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Abstract

Schistosomiasis is the second most common parasitic infection all over the world. It is respon-
sible for thousands of deaths per year. Control of this infection depends mainly on praziquan-
tel which unfortunately has many defects e.g. occurrence of reinfection and risk of resistance.
So, a suitable vaccine is an urgent need. The vaccination that elicits a combined Th1 and Th2
is considered a proper vaccine candidate. Trehalose Dimycolate (TDM) is an immunogen that
proved potent activation of Th1 lymphocytes. Effects of its combination with the Th2 stimu-
lant, soluble egg antigen (SEA) in protection against Schistosoma mansoni infection in exper-
imental animals were studied. Combined SAE+TDM achieved statistically significant protec-
tion against infection causing reduction of the worm load and ova count. A large percentage of
the laid ova were even immature. Combined immunization was associated with reduced hepat-
ic granuloma number, diameter and hepatic fibrosis percentage. Moreover, SEA+TDM in-
creased stimulation of M2 type macrophages that limited the spread of hepatic fibrosis. It was
concluded that SEA+TDM achieved the best protection from infection and the resulting pa-
thology. This can be regarded to increased activation of humoral and cellular wings of immun-

ity and activations of both anti-S. mansoni and tissue protecting macrophages and cytokines.
Key Words: Soluble Egg Antigen, Trehalose Dimycolate, Schistosoma mansoni.

Introduction

Schistosomias is the second cause of death
due to parasitic infections of humans after
malaria (Keitel ef al, 2019). A recent Global
Burden of Disease report documented that
190 million people are infected with schisto-
somes, with 70 million new infections and
thousands of deaths occurring annually
(Global Burden of Disease Study, 2017).
World Health Organization reported that
schistosomiasis was responsible for more
than 21 thousand deaths in the Sub-Saharan
Africa of 24,068 deaths globally (WHO,
2018). Moreover, it was one of the diseases
included within the WHO’s 2020 goals for
neglected tropical diseases (NTD) control
(WHO, 2013). Estimates showed that at
least 229 million people required preventive
treatment; at least 90% of them live in Afri-
ca (WHO, 2020).

Schistosomiasis control is usually achiev-
ed by periodic large-scale preventive che-
motherapy of the infected populations using
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praziquantel (WHO, 2020). Despite that, this
control measure has many limitations e.g.
high rates of reinfection, the potential devel-
opment of drug-resistant strains (Pinto-Al-
meida et al, 2016), requirement of a large in-
frastructure to cover all parts of an endemic
area and associated costs (Stephenson et al,
2014). That is why the combination of PZQ
with an anti-schistosomiasis vaccine was co-
nsidered the best long-term control strategy
(Martin et al, 2012). Protective vaccination
against schistosomiasis required potent acti-
vation of both Thl & Th2 lymphocytes to
cover all the disease phases (McManus and
Loukas, 2008). In natural infection, Thl ly-
mphocytes prevail in the first two to five
weeks of infection followed by Th2 started
by stimulation of antigens of deposited ova
(Pearce and MacDonald, 2002). That’s why
many egg antigens were appropriate candi-
dates for vaccine trials, which mainly drive a
potent Th2 response (Everts et al, 2009). To
increase the potency of immune response or



stimulate more immune cells, the selection
of a suitable adjuvant is a critical step in the
path to develop a successful anti-Schisto-
soma vaccine. Incorporation of an immuno-
logically potent adjuvant can enhance and
prolong qualified immune reactions to used
vaccines (Vogel, 2000, Etewa et al, 2014).

Trehalose-6,6'-dimycolate (TDM), known
as cord factor, is an abundant glycolipid in
the mycobacterial cell wall (Bloch, 1950),
which stimulated Thl & Thl7 responses
(Decout et al, 2017) with subsequent induc-
tion of a wide range of cytokines e.g. IL-12,
IFN-y, TNF-a, IL-4, IL-6 & IL-10 (Ryll et
al, 2001).

The present work aimed to assess the val-
ue of combining TDM adjuvant with SEA in
protection against Schistosoma mansoni in-
fection of experimental animals and the pos-
sible mechanisms of this protection.

Materials and Methods

Ethics Statement: All animal experiments
were performed at Theodor Bilharz Rese-
arch Institute (TBRI), Giza, Egypt. Mice
were kept under standard housing conditions
in the animal house of TBRI and were main-
tained on a standard commercial pelleted
diet in an air-conditioned room at 20-22°C.
All experimental procedures were performed
in accordance with the international ethical
guidelines after approval of the institutional
ethical committee of TBRI.

Study Design: 50 Male pathogen-free
BALB/c mice (6-8 weeks, 18-20gm) were
equally divided among five groups. Group
(GI) served negative control. Group (GII)
served as positive control for S. mansoni.
Group (GIII) was immunized by SEA and
then infected with S. mansoni. Group (GIV)
was immunized by TDM adjuvant and then
infected with S. mansoni. Group (V) given
combined SEA and TDM immunization and
then infected with S. mansoni.

Trehalose Dimycolate adjuvant: The TDM
Adjuvant (Sigma-Aldrich, USA, the Sigma
Adjuvant System (Catalog Number S6322)
was used for mice immunization of GIV &
GV. The immunization protocol was per-
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formed according to the manufacturer’s ins-
tructions. Briefly, each mouse was subcuta-
neously (S.C.) injected with 200ul of TDM
(100wl in each flank). Same dose was re-
peated once after 2 weeks as a booster dose.

Soluble egg Antigen preparation (SEA):
Soluble egg antigen (SEA) was purchased
from Schistosome Biological Supply Centre
at TBRI. Concentration was adjusted with
phosphate-buffered saline (PBS) to be 20pg/
ml and was stored at -70°C until used. The
immunization protocol was performed (Nab-
ih and Soliman, 1986). Mice of the GIII and
GV were immunized with an initial S.C. in-
jection with 30pg of the SEA and a booster
dose of 20pg of the SEA with a time interval
of 2 weeks.

Schistosoma mansoni infection: One week
after the last booster dose, mice of the last 4
groups were S.C. injected with 80-100 cerc-
ariae suspended in 0.2ml of distilled water
(Peters and Warren, 1969).

Euthanizing mice and sample collection:
One week after the first dose and one week
after the booster dose of immunogens, blood
samples were collected from the retro-
orbital sinus (Teixeira de Melo et al, 2013).
Serum was separated by centrifugation of
the collected blood samples at 3000 rpm for
5 min and kept at -20°C until use. At the 7™
week post-infection, mice were euthanized
by decapitation and underwent removal of
livers and intestines after counting worms.
Each liver was divided into 2 equal parts;
one was fixed in formalin 10% for further
histopathological studies. Second was diges-
ted in KOH 5% to count the ova.

Evaluation of the vaccine protective effects:

A- Worm load, worm recovery was made
by normal saline perfusion of hepatic and
porto-mesenteric vessels through cannula-
tion of the inferior vena cava of euthanized
mice. Male, female and coupled worms were
counted (Duvall and DeWitt, 1967). Re-
trieved adult worms were preserved in glu-
taraldehyde for further electron microscopic
studies.

B- Tissue egg load, samples of liver and



intestine (ileum) were collected from each
mouse, weighed and digested in 5% KOH at
37 °C for 16 hours. Ova were counted at x40
magnifications (Herbert et al, 2010).

Oogram pattern: Intestinal segments were
opened lengthwise and the excess mucus
was removed. One-centimeter fragments
were weighed and placed between a glass
slide and a glass cover. Preparation was in-
verted and pressed on a rubber surface pad-
ded with filter paper. Percentages of imma-
ture, mature, and dead ova in the small intes-
tines were computed from a total of 100
eggs/intestinal segment and classified acco-
rding to categories (Pellegrino et al, 1962).

SEM of adult worms: Retrieved adults
were fixed with 2.5% (v/v) glutaraldehyde
in PBS, (pH 7.4) for 24 hours at room tem-
perature. Later, they were rinsed three times
with PBS before storage in PBS at 4°C until
use. Before SEM, adult worms were washed
twice with distilled water, dehydrated in as-
cending ethanol concentrations, and critical-
ly point dried. They were put on aluminium
stubs, sputter coated with 20nm gold nano-
particles, and examined in a high-resolution
SEM (Jol 5200 lv, Japan) at an accelerating
voltage of 5kV in Electron Microscope Unit,
Faculty of Agriculture, Mansoura University
(Manneck et al, 2011).

Hematoxylin and eosin staining of granu-
loma: Formalin preserved liver samples
were dehydrated in ascending grades of al-
cohol i.e. 70, 80, 90, & 100% for 30 min, 40
min & lhr respectively then washed with
xylene for 1hr. Dehydrated tissues were em-
bedded in molten paraffin wax. Tissues were
cut into thin sections, mounted on clean
glass microscopic slides and stained with
hematoxylin and eosin stain (H & E stain).
Slides were blot-dried, mounted with Disty-
rene Plasticizer Xylene (Goyal et al, 2013).
Granulomas were counted, and their diame-
ter was digitally measured using a multihe-
ad microscope, Olympus SC100 and, analy-
SIS getlT software. The diameter of granu-
loma with a single ovum was only consid-
ered ones.
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Masson's trichrome staining of hepatic fib-
rosis: Paraffinized liver samples were stain-
ed using Masson's trichrome staining Kkit,
(Sigma-Aldrich, Egypt). Staining procedures
were done according to the manufacturer's
instructions. Analysis of fibrosis was applied
to photos for all fields of each slide. Percent
of fibrosis was calculated using image J
software program version 1.47v (Amin and
Mahmoud-Ghoneim, 2011).

Immunohistochemical staining of argina-
se-1 & inducible nitric oxide synthase (iN-
OS) markers of macrophages: Immune stai-
ning of paraffinized liver sections was done
using anti-arginase-1 and anti- iNOS antibo-
dies (Abcam, USA) as given by Kim et al.
(2014). Positivity was confirmed when the
cell membrane and/or the cytoplasm showed
brown staining. Stained slides were evaluat-
ed quantitatively using the H-score. Briefly,
the intensity of staining was given a number
from (1+, 2+ & 3+) for mild, moderate and
strong staining respectively. Percentage of
stained cells in each tissue was multiplied by
the intensity of staining. A score of 0-300
was given for the stained biomarker accord-
ing to the following equation H score = [1 x
(% cells 1+) + 2 x (% cells 2+) + 3 X (%
cells 3+)] (Fraser et al, 2003).

ELISA for detection of specific IgG,
IgGl, IgG2a, IFN-y &, IL-10: Serum levels
of specific IgG, IgG1 and IgG2a were meas-
ured in serum samples by homemade ELISA
technique (El-Aswad er al, 2019). Serum
levels of IFN-y and IL-10 were measured at
the 2 times intervals before infection using a
solid-phase sandwich ELISA which were
purchased from Life Technologies Corpora-
tion for IFN-y and Abcam for IL-10. Proce-
dures were performed according to the man-
ufacturer’s protocol. OD values were meas-
ured at an absorbance of 450 nm with an
ELISA reader (Bio-Rad, UK).

Statistical analysis: Data entry, coding,
and analysis were conducted using SPSS
(20), IBM Corp. Released 2011: IBM SPSS-
Statistics for Windows; Version 20.0. Armo-
nk, NY: IBM Corp. The data were of the



quantitative type, and were expressed in
Mean and Standard Deviation (SD). The de-
gree of protection (% reduction of worm) by
the various immunogens was calculated as
follows: P (%R) = C - V/C x 100, where P
was the percentage protection, C is the mean
number of parasites recovered from infected
mice and V = mean of parasite recovered
from vaccinated mice (Tendler et al, 1986).
ANOVA and Kruskal Wallis tests were used
to estimate the difference between means of
groups of parametric and non-parametric
data respectively. Post Hoc Value was used
to assess the difference in two means of two
individual groups. The interpretation of Post
Hoc test was as follows:

pl: comparison between infected GII and
SEA immunized (GIII). p2: comparison be-
tween infected (GII) and TDM immunized
(GIV). p3: comparison between infected (I1)
group and SEA + TDM immunized group
(V). p4: comparison between SEA immun-
ized (GII) and TDM immunized (GIV). p5:
comparison between SEA immunized (GIII)
and SEA+TDM immunized (GV). P6: com-
parison between TDM immunized (GIV)
and SEA + TDM immunized (GV). Level of
significance of the present data was 95%, so,
p-value >0.05 was not considered as a sig-
nificant difference, while p-value < 0.05 was
considered a significant difference.

Results

The highest worm load reduction percent-
age either in male, female or coupled worms
was detected in mice vaccinated with SEA
&TDM, those vaccinated with sole SEA or
TDM with a statistically significant differ-
ence between them (P5 < 0.05% P6 <
0.001**) (Tab. 1).

The ultrastructural changes, adults retriev-
ed from SEA+TDM immunized mice show-
ed the highest incidence of multiple damag-
es in the form of extensive tegmental dam-
age, surface blebbing, oedema, rupture, vac-
uolation, necrosis and lost tubercular spines.
Deformed suckers and gynaecophoric canals
were also detected. Female worms showed
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furrowing, loss of spines, poring, fissuring,
surface cracking and blebbing (Fig. 1).

The highest percent of reductions of tissue
egg load-either that of the intestine or liver
tissues, and the oogram were detected in
mice groups vaccinated with SEA &TDM
then those vaccinated with SEA. The lowest
reduction percentage was in TDM vaccinat-
ed mice with statistically significant differ-
ences between all vaccinated groups (Fig.
2).

The histopathological examination of liver
tissues showed the highest percent of reduc-
tions of hepatic granuloma number, diameter
and fibrosis in mice vaccinated with SEA
&TDM than sole SEA or TDM vaccinated
mice with statistically significant differences
between vaccinated groups (Figs. 3 & 4).

Both types of macrophages were assessed
in the present work. Alternatively, activated
macrophages (i.e. M2 type) expressing Ar-
ginase-1 were the highest in mice group that
received a combined immunization of SEA
and TDM followed be sole SEA immunized
mice with a statistically significant differ-
ence between both groups (p<0.05). The re-
verse occurred regarding iNOS expressing
classically activated macrophages (i.e. M1
type), which recorded the lowest H -score in
SEA+TDM group followed by sole SEA
group. The difference was also a statistically
significant one (p<0.05) (Figs. 5&6).

As to ELISA, the highest mean values of
specific 1gG, IgG1, IgG2a, in both times of
their assessment, were recorded in mice
immunized with combined SAE+TDM fol-
lowed by sole SEA immunized mice with a
statistically significant difference between
both groups (p< 0.05). Like immunoglobu-
lins, the immune-regulating cytokine, 1L-10
recorded the highest scores when SEA was
used in combination with TDM in both
times of its assessment. The reverse was rec-
orded with the pro-inflammatory cytokine,
INF-y that was the lowest with SEA+TDM
combination. Differences were all statistical-
ly significant (p < 0.05) (Fig. 7).



Table 1: Comparison between means of adult worm load in groups.

Worm load | Groups Mean + SD Reduction % | Significance test | P value | Post hoc test
Male worms | GII (+ve control) 5.00£1.15 | ------ K=32.45 <0.001 | pl:<0.001
GIII (SEA) 1.5£0.49 70% p2:<0.05
GIV (TDM) 3.1+0.99 38 % p3: <0.001
GV (SEA+TDM) 0.50+0.52 90% p4: <0.05
p5:<0.05
p6: <0.001
Female GII (+ve control) 4.00+1.15 | - K=29.94 <0.001 [ pl:<0.001
worms GIII (SEA) 1.2+0.91 70% p2:<0.05
GIV (TDM) 2.4 +0.69 40% p3: <0.001
GV (SEA+TDM) 0.2+0.35 95% p4: <0.05
p5:<0.05
p6: <0.001
Coupled GII (+ve control) 10.00£1.24 | - F=85.79 <0.001 | pl:<0.001
worms GIII (SEA) 3.6 +0.69 64% p2: <0.001
GIV (TDM) 51+1.69 49 % p3: <0.001
GV (SEA+TDM) 2.1+0.73 79 % p4: <0.05
p5:<0.05
p6: <0.001
Total GII (+ve control) 29.40+0.84 | -----—-- F=689.15 <0.001 | pl:<0.001
worms GIII (SEA) 10.00+1.70 65.9% p2: <0.001
GIV (TDM) 14.40+1.17 51.02% p3: <0.001
GV (SEA+TDM) 8.20+0.63 72.11% p4: <0.001
p5:<0.05
p6: <0.001

K= kruskal wallis test, F= ANOVA test, pl: compared between GII & GIII. p2: compared between GII & GIV. p3: compared
between GII & GV. p4: compared between GIII & GIV.p5: comparison between GIII & GV. p6: compared between GIV &

GV.

Discussion

Worm load reduction is the gold standard
for anti-Schistosoma vaccine development
(McManus and Loukas, 2008) so, worm
load was assessed in our study and it re-
vealed that combination of TDM with SEA
achieved the highest percent of worm load
reduction either in male, female or coupled
worms. These results can be explained by
the ultrastructural changes detected in SEA
+TDM group. Adults retrieved from SEA
+TDM immunized mice showed the highest
incidence of multiple damages. Tegumental
destruction rendered the worm liable to the
immune system attacks (Abdel-Zaher et al,
2016), which were increased by the tested
immunogens as explained later. Moreover,
deformed tubercles and suckers decrease
adherence of the worms to the mesenteric
blood vessels, so they can be washed back
casily to be destroyed. This was similar to
what was reported by El-Ahwany et al.
(2012) and Etewa et al. (2018) who regarded
these morphological changes to SEA which
acts similar to the actual infections, because
it is a crude antigen, where primary infec-
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tions can inhibit secondary ones. Reduction
percentage re-ached 90% with the combina-
tion of TDM makes was a good candidate
according to Nascimento et al. (2002) who
defined good vaccine as the one able to
achieve more than 40% of worm load reduc-
tion.

Reduction of the adults’ load was reflected
on both hepatic and intestinal ova numbers
where the highest oreduction percentage was
detected with combined SEA & TDM. This
can be regarded to deforme gynecophoric
canal with expected abnormal matting and
thus decreased female maturation and egg
deposition (Steinauer, 2009). Also, Oogram
patterns gave a hint that combining TDM
with SEA exceeded affecting the number of
ova to the quality of the laid ova. The per-
centage of immature ova and dead ones
were higher than the sole SEA immunized
group with a statistically significant differ-
ence between both groups. The reverse was
detected regarding the mature ones.

The reduced ova count was reflected on
number of hepatic granulomas where the
lowest number of granulomas was detected



in the mice that received SEA+TDM com-
bination. The effect of TDM exceeded the
number of granulomas to include its diame-
ter and percentage of the occurring hepatic
fibrosis. SAE+TDM group achieved the
lowest scores with a statistically significant
difference when compared with sole SEA
immunized mice. These results can be ex-
plained by Etewa et al. (2017 & 2019) who
explained the reduction in number and size
of liver granulomatous reactions by the
SEA-induced specific stimulation of the
immune reactions against Schistosoma eggs
which reduces hepatic pathology and fibro-
sis. The additive effect of TDM can be ex-
plained by Sharma et al., (1985) who report-
ed reduced pathological changes of Enta-
moeba histolytica in rabbits immunized by
TDM-+ crude Entamoeba antigen.

Because macrophages are one of the main
cellular constituents of granulomas and crit-
ical regulators of liver fibrosis (Zhu et al,
2014; Abdel-Zaher et al, 2016), both types
of macrophages were assessed in the present
work. Alternatively, activated macrophages
(i.e. M2 type) expressing Arginase-1 were
the highest in mice group received a com-
bined immunization of SEA & TDM. The
reverse occurred in iNOS expressing classi-
cally activated macrophages (i.e. M1 type)
that recorded the lowest H-score in SEA+
TDM group followed by sole SEA group.

Studies revealed that SEA increases acti-
vation of the alternatively activated macro-
phages i.e. M2 type. This type is responsible
for the Schistosoma-induced fibrosis via the
metabolism of l-arginine to proline and pol-
yamine by Arginase-1 so, it down regulated
inflammatory responses and facilitated tis-
sue remodeling (Barron and Wynn, 2011;
Zhu et al, 2014). However, TDM is respon-
sible for the activation of the classical mac-
rophages (i.e. M1 type) through stimulation
of Thl lymphocytes with increased IFN-y
mediated M1 polarization. M1 macrophages
are activated in the early stage of Schistoso-
ma infection and kill schistosomula by pro-
ducing nitric oxide (Ahmed et al, 1997). Al-
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so, they play a role in preventing hepatic
fibrosis (Hesse et al, 2001; Barron and
Wynn, 2011; Decout et al, 2017). So, com-
bined immunization achieved benefits of
both macrophages by decreasing both granu-
lomas and fibrosis. M2 was more predomi-
nant because of its suppressive ability to M1
macrophages (Sica and Mantovani, 2012).

The highest mean values of specific IgG,
IgG1 & IgG2a, in both times of their as-
sessment, were recorded in mice immunized
with combined SAE+TDM. Although TDM
stimulates the Thl induced IgG2a produc-
tion (Ryll et al, 2001), it enhanced the SEA
mediated shifting to IgG 1 (Gaber et al,
2010) thus combination resulted in synergis-
tic action to the SEA rather than the additive
effect. Like immunoglobulins, the immune-
regulating cytokine, IL-10 recorded highest
scores when SEA was used in combination
with TDM in both times of its assessment.
Reverse was recorded with pro-inflamma-
tory cytokine, INF-y that was the lowest
with SEA+TDM combination. IL-10 played
an important role in schistosomiasis by pre-
venting the development of Th1 & Th2-me-
diated pathologies. IL-10 reduces hepatocyte
damage induced by the eggs of Schistosoma,
so it was essential for the maintenance of a
non-lethal chronic infection and inhibits in-
appropriate immune responses (El-Ahwany
et al, 2012; Stephenson et al, 2014).

Conclusion

A combination of TDM to SEA immuno-
gen achieved the best protection from infec-
tion and the resulting pathology. This can be
regarded to increased activation of humoral
and cellular wings of immunity and activa-
tions of both anti-S. mansoni and tissue pro-
tecting macrophages and cytokines.
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Explanation of figures
Fig.1: SEM photos of SEA+TDM immunized mice: a- Sucker of S. mansoni male showed distortion, thinning and blebbing of sucker lips
with disturbed direction of spines (x700), b- Tegument of S. mansoni male worm showed loss of normal tegument architecture, rough tegu-
ment, tubercular erosion and loss of spines with blebs formation (x1500), c- Gynaecophoric canal of S. mansoni male showed marked rough-
ness with pores formation and widening of gynecophoric canal (x500), and d-S. mansoni female tegument showed sloughing, marked macer-
ation and destruction of the tegument (x500).
Fig. 2: Comparison of groups regarding: a- Hepatic ova count, b- Intestinal ova count, and c-Oogram results.
Fig. 3: Comparison between groups: a- Mean granuloma number, b- Mean granuloma diameter, and c-Percentage of hepatic fibrosis.
Fig. 4: Trichrome stained hepatic tissue (Scale bar = 100pm): a- Positive control group (GII) showing a large-sized granuloma surrounding
ova (green arrow) with massive fibrosis (yellow arrow), and b- SEA+TDM (GV) showing a small-sized granuloma surrounding ova (green
arrow) with massive fibrosis (yellow arrow).
Fig. 5: Comparison between mean H-scores of groups regarding: a- Hepatic expression of arginase-1, and b-Hepatic expression of iNOS.
Fig.6: Immune-histochemical reaction of hepatic tissue (Scale bar = 100um): a- Decreased expression of arginase-1 (red arrows) in positive
GII limited to the periphery of a large-sized granuloma, b-Increased expression of arginase-1 (red arrows) in GV invading most of a small-
sized granuloma, c- Increased expression of iNOS (red arrows) in positive GII invading most of a large-sized granuloma, and d-Decreased
expression of iNOS (red arrows) in GV group limited to periphery of a small-sized granuloma.
Fig. 7: Comparison between groups regarding serum levels of: a- IgG after 1* and booster dose of immunogens, b- IgG1 after 1st and booster
dose dose of immunogens, c- IgG2a after 1st and booster dose of immunogens, d- IL-10 after 1st & booster dose of immunogens, e- IFN-y
after 1st and booster dose of immunogen.
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