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Abstract

Extracellular vesicles (EVs) are protein-loaded nano-scaled particles that are extracellularly
released by eukaryotes and prokaryotes. Parasite’s EVs manipulate the immune system,
making them probable next-generation vaccines. Schistosomal EVs carry different proteins
of promising immunizing potentials. For evaluating the immune-protective role of Schisto-
soma mansoni (S. mansoni) egg-derived EVs against murine schistosomiasis, EVs were
isolated from cultured S. mansoni eggs by progressive sequential cooling ultra-centrifuga-
tion technique. Isolated EVs were structurally identified using transmission electron micro-
scope and their protein was quantified by Lowry’s technique. Experimental mice were
subcutaneously immunized with three doses of 20 ug EVs (with or without alum adjuvant);
every two weeks, then were challenged with S. mansoni cercariae two weeks after the last
immunizing dose. Six weeks post infection, mice were sacrificed for vaccine candidate
assessment. EVs protective efficacy was evaluated through parasitological, histopatholog-
ical, and immunological parameters. Results showed significant reduction of tegumentally
deranged adult worms, hepatic and intestinal egg counts reduction by 46.58%, 93.14% and
93.17% respectively, accompanied by remarkable amelioration of sizes, numbers and histo-
pathology of hepatic granulomata mediated by high interferon gamma (IFN y) and antibody
level. Using sera from vaccinated mice, the molecular weight of EVs’ protein components
targeted by the antibody produced was recognized by western immunoblot. Results
revealed two bands of ~ 14 KDa and ~ 21 KDa, proving that EVs are able to stimulate spe-
cific antibodies response. In conclusion, the present study highlighted the role of S. man-
soni-egg derived EVs as a potential vaccine candidate against murine schistosomiasis
mansoni.

Author summary

All types of cells were proved to secrete nano-spheres called extracellular vesicles (EVs).
Parasites derived-EVs have the ability to manipulate the immune system, and carry many
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proteins that have been used as a vaccine candidate. In this study, the author used EV's
derived from cultured Schistosome mansoni eggs as an immunizing agent against experi-
mental schistosomiasis. Mice were immunized with three subcutaneous doses of EVs.
Two weeks after the last vaccination dose mice were exposed to cercarial challenge. Six
weeks later mice were sacrificed and vaccine efficacy was evaluated using different parasi-
tological, histopathological and immunological parameters. Results showed significant
reduction in the parasite burden especially the hepatic and intestinal egg count. Adults
obtained from the vaccinated mice showed sever derangement in their protective tegu-
mental layer with loss of muscle tone when examined by electron microscope. EVs
induced high level of protective IFN y and antibody. This was accompanied by ameliora-
tion of the hepatic histopathology which is the main cause of the clinical manifestation.

1. Introduction

Genus Schistosoma, the causative agent of schistosomiasis, is endemic in many tropical and
subtropical countries, mainly in poor communities. It is estimated that schistosomiasis infects
230-250 million people annually leading to approximately 280,000 deaths per year. Nearly 258
million people are infected worldwide, with up to 779 million at risk of being infected [1].

During acute illness, the predominant immune response to schistosomula antigens is
skewed towards T helper 1(Th1) cytokines, and as the disease progresses, this is shifted to a
Th2 response caused by egg-antigens [2]. Chronic morbidity in Schistosoma mansoni (S. man-
soni) infection is mainly caused by Schistosoma eggs that lodge in the liver and gut causing
extensive tissue damage. Host mounts a strong immunological response to parasite eggs form-
ing a collagen-rich granulomatous reaction around the eggs. Although this reaction sequesters
antigenic egg products, it leads to severe hepatic fibrosis and portal hypertension [3].

Treatment of schistosomiasis depends solely on praziquantel, which started to encounter
the emergence of parasite with reduced sensitivity both in the field and laboratory [4,5]. In
spite of mass drug administration programs, re-infections go far beyond the capacity of these
programs due to the unchanged people’s activities and continuous cercarial exposure. Also,
cessation of drug treatment led to reappearance of the disease in areas that were secure [5].
Thus, vaccines, and/or chemotherapy combined with vaccination, would probably present the
best strategies for long-term sustained control of schistosomiasis [6].

Different anti-schistosomal vaccine strategies have been studied. The highest levels of pro-
tection have been afforded by attenuated cercarial vaccine [7]. Second generation vaccine can-
didates depend on using molecules that play a functional role in parasite homeostasis.
Multivalent vaccine formulation containing promising antigens have shown promising results
as they might enhance subunit vaccine efficacy [8]. Out of many studied vaccine candidates,
only three Schistosoma antigens have reached clinical trials; fatty acid-binding protein of 14
kDa from S. mansoni [9], glutathione-S-transferase of 28 kDa from S. haematobium [10] and
S. mansoni tetraspanin-2 (TSP-2) of 23 KDa [11]. Studies on anti-schistosome vaccine are still
on going.

Extracellular vesicles (EVs) are membrane-bound vesicles, released by both eukaryotic and
prokaryotic cells, have promising therapeutic, diagnostic and immunizing applications in vari-
ous medical fields [12]. EVs transmit information between cells, organs and even between
organisms; through a range of bioactive macromolecules (protein, mRNA, miRNA) and
immunogenic moieties that can effectively change the biological properties of target cells
[12,13]. They have important roles in intercellular signalling and waste management. They
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contribute to important biological functions such as tissue repair, neural communication,
transfer of pathogen proteins, and contribute to diseases such as cancer and neurodegenera-
tion. Circulating tumour-derived EV's have emerged as promising cancer progression bio-
markers and as novel targets for future anticancer therapies [12].

EVs’ protective roles against different helminthic infections such as, Opisthorchis viverrini,
Trichuris, Echinostoma, and Heligmosomoides have been proven [14-17]. Parasites transfer
their biological cargo to host cells by secreting EVs that can modulate the immune response,
hence parasitic EVs are implicated as possible vaccine candidates [18]. Some proteins that
have been proven as vaccine candidates against different helminthic infections have recently
been found in the EVs of different helminthic parasites [13,19,20]. Parasite-derived EVs con-
tain proteins homologous to the parasitic stage from which they have been derived [13]. Also,
EVs carry some protein homology to other developmental stages of the parasite [20].

In schistosomiasis, EV's vaccine studies have been conducted against different species and
stages, yet focusing on EVs derived from the adult stage of the parasite [13,21,22]. About one
third of proteins found in S. mansoni adult worm EV's are homologues to previously described
vaccine candidates [22]. Some of these proteins are shared between different developmental
stages of the parasite [22]. Studies on the egg stage are limited to that performed on S. japoni-
cum egg-derived EVs, proving their in vitro ability to transfer their cargo to recipient cells,
hence demonstrating the regulatory role of schistosomal egg EVs in host parasite interaction
[23]. Internalization of schistosomal EV's cargo proved to modulate the immune response.
This suggests the possibility of using schistosomal eggs-derived EVs as possible vaccine candi-
date [24]. Accordingly, the present work has been conducted to evaluate, for the first time EVs
derived from S. mansoni eggs as a potential immunizing approach against murine
schistosomiasis.

2. Materials and methods
2.1. Ethics statement

All experiments regarding animal housing and sacrifice have been approved by the Ethics
Committee of Alexandria Faculty of Medicine based on Egyptian regulations for animal exper-
imentation (Protocol approval number: 020732).

2.2. Vaccine preparation and characterization

S. mansoni cercariae were originally harvested from shedding Biomphalaria alexandrina snails
infected with the Egyptian strain of S. mansoni purchased from the Schistosome Biologic Sup-
ply Centre, Theodor Bilharz Research Institute, Giza, Egypt. Snails were housed in glass
aquaria containing snail-conditioned water and were fed lettuce leaves, tetramine fish food
and calcium carbonate, under suitable environmental laboratory conditions. Maintenance of
the S. mansoni life cycle was conducted between laboratory bred snails and Swiss strain Albino
mice [25]. Cercariae of S. mansoni were gathered from infected snails by exposing them to
light for 90 minutes, and were used for animal infection via paddling tail immersion method
[26].

Isolation of S. mansoni eggs was done from livers of infected mice, 6-7 weeks post infec-
tion, using Smither’s technique under complete aseptic conditions [27]. Freshly isolated eggs
were thoroughly washed thrice with phosphate buffer saline (PBS) and maintained in Roswell
Park Memorial Institute (RPMI) culture medium at 10* egg/ml, containing 100 U of penicillin,
100 pg/ml of streptomycin and 0.25 pug/ml amphotericin B, at 37°C under 5% CO, for 24
hours [23]. Following incubation, egg pellets were removed by centrifugation at 3000 Xg at
4°C for 20 minutes and the culture medium was collected for further EVs isolation.
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Isolation of EV's was performed using ultracentrifugation technique, starting by centrifuga-
tion at 500 Xg followed by 2000 Xg and 4000 Xg for 20 min each. The supernatant was ultra-
centrifuged at 120000 Xg for three hours (Beckmam Coulter, USA). All centrifugations’ steps
were done at 4°C [22]. The final pellet containing EVs was resuspended in PBS and stored at
-80°C for further use. Characterization of EVs was done using Lowry’s method for measuring
the total amount of protein isolated [28], and transmission electron microscope to assess the
size, shape and integrity of the isolated vesicles [20].

2.3. Animal groups and immunization protocol

The experiment was performed on 80 male Swiss strain Albino mice, four to six weeks old,
20-25 g each, that were free from parasites. Mice were provided from the animal house of the
Medical Parasitology Department, Faculty of Medicine, Alexandria University. They were
maintained under standard living conditions on a diet composed of wheat, bread, and milk on
alternative days.

Mice were divided into 4 groups: Group I constituted 20 non-vaccinated control mice;
which received three doses of PBS at two weeks intervals. Group II constituted adjuvanted
control mice; that were injected by three doses of 100 ul alum. Group III constituted 20 vacci-
nated mice; which received three subcutaneous injections of EVs containing 20 pg protein
(dose has been adjusted according to a pilot study). Group IV constituted 20 vaccinated adju-
vanted mice; that were injected by three doses of EVs combined to alum.

All mice received their respective injections on days 1, 14, and 28 via subcutaneous route.
Mice were infected two weeks after the last injection with 100 + 10 cercariae, via paddling tech-
nique. They were sacrificed on day 84 from the start of experiment (six weeks post cercarial
challenge) [26].

2.4. Vaccine evaluation

2.4.1. Parasitological evaluation. To estimate adult worm load, infected mice were
injected with 500-unit heparin then anaesthetized using overdose of thiopental sodium.
Hepatic and porto-mesenteric vessels were perfused, and adult worms were recovered,
counted to calculate couple and total adult count and the percent change was calculated [29].

To calculate tissue egg count, parts of the liver and intestine from infected mice were
weighed, and each part was further cut into small pieces then was artificially digested by 10 ml
of 4% potassium hydroxide for each gram of tissue. Eggs were counted per gram of tissue
according to the method described by Cheever [29]. Pellegrino’s method was used to detect
signs of maturity and immaturity of the eggs after their death [30].

Ultrastructure changes of all adults obtained from the four studied groups by perfusion
technique were examined by transmission electron microscope (TEM) and scanning electron
microscope (SEM), after preservation in 4% glutaraldehyde solution for TEM and 2.5% for
SEM.

2.4.2. Histopathological evaluation. Liver sections from all mice groups were fixed in 5%
formalin for histopathological examination using haematoxylin and eosin (H&E) and Mas-
son’s trichrome staining. Pathological changes were recorded, and the granulomata mean
number and size were determined.

2.4.3. Immunological evaluation. Blood samples were collected from the submandibular
veins of all mice; two weeks after each injection and at the time of sacrifice. Blood samples
were centrifuged at 8000 Xg for 10 min. Sera were stored at -20°C for further measuring of
IgG and IFN v levels using ELISA technique according to manufacturer’s instructions (Biospes
co., Ltd, China) [31].
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2.5. Detection of EVs components targeted by serum IgG antibodies [16]

Western immunoblotting was performed to identify EVs components that were targeted by
serum antibodies. The protein marker used was of wide range MW; 3-198 (kDa). Mice sera
obtained at the 84™ day from mice of infected control group I and experimental group III
(infected, vaccinated) were used as the source of primary antibody. Electrotransfer of proteins
from polyacrylamide gels to nitrocellulose membrane (Boster, USA) was done after electro-
phoresis at 60 volts. Fifteen pl of sample containing EVs was used and 6 pl of marker was
loaded. Membrane was blocked using 5% of skimmed milk for one hour. Membrane was
probed with serum (1:300 dilution in Tris-buffered saline with 0.5% V/V Tween 20 (TBST)).
Membrane was incubated overnight in 4°C on a shaker. Bound antibody was detected by poly-
clonal goat anti mouse Ig/HRP (Dako Co., Denmark) in 1:1000 dilution in TBST. It was added
in 5% skimmed milk in TBST and incubated for 1 hour. Membranes were washed in TBST
between each of these steps. Enhanced Chemiluminescence mix was prepared and the mem-
brane was incubated for 1-2 minutes. Results were visualized in a dark room. Gel documenta-
tion system (Geldoc-it, UVP, England), was applied for data analysis and more accurate
determination of the band molecular weight using Total lab analysis software, (Ver.1.0.1).

2.6. Statistical analysis of the data

Data were analysed using IBM SPSS software package version 20.0. (Armonk, NY: IBM Corp).
The Kolmogorov-Smirnov test was used to verify the normality of distribution. Quantitative
data were described using range, mean and standard deviation. Significance of the obtained
results was judged at the 5% level.

F-test (ANOVA) was used for normally distributed quantitative variables, to compare
between more than two groups, and post-hoc test (Tukey) for pairwise comparisons. Kruskal
Wallis test for abnormally distributed quantitative variables, to compare between more than
two studied groups, and post-hoc (Dunn’s multiple comparisons test) for pairwise compari-
sons. Finally, ANOVA test was used with repeated measures, for normally distributed quanti-
tative variables, to compare between more than two periods, and post-hoc test (Bonferroni
adjusted) for pairwise comparisons. Percent change for different evaluation parameters was
calculated according to the following formula:

%ch = (C— V)/C x 100.

Where % ch is the precent of change, C is the mean of the control group and V is the mean of
the vaccinated group.

3. Results
3.1. Characterization of EVs

As detected by TEM, EVs isolated from S. mansoni eggs exhibited a rounded morphology with
uniform outline and variable sizes. Their sizes ranged from 50.5 nm to 172.2 nm (Fig 1A and
1B). Average amount of protein content obtained after ultracentrifugation of their culture
supernatant, measured by Lowry’s technique was 345 ug/ml.

3.2. Vaccine evaluation

3.2.1. Parasitological evaluation. Adult worm load estimation showed that, mice vacci-
nated with EVs alone (group III) or in combination with alum (group IV) showed statistically
significant reduction in their mean total adult worm load, with percent reduction 46.58% and
68.7% respectively (p < 0.05) (Fig 2A). Also, the reduction was significant when comparing
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Fig 1. Transmission electron microscopic structure of the Schistosoma mansoni-egg derived extracellular vesicles (EVs) showing variable sized multiple EVs with
regular rounded outline. (A: X 10000, B: X 15000).

https://doi.org/10.1371/journal.pntd.0009866.9001

experimental groups (III & IV) to the infected adjuvanted control group (group II) (p < 0.05).
Statistical analysis showed non-significant difference between results of both experimental
groups. Infected adjuvanted mice (group II) showed non-significant difference in adult count
compared to infected control group (group I) (p > 0.05). While the couple count showed sta-
tistically significant reduction in both experimental groups (p < 0.05) with percent reduction
43.38% in group III and 69.12% in group IV. On comparing results of both experimental
groups, couple count in group IV showed statistically significant reduction (p < 0.05) (Fig 2B
and S1 Text).

Tissue egg count showed that both experimental groups (III &IV) had a statistically signifi-
cant lower hepatic and intestinal egg counts compared to the infected control (group I)
(p < 0.05). The percent reduction for hepatic egg count of the infected vaccinated group III
was 93.14% and 93.17% for intestinal egg count. While percent reduction of hepatic count in
the infected vaccinated adjuvanted group IV was 69.32% and 72.56% for intestinal egg count,
with statistical significance skewed to group III (p < 0.05) (Fig 2C and 2D and S1 Text).

Pellegrino’s method showed that eggs which died immature appeared with embryos at dif-
ferent stages of development. The wall of the embryo was well distinguished, and it occupied
from one third up to more than two thirds of the longitudinal diameter of the egg. Some
immature eggs appeared finely granular (Fig 3A and 3B), semi-transparent (Fig 3C), or dark-
ened (Fig 3D). On the other hand, eggs that died after maturation either had disintegrating
miracidium (Fig 3E), and others were roughly granular (Fig 3F).

By observing the morphology of 100 S. mansoni eggs from the infected control group, signs
of immaturity were noted in 90% of the examined eggs, while 10% died post full maturation.
However, eggs obtained from infected adjuvanted mice group II showed that 59% of eggs died
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Fig 2. Scatter plot of parasitological evaluation parameters of the studied groups. A: Adult worm load in different studied groups obtained by perfusion technique
6 weeks post infection. B: Couple worm load in the studied groups C: Hepatic tissue egg count in the studied groups. D: Intestinal tissue egg count in the studied
groups. E: Granuloma number in the livers of the studied groups. F: Granuloma size in micrometre measured in the livers of the studied groups. %: Represent the

percent change. *: Statistically significant at p < 0.05.
https://doi.org/10.1371/journal.pntd.0009866.g002
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Fig 3. Morphological features of S. mansoni eggs retrieved after tissue digestion using Pellegrino’s method. (A-D) Eggs died immaturely. (A &B) Finely
granular (Fg) eggs (X100). (C) Transparent (T) egg (X 100). (D) Darkened (D) egg (X 100). (E-F) Mature eggs. (E) Disintegrated (Di) egg (X 100). (F) Egg

showing dense granules (Dg) (X 100).
https://doi.org/10.1371/journal.pntd.0009866.g003
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Fig 4. Scanning electron micrographs of adult S. mansoni worms recovered from infected control group (A-B), infected vaccinated group (C-E) and infected
vaccinated adjuvanted group (F). (A) Adult couple worms obtained with normal configuration, muscle tone and normal male sucker (X 200). (B) Male dorsal tegument
showing uniform size, distribution tubercles (T) and visible spines (S) (X 5000). (C) Dorsal tegument of adult male with white blood cell (W) attached to it (X 5000). (D)
Distorted elongated couple with wide gynaecophoric canal (GYC) (X100). (E) Dorsal tegument with variably sized tubercles and complete loss of spines of male worm (X
5000). (F) Adult male worm with sloughing of the dorsal tegumental tubercles (ST) and lost spines (X 5000).

https://doi.org/10.1371/journal.pntd.0009866.9004

after reaching maturity, versus 69% in the infected vaccinated group III. On the other hand,
only 22% of eggs were immature in infected vaccinated and adjuvanted group IV.

Ultrastructural examination by SEM of adult male, female and couple schistosomes in
infected control groups (I & II) had normal morphological features with typical body configu-
ration, typical gynaecophoric canal (Fig 4A) and tegumental structures (Fig 4B and 4C).

As regards infected vaccinated group III (Fig 4D and 4E), adult males and couples showed
complete distortion of their tegument and loss of muscle tone with widening of gynaecophoric
canal. The dorsolateral tegument was sloughed with flattening of the dorsal tubercles and
shortened irregular spines. Altered dorsal tubercles revealed peeling and focal sloughing of
their tegument, with occasional bursts of some tubercles and evident spine blunting. Swollen
suckers were observed with loss of dorsal tubercles. Female adult worms showed a swollen
area between the oral and ventral suckers with an evident dimple along with sucker’s oedema
and blebbing. The posterior end was oedematous showing cauliflower appearance.

Adult male worms obtained from infected, vaccinated-adjuvanted group IV, showed the
same ultrastructural changes as group III, with complete loss of tone, with distortion of the
normal couple morphology and inability to maintain the female worm inside the gynaecopho-
ric canal (Fig 4F).

TEM results of adult male worms obtained from infected control groups (I &II) showed
normal tegumental spines. Both control groups showed normal appearance of the longitudinal
and circular muscle layer (Fig 5A). As regards adult worms obtained from experimental
groups III and IV, the tegumental layer showed swelling and blebbing in some areas with
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Fig 5. TEM of adult male tegument in infected control group (A), infected vaccinated group (B) and infected vaccinated adjuvanted group (C). (A) Normal outer
tegumental layer showing large triangular spines (S), circular muscles (CM), and longitudinal muscles (LM) (X3000). (B) Blebbing of the tegument with deeply sunken

spines (Sp), the subtegumental tissue shows vacuolation (V) with disruption of the circular muscles (Cm) (X 2000). (C) Irregularity of the tegument with absence of the

spine, the subsegmental tissue shows vacuolation (V) with disruption of the circular muscle (X 2000).

https://doi.org/10.1371/journal.pntd.0009866.9005

embedding or even total loss of the tegumental spines. The subtegumental layer showed evi-
dent vacuolation and swelling and disorganization of the muscles especially the circular muscle
layer (Fig 5B and 5C).

3.2.2. Histopathological results. Liver sections from infected control group I showed
numerous bilharzial ova surrounded by dense granulomata formed of large histiocytes, neu-
trophils, lymphocytes and eosinophils (Fig 6A). Masson’s trichrome stained sections showed
severe fibrosis around the granulomata with moderate periportal and pericentral fibrosis (Fig
6B). While liver sections from infected adjuvanted mice (group II) showed eggs surrounded by
granuloma formed mainly of histiocytes, with severe fibrosis around granulomata as seen by
modified trichrome stain (Fig 6C and 6D).

Liver sections from infected vaccinated group III showed very few residual eggs surrounded
by granulomatous reaction, moderate cellular infiltration was formed mainly of neutrophils
with minimal infiltrate around the central vein (Fig 6E-6G). Vaccinated adjuvanted group IV
showed few residual eggs, surrounded by moderate to severe tissue infiltrate formed mainly of
histiocytes. Masson’s trichrome staining showed moderate fibrosis around the granulomata
with minimal fibrosis around central vein in infected vaccinated mice (group III), while liver
sections obtained from vaccinated adjuvanted mice showed severe fibrosis around the eggs
with minimal fibrosis around portal and central vein (Fig 6H and 6I).

Granuloma number and size estimation showed that vaccination of mice with EVs with
or without alum (group III & IV), resulted in significant reduction in both size and number of
granuloma (p < 0.05). The percent change was 76.19% for granuloma number and 65.63% for
granuloma size in mice vaccinated with EV's alone (group III), combining EVs with alum
(group IV) resulted in 53.97%, and 58.39% reduction in granuloma number and size respec-
tively. It was observed that addition of alum to the vaccination regimen resulted in lesser
reduction of both granuloma size and number, but this reduction was statistically non-signifi-
cant regarding the granuloma number (p > 0.05) (Fig 2E and 2F and S1 Data).

3.2.3. Immunological results. Antibody level (total IgG) of control groups (group I and
IT) showed non-significant change in the IgG level along the study except six weeks post infec-
tion at the time of sacrifice (day 84) at which the antibody level significantly rose to 0.16 + 0.03
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Fig 6. Histopathological findings in liver sections of infected control group (A, B), infected adjuvanted control group (C, D), infected vaccinated group (E-G)
and infected vaccinated adjuvanted group (H, I). (A) H &E-stained section shows three eggs (E) surrounded by diffuse infiltrate (X400), (B) Trichrome-stained
section showing fibrosis in granuloma around the eggs (X400). (C) H &E-stained section shows egg surrounded by granulomatous infiltrate formed mainly of
histiocytes (H) (X400), (D) Trichrome-stained section showing fibrosis around the eggs. (X100). (E) H & E-stained liver section shows few eggs (E) surrounded by
granulomatous reaction (X100), (F) H & E-stained liver section shows minimal infiltrate around the central vein with neutrophils infiltration (N) (X 400), (G)
Trichrome -stained section showing fibrosis around the eggs with minimal fibrosis around central vein. (H) H & E-stained S. mansoni granulomatous rection
formed mainly of histocytes (H) (X400), (I) Trichrome -stained section showing fibrosis around the eggs with minimal fibrosis around central vein (X100).

https://doi.org/10.1371/journal.pntd.0009866.9006

O. D in group I and reaching 0.19 + 0.04 O. D in group II compared to the previous reading
(p <0.05) (Fig 7).
Mice vaccinated with EVs with or without alum (group III and IV) showed significant rise
in the antibody level following the 1% and 2"
in the mean IgG level after the 3™ immunization dose, this reduction was significant only in
mice vaccinated with EVs combined with alum. This reduction was followed by significant
rise in both groups at the time of sacrifice reaching 0.92 + 0.02 O. D in the vaccinated group
I and 1.36 + 0.11 O. D in infected vaccinated adjuvanted mice (group IV) (p < 0.05). Alum
combined with EVs resulted in significantly higher antibody level at all different time points of
the study (p < 0.05). The vaccine with or without adjuvant causes significantly higher IgG
level compared to the infected control subgroups either with or without adjuvant (p < 0.05).
On monitoring IFN v level in each group along different time of measurement, ELISA test
for the sera obtained from infected control group I showed non-significant differences in the

immunization doses followed by slight reduction
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Fig 7. IgG profile in mice of different studied groups. Sera of mice were collected at days 14, 28, 42, and 84 after the
first immunization and assayed by ELISA. Results are presented as the mean absorbance measured at 450 nm for each
group. (*) Statistically significant at p < 0.05.

https://doi.org/10.1371/journal.pntd.0009866.g007

levels of IFN vy at each time point of the study except six weeks post infection (day 84) at which
the level significantly rose to 28.6 + 0.5 pg/ml. Infected adjuvanted mice (group II) did not
show significant difference in IFN vy level along the study except at the time of sacrifice

(p > 0.05). Alum alone did not cause any significant difference in IFN y levels compared to the
infected control group I (p > 0.05) (Fig 8).

Sera from mice vaccinated with EVs (with or without adjuvant) (group III & IV) showed
continuous rise of IFN v levels after each vaccination dose reaching 110.4 +22.2 pg/ml at time
of sacrifice of infected vaccinated group III and 105.3 + 26.3 pg/ml in infected adjuvanted
mice (group IV). Sera obtained from mice vaccinated with EVs alone (group III) showed sta-
tistically non-significant higher IFN vy level compared to those vaccinated with EVs combined
with alum (group IV) (p > 0.05), except after the 3" immunization dose at which the rise was
statistically significant (p < 0.05). Vaccination with EV's (with or without alum) (group III and
IV) results in statistically higher level of IFN y compared to all control groups (I, & II) at differ-
ent time of measurement (p < 0.05).

3.3. Results of western blot test

On performing the test using sera from the infected control group, no band was obtained.
While using the sera from the experimental group III resulted in two bands. The first band was
at ~21 KDa while the second band was opposite to the marker band of 14 KDa (Fig 9). Molecu-
lar weight of the bands was confirmed by gel documentation system analysis.

4. Discussion

The egg stage is a determinant turning point in S. mansoni infection [2]. Its bioactive products
play a central role in evoking strong immune response [2]. For the first time, S. mansoni egg-
derived EVs’ immune protective role was evaluated against experimental schistosomiasis
mansoni.
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Fig 8. IFN 7 levels in mice of different studied groups. Sera of mice were collected at days 14, 28, 42, and 84 after the first immunization and assayed by ELISA. (*)

Statistically significant at p < 0.05.
https://doi.org/10.1371/journal.pntd.0009866.9008

In the current study, identification of EVs isolated from S. mansoni eggs by TEM showed
uniform sized and shaped vesicles; thus ruling out the possibility of apoptotic and necrotic
bodies [32]. Their size range was comparable to those obtained from S. mansoni adult and S.
japonicum with slight difference [22,23]. This diversity of the size could be explained by the
difference in the sources of EVs [32].

In the current study, both experimental groups showed statistically significant changes in
the different evaluation parameters, compared to their control groups (p < 0.05). In experi-
mental group III, vaccination with S. mansoni egg-derived EVs induced a significant reduction
rate in the total adult worm loads. Using EV's in immunization against parasitic infections
showed variable reduction rates in the adult worm load. EVs isolated from Opisthorchis viver-
rini showed 27% reduction [15], while those of Heligmosomoides polygyrus resulted in 82%
reduction in adult count [14]. Echinostoma-derived EVs did not result in reduction in the
adult worm count despite inducing improvement of the clinical outcome of the infection [17].

Worm load reduction rate in the current study is comparable to that obtained by using S.
mansoni rP22 caused 51% adult worm reduction [33], also using rSm14 as immunizing agent
(67%) [34]. While using TSP-2 recombinant protein resulted only in 34% reduction of the
total worm load [35]. When S. mansoni infected mice were immunized by TSP-2 protein
derived from S. haematobium adult EVs, it resulted in 22% adult worm reduction [21]. Using
egg secretory/excretory products; Kunitz-type protease inhibitor (KI-1) resulted in partial pro-
tection with 23-33% adult load reduction [36].
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Fig 9. Two immunogenic bands obtained by western blot analysis of EVs using vaccinated mice sera as a source of
primary antibody.

https://doi.org/10.1371/journal.pntd.0009866.9g009
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Reduction in the adult count in the present study could be explained through evident tegu-
mental derangements as detected by SEM in the experimental groups. This exposure of the
underlying antigenic determinants to the host immune cells could have led to enhanced vac-
cine protective efficacy [37], as white blood cells (WBCs) were demonstrating attacking the
tegument. These ultrastructural changes simulate these of El-Shabasy et al (2015), who studied
tegumental changes caused by the radiation-attenuated cercarial vaccine [38]. Schistosomal
tegument is considered an important vaccine target for its role in parasite immune evasion
and other biological functions including parasite nutrition, osmoregulation and signal trans-
duction. Tegument proteins of the parasite are vulnerable to the attack by the host immune
system [39].

TEM revealed that male’s tegumental derangement was associated with loss of subtegumen-
tal muscle tone which is mostly the underlying cause for the observed evident widening of the
gynaecophoric canal in experimental mice. This could have probably hindered the appropriate
coupling of males with females. The muscular action of the clasping male helps females to get
blood nutrition from the host and is essential for oocyte maturation as well [40]. Decoupling
could explain the reduction of adult worms not merely on the basis of vaccine effects on the
female worms, but also due to the vulnerable role of adult males in females’ survival, mainte-
nance and fecundity [40], which in turn, could have impacted the tissue egg count.

The strong immune response directed toward the adult worm, represented as extensive
tegumental damage, could be explained by the presence of antigens from different develop-
mental stages of the parasite such as the adult stage carried by the EVs [13,20]. An example of
these proteins is TSPs, which are considered as one of the molecular markers of EVs [21].
They are present on the surface membrane of EVs derived from different parasites [41]. TSPs
have important roles in EVs biogenesis and adult schistosomal tegumental development. Stud-
ies showed that production of antibodies against EVs-derived TSP played an important role in
protection against different parasitic infections; including Schistosoma [15,18,19].

Significant egg count and granuloma size reduction in group III could be linked to the
reduction of the adult worm load in addition to the decoupling effect. Du et al (2020) showed
that cargo of S. japonicum EVs plays an important role in egg production [42]. Inhibition of
this role may be an additional factor that led to reduction in the egg count.

It was observed that the egg count was significantly reduced in group III in comparison to
group IV, although the adult counting showed higher reduction rate in group IV in both cou-
ple and total count. This could be explained by the fact that Th2 environment in the prepatent
period of schistosomiasis is important for female worm maturation and reproduction [43,44].
In the current work IFN v level was higher in group III indicating more skewing of the
immune response toward Th1 environment, compromising the female worm maturation,
fecundity and reproduction.

Egg reduction is more influential in vaccine efficacy than reduction of the adult worms, as
hepatic egg count reduction reflects diminution in egg entrapped in liver leading to improve-
ment in liver pathology, in addition to intestinal egg count reduction, that leads to decrease
the pathology as well as transmission rate of the parasite [36].

As regards eggs maturity, reduction of the immature eggs percentage in experimental
groups as shown by Pellegrino’s method, goes in parallel with the significant reduction in the
adult female count recorded in the present study. These changes could be explained by the ces-
sation of oviposition due to the death of adult worms, or reduction of female fecundity due to
decoupling effect [45]. These results reflect that the reduction of the granuloma number could
be related to the reduction of the tissue egg count rather than to the inability of the existing
eggs to stimulate granuloma formation.
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Using EVs from various parasites as immunizing agent resulted in significant reduction in
egg count reaching 22.5%-32% [14,15,17]. Rezende et al (2011) proved that immunization
with schistosomal rP22 resulted in 22.5% reduction in hepatic egg count [33]. Likewise, TSP-2
as an immunizing agent resulted in 52% reduction in hepatic egg count [35]. Egg’s excretory/
secretory product resulted in only 39% reduction of the hepatic egg count, while SEA resulted
in 70.87% reduction [36,46].

In the current study, parasitological changes were accompanied by strong immune
response represented by continuous rise in the level of IFN y and IgG in both experimental
groups. Being nano-sized vesicles, EVs are easily taken up by the immune cells. Subsequently,
proteins contained inside them are better engulfed by the antigen presenting cell, thus increas-
ing their antigenicity [16].

The gradual rise of IEN vy profile in group III mice, vaccinated with EVs compared to
infected control group can be explained in light of the results of Paul et al (2020), who verified
that, EVs cargo internalised by mouse CD4" T cells causes down modulation of Th2 cell differ-
entiation and function, with respective flourishing of Th1 response resulting in IFN vy incre-
ment [47]. This function was demonstrated to be mediated by miRNA enclosed in the
schistosomal EV's, which are a group of small non coding RNAs [48]. This miRNA down regu-
lates Th cells important transcriptional program leading to decreased production of the Th2
cytokine [24]. It has been documented that treating macrophages (M) with S. japonicum-
derived EVs led to its polarization toward M1, with subsequent increase in pro-inflammatory
cytokines [49]. This has been proven to be mediated by EV's containing miRNA [438].

The sustained gradual rise in IFN v could be explained by the fact that encapsulating anti-
gens in lipid nano-spheres as EVs, protects them from degradation and enables slow release of
antigen over time [16,50].

This high IFN vy level could explain the reduction of fibrosis around the portal tract and cen-
tral vein, besides amelioration of hepatic inflammatory reaction and the high diminution in
granuloma size (65.63%). Studies relate the reduction in the granuloma size and fibrosis to the
switch in the normal Th2 response to Th1 response with the consequent increment in type 1
cytokines; including IFN vy [51]. This goes with Kaplan et al (1998) and Jankovic et al (1999),
who demonstrated that decreased fibrosis in the murine model related to diminished produc-
tion of type 2 and increased production of type 1 cytokines, rather than diminution of the
worm or tissue egg burdens [52,53]. Transferred schistosomal EVs miRNA has been proven to
attenuate liver fibrosis and hepatic pathological progression [23]. Also, lack of M2 production
induced by EV's cargo might have a role in granuloma size reduction [54].

In the current study, in group III mice, vaccinated with EVs, neutrophils were the dominant
cell in their hepatic granuloma. As known, neutrophils are recruited and accumulated at the
periphery of the granuloma, releasing a number of proteins involved in collagen degradation
and reabsorption [55].

Furthermore, vaccination of group III mice with EVs led to high IgG level compared to the
infected control group. Antibodies appeared two weeks after the first immunization and continued
to rise after the second immunization dose (day 28), with slight reduction after the third immuni-
zation dose (day 42). This pattern of IgG elevation has been previously recorded by Fonseca et al
(2004) upon using rSm14 antigen alone or combined to alum as an immunizing agent [56].

Antibodies are involved in different mechanisms of parasite elimination. Antibody-depen-
dent cell mediated cytotoxicity (ADCC) is involved in schistosomal killing and elimination
[57]. Neutralizing antibody directed against EV's proteins block parasite EV's internalization to
the host cells, which is an important mechanism in establishing parasitic infection [58]. More-
over, antibodies against schistosomal antigens are involved in the reduction of female fecun-
dity [59].
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Chaiyadet et al (2019) suggested that the immune protective effect induced by antibodies
provoked by Opisthorchis viverrini-derived EVs could be due to blockage of EV's functions, by
hindering their entry to host cells [15]. Antibody mediated blockage of entry S. japonicum EV's
cargo into the hepatocyte results in reduction of hepatic fibrosis [13].

On the other hand, in the present study, immunizing mice of group IV with EVs in combi-
nation with alum apparently resulted in the less polarization of the immune response towards
Th1 response, as proved by lesser production of IFN y compared to the vaccinated group (III).
This is caused by the documented Th2 stimulation properties of alum [60]. This adjuvant acti-
vates the humoral defence mechanisms by activating Th follicular cells important to memory
B cells and plasma cells differentiation [60]. This could explain the higher IgG level compared
to group III. Mostly, it could be presumed that lower IEN y level led to the lesser reduction in
granuloma size and the more fibrotic granuloma as compared to group III. Histiocytes were
the dominant granulomatous cell type; which are known to facilitate collagen synthesis, con-
tributing to the fibrosis-related pathology induced by schistosomiasis [61]. While the higher
IgG level induced by combining EV's with alum is mostly the cause of more reduction in the
adult count, as adult worms are killed mainly by ADCC mechanism [57]. These results go with
the ‘happy valley hypothesis’ of Wilson et al (1999) who stated that in natural infection, the
parasite appears most comfortable in ThO which is an intermediate zone between Th1 and Th2
with no dominant immune response, and is represented by the “valley floor’. So, polarization
to either Th1 or Th2 immune arms by vaccination process could be protective [62]. In the cur-
rent study, being a Th2 stimulant, alum resulted in slight disturbance in the Th1 polarization
caused by the EVs, causing slight reduction in the vaccine efficacy compared to group III.
Results of the present study are comparable with that of Mossallam et al (2014), who showed
that reduction in egg count and granuloma size was more in mice vaccinated with the antigen
alone than mice vaccinated with antigen combined with alum, while adult reduction was more
in mice vaccinated with antigen combined to alum [37].

On performing western immunoblotting, using sera from EVs-vaccinated group (III)
resulted in recognition of two bands approximate molecular weights 14 and 21 KDa. This sug-
gests that one of the protective mechanisms of the EVs is the ability to induce specific antibody
response against its proteins. This result goes with the results of Shears et al (2018), who con-
firmed that Trichuris derived EVs are able to induce protective antibody response upon using
it as immunizing agent against Trichuris infection [16].

In conclusion, the present study highlights the immune protective role of S. mansoni egg-
derived EVs as a potential vaccine candidate against murine schistosomiasis mansoni. Signifi-
cant increment of IFN v and IgG profiles proves that egg derived EVs are able to modulate the
immune system. Serum IgG strongly recognises two protein bands of ~14 KDa and ~ 21 KDa.
Vaccine under study is able to achieve 46.58% reduction of tegumentally-deranged adult
worms. Hepatic and intestinal egg counts reduction were 93.14-93.17%, accompanied by
65.63% reduction of hepatic granulomata sizes, with remarkable amelioration of their histopa-
thology. Whereas, adjuvanted EVs did not significantly influence the protection any further.
Proteomic analysis is currently planned for precise confirmation of the identity of immuno-
genic proteins involved in eliciting the immune response. Also, future trials of different adju-
vants may result in higher protection rate.
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S1 Text. Statistical analysis of results of adult worm load, egg load and granuloma size and
number six weeks post infection.
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