inhibition against
parasite compared with native form of bLf.

High levels of innate cytokines such as IL-12, IL-18, IL-6,
and I1-15 lead to B-cell proliferation, NK lymphocyte produc-
tion enhanced antigen representation and ultimately leading
to parasite clearance. The same results have been shown in
our previous studies in which same type of innate cytokines
was expressed up to four- to fivefolds as compared with
untreated group. Adaptive cytokines such as IL-2 and 1L-17
were found to be highly expressed in NCs group followed by
bLf group compared with untreated group. These cytokines
are helping in maintain the balance between Thland Th2
types of response as we have found high levels of IL-10 in
untreated group. Hematopoietic stem cell markers such as
IL-7 and TGF-f were found to be elevated and have shown
importance in production of hematopoietic stem cells in
bone marrow. These cytokines expression is in concordance
with our previous studies, which have well documented
against disease like colon cancer,? arthritis,'s and bacterial
infections.*® However in our previous study we did not find
any significant difference between control group and NCs
control group.'*33 Therefore, untreated group was kept as a
control for comparison of cytokine response.

Biodistribution of bLf'in various organs showed increased
concentration of bLf in NCs group of mice compared with
native protein mice. The concentration of bLf was found
to be two- to threefold high in NCs group; therefore, NCs
were found to be more effective in clearing the parasite. The
biodistribution data can be correlated with our immunohis-
tochemistry analysis, which has shown positivity in spleen
and liver cells of mice of NCs group compared with native
Lf-treated mice that showed lower levels of Lf content seen
as light brown color developed compared with dark color
developed in NCs group.

Fe is an essential micronutrient present in our body
required for various cellular reactions. Maintenance and
regulation of cellular iron metabolism is essential to keep
the balance between iron deficiency and excess iron toxicity.
Therefore, various iron regulators were studied after admin-
istration of NCs and were found to up regulated in different
organs compared with untreated group. These levels of iron
regulators have shown homeostasis maintained by different
markers inside the mice treated with NCs and no sign of iron
toxicity was found.

From the present study, we have hypothesized the mode
of action of Lf on intracellular parasites in a complex way.
After ingestion of Lf through oral route, it is digested in
intestine and from there gets distributed to all the parts of
the body. It accumulates in liver and spleen and distributes in
blood as previous studies have shown its presence in blood
after few hours of intake.* As the parasite resides in reticu-
loendothelial organs of the body especially in macrophages
there is possibility that Lf directly interacts with parasites
present in macrophages, hence direct inhibition is resulting
in less parasite count observed. This is for the first time that
direct interactions of Lf with macrophages of visceral organs
have been shown, which tells the story of'its inhibitory action
against intracellular parasite 7. gondii.

Another possibility is that as Lf may also show interaction
with nucleus of parasite so as it might show direct inhibition
by binding with parasite DNA. Whereas the same scenario
in a normal untreated Lf cell will not take place as there will
not be any Lfaccumulation and no inhibition of intracellular
parasites will be observe and only rapid multiplication can be
seen. So to summarize, present study has shown inhibition of
Lf protein, which has been isolated from bovine colostrum
on deadly parasite 7. gondii. The nanoformulation was found
to be better as compared with native protein in performing
better inhibition and therefore should be recommending for
drug therapy against 7. gondii.

Conclusion

In the present study, we evaluated the inhibitory effect of
natural milk protein Lf isolated from bovine colostrum
against parasitic disease toxoplasmosis and compared its
efficacy with standard drug sulfadiazine. In order to protect
the Lf protein it was encapsulated inside alginate chitosan
NCs. Efficacy of these NCs along with naive protein was
assessed by performing various in vitro and in vivo models.
Various parameters like biodistribution, cytokine analysis,
and Fe metabolism were studied to analyze the efficacy of
different formulations. NCs were found to be accumulated
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inside various visceral organs maintained the Fe metabolism
and have shown enhanced bioavailability of bLf compared
with native bLf, which might have degraded though intes-
tinal tract. Interesting finding of the study included the
accumulation of Lf in macrophage cells of liver and spleen
where 7. gondii was found to be multiplying. So, we believed
that from the enhanced bioavailability of NCs and accumula-
tion of protein inside infected cell has diminished the para-
site growth and cured the mice for a longer lifespan. Taken
together, our results conclude that the NCs can be valuable
tools in the development of potent drug molecule against
parasitic diseases and other biomacromolecules including
drugs and vaccines.
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