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Schistosomiasis is second only to malaria in prevalence and severity, and is still a major health problem in
many tropical countries worldwide with about 200-300 million cases and with more than 800 million
people at risk of infection. Based on these data, the World Health Organization recommends fostering
research efforts for understanding at any level the mechanisms of the infection and then decreasing
the social and economical impact of schistosomiasis. A key role is played by the parasite apical lipid
membrane, which is entirely impervious to the surrounding elements of the immune system. We have
previously demonstrated that the interaction between schistosomes and surrounding medium is
governed by a parasite surface membrane sphingomyelin-based hydrogen barrier. In the present article,
the elastic contribution to the total motion as a function of the exchanged wave-vector Q and the mean
square displacement values for Schistosoma mansoni larvae and worms and Schistosoma haematobium
worms have been evaluated by quasi elastic neutron scattering (QENS). The results point out that
S. mansoni larvae show a smaller mean square displacement in comparison to S. mansoni and
S. haematobium worms. These values increased by repeating the measurements after one day. These
differences, which are analogous to those observed for the diffusion coefficient we previously evaluated,
are interpreted in terms of rigidity of the parasite-medium interaction. S. mansoni larvae are the most
rigid systems, while S. haematobium worms are the most flexible. In addition, temperature and hypoxia
induce a weakening of the schistosome-medium interaction. These evidences are related to the strength
of the hydrogen-bonded interaction between parasites and environment that we previously determined.
We have shown that S. mansoni worms are characterized by a weakened interaction in respect to the
larvae, while the S. haematobium worms more weakly interact with the surrounding medium than
S. mansoni. The present QENS analysis allowed us to characterize the rigidity of larval- and adult
S. mansoni and S. haematobium-host interface and to relate it to the parasite resistance to the hostile
elements of the surrounding medium and to the immune effectors attack.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Schistosomiasis is a severe parasitic disease endemic in 78
countries of the developing world, with most serious impact on
children residing in rural areas. It is caused by several species
of the genus Schistosoma, namely Schistosoma mansoni and
Schistosoma haematobium [1,2]. Cercariae shed by infected snails
invade host skin, and remain in the epidermis for up to 72 h
exchanging the classical trilaminate membrane for an outer double
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lipid bilayer. This heptalaminate membrane surrounds the
parasites, which migrate, develop, mature, copulate, lay eggs and
reside exclusively in the mammalian host blood capillaries [3,4].
The outer membrane protects the developing larvae and adult
worms from the surrounding hostile immune elements, while
allowing entry of nutrients (small molecules such as glucose, amino
acids and cholesterol which do not exceed 400 Da) and exit of
wastes [5-9]. Indeed, the apical membrane molecules of larvae
older than 3-24 h, lung-stage schistosomula and adult worms do
not bind antibodies (large molecules exceeding 150,000 Da), while
are accessible to the different nutrients [5-8] which interact with
their respective binding-proteins or protein transporters. We have
hypothesized that sphingomyelin (SM) molecules in the outer lipid
bilayer is the main factor responsible for these protective and
sieving properties, via formation of a tight hydrogen bond barrier
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with the surrounding water [10-12]. The existence of a SM-based
hydrogen barrier around lung-stage schistosomula and adult schis-
tosomes was recently documented using quasi elastic neutron scat-
tering (QENS) [13]. More specifically, we have previously gathered
QENS data to determine the nature and the strength of the interac-
tion of both larval and adult parasites with the surrounding med-
ium. The evaluation of the quasi-elastic contribution to the total
motion allowed characterization of the mobility features of schisto-
somes using the obtained diffusion coefficient values. Of note, the
outer lipid bilayer and surrounding hydrogen bond network at
the host parasite interface was shown to be easily disrupted via
heating, or hypoxia-mediated activation of a parasite tegument-
associated neutral sphingomyelinase (nSMase) [10-14].

Continuing our previous work, we herein aimed to examine the
different characteristics of the formidable interfacial barrier be-
tween the host medium and the parasite, via focusing on the cor-
relation between the flexibility and the resistance of the
parasites under different external conditions. Since we needed to
define these fundamental properties on a molecular level, the lar-
val and adult S. mansoni and adult S. haematobium are investigated
in the same experimental conditions as previously. QENS data
were generated in order to use the evaluation of the elastically
scattered intensity and the mean square displacement as a func-
tion of exchanged vector and temperature for assessing the rigidity
of the apical lipid bilayer SM-based hydrogen bond network sur-
rounding larval and adult S. mansoni and adult S. haematobium.
Incoherent neutron scattering was employed to investigate such
living systems, since it has already been successfully used on other
complex biological samples, such as Escherichia coli, Artemia cysts,
mammalian cells, extremophile bacteria [15-18], where the very
large presence of hydrogen atoms distributed nearly homoge-
neously within these structures predominantly contributes to the
scattered signal and gives access to detailed information about
atomic motions on the picosecond-nanosecond time domain. This
represents an important advantage since it is possible to study
the dynamics of hydrogenated molecules also in samples which
are not crystalline neither monodisperse, such as living cells. In
addition, neutron scattering studies have unambiguously demon-
strated that biomolecular motions are affected by environmental
conditions where biological systems are immersed [15-23].

The methodological approach used in the data analysis is based
on the determination of the elastically scattered intensity on the
exchanged vector Q and then on a model proposed by Zaccai and
co-workers [16,17,19] to evaluate the “pseudo-force constant”,
which is related to the “resilience” of biological systems, i.e. the
capability to maintain the stability as a response to a thermal
stress, by the mean square displacement behavior. Zaccai and co-
workers [16,17,19] used this model to associate the biomolecular
dynamics to the thermo-adaptation in many systems and in partic-
ular on extremophile biomolecules, demonstrating that proteins
extracted from thermophile organisms are characterized by a high-
er rigidity and a lower flexibility than those extracted from psi-
chrophile organisms that possess a quite high flexibility. These
features allow these organisms to maintain a perfect balance be-
tween the flexibility fundamental to exert their functions and
activities and the structural resistance to the thermal stress
[15,17,19].

In line with these studies, here we compare the rigidity of larval
and adult S. mansoni and adult S. haematobium in order to relate it
to their adaptive strategies activated as a response to different
external stress, i.e. hypoxia and temperature. We emphasise that
the different flexibility degree of the parasites is directly related
to their different mobility as characterized in our previous work
[13]. In other terms, the previous determination of the nature of
the parasite-medium barrier, i.e. the role played by the hydrogen
bond network in this interaction, provides a clear explanation to

the present findings dealing with the rigidity and then with resis-
tance of parasites against immune system attack and harsh exter-
nal conditions, such as thermal stress and hypoxia.

2. Materials and methods
2.1. Parasites

Male Syrian hamsters and cercariae of S. mansoni and S. haemat-
obium were obtained from the Schistosome Biological Materials
Supply Program, Theodore Bilharz Research Institute, Giza, Egypt.
Hamster Infection and perfusion were performed under anaesthe-
sia, following the recommendations of the current edition of the
Guide for the Care and Use of Laboratory Animals, Institute of Lab-
oratory Animal Resources, National Research Council, U.S.A. Lung-
stage schistosomula were recovered six days after hamster percu-
taneous infection with 2000 cercariae of S. mansoni as described
[13], and then suspended in RPMI medium containing 20% fetal calf
serum (FCS), placed in sterile polypropylene tubes (Costar), and
transported to Grenoble, France, within 18 h. Adult worms were
obtained from hamsters 6 and 13 weeks after exposure to 200
cercariae of S. mansoni and S. haematobium, respectively. Worms
were washed in RPMI medium, resuspended in RPMI medium/
20% FCS, incubated for 6 h at 37 °C/3% CO,, placed in sterile, vented,
25 ml tissue culture vessels (Costar) filled to the rim with medium/
20% FCS, and reached Grenoble, France, within 18 h. Intact and hy-
poxia-exposed larvae were examined by indirect membrane
immunofluorescence using radiation vaccine serum as described
[10,11].

2.2. Experimental

The IN4 spectrometer at the Institute Laue Langevin (ILL, Greno-
ble, France) was used to carry out QENS measurements as a func-
tion of energy, exchanged wave-vector Q and temperature. The
instrumental configuration was: an incident wavelength of 2.96
A, an energy resolution of 450 peV, a sample holder orientation
of 135° relative to the incident beam. Measurements have been
performed on S. mansoni larvae and adult worms and S. haematobi-
um worms at a temperature value of 300 K, by repeating after 24 h
the measurements on S. mansoni larvae and adult worms. In addi-
tion S. mansoni larvae have been also investigated at a temperature
value of 320 K.

The usual corrections, such as empty cell subtraction and vana-
dium normalization as well as the multiple scattering and multiph-
onon contribution evaluations, were performed before the data
analysis by using the Lamp software.

3. Results and discussion

3.1. Analysis of the elastically scattered intensity and the mean square
displacement

The behavior of the elastic contribution to the total motion of
lung-stage S. mansoni larvae and S. mansoni and S. haematobium
worms has been characterized as a function of Q in the 0.6-3.4
A~! range at the temperature value of T=300K, as shown in
Fig. 1. By observing Fig. 1, a Gaussian contribution that is related
to the vibrational motions, and a non-Gaussian contribution, which
is linked to the diffusive motions, can be considered [24-26]. This
latter contribution provides a measure of the dynamic heterogene-
ity degree of the investigated systems and furnishes information
about their rigidity and flexibility. In order to point out these spec-
tral features, in the insert of Fig. 1 we consider the logarithm of the
elastic contribution to the total motion as a function of Q2.
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Fig. 1. Elastic contribution to the total motion of (A) S. mansoni larvae on the first day of measurements, (B) S. mansoni worms on the first day of measurements, (C) S. mansoni
larvae on the second day of measurements, (D) S. haematobium worms, (E) S. mansoni worms on the second day of measurements as a function of Q in the 0.6-3.4 A~! range at
T=300K. In the insert, the corresponding logarithm of the elastic contribution to the total motion as a function of Q? at T=300 K is shown.

It is evident from Fig. 1 that the general trend of the elastic pro-
files is quite similar for all the investigated systems. More specifi-
cally, from the insert of Fig. 1 it is clear that the elastic intensity
depends linearly on Q? up to the Q value of about 2.00 A~!, corre-
sponding to a distance of 3.14 A, where a deviation from the linear
behavior is evident. This transition can be related to an increased

flexibility of the system.

However, some small differences can be highlighted among lar-
vae and worms and both qualitatively and quantitatively analysed.

[16,23]:

N QZ
1(Q,t) = ZX“ exp —f([rm(t) —1,(0))

On this purpose, we derive the mean square displacement values
by the slope of the linear trend observed in the small Q region:
by a formal point of view, in the Gaussian approximation, the ori-
entational average of the elastic contribution can be performed for
small Q values in order to eliminate angular coordinates yielding

(1)
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This allows calculating the mean square displacement (u?) by the
relation:

d{ln[s;. @]}
dQ’

The mean square displacement values of lung-stage S. mansoni
larvae and S. mansoni and S. haematobium worms at T= 300K are
reported in Fig. 2. Since systems with larger values are characterized
by a high level of fluctuations [23], by the comparison of the values
of the mean square displacement we can conclude that the flexibility
of these systems is increased. Of note, the S. mansoni larvae show the
smallest mean square displacement whose value is increased after
one day; analogously, the distance characterising the S. mansoni
worms increased with time; finally, S. haematobium worms present
the largest mean square displacement value.

(u?) = -6 lo-o (2)

3.2. Molecular mechanisms of the parasite-medium interaction

Since all the systems are investigated at the same temperature
value, in the same surrounding medium and in the same experi-
mental conditions, these differences can be explained just referring
to the peculiar features of the specific larva-medium and worm-
medium system interaction. In other terms, a small mean square
displacement value implies a high rigidity of the larva-medium
and worm-medium system since it is raised by an intense interac-
tion between the larva and the medium as well as between the
worm and the medium. A self-consistent explanation to these rigid-
ity properties is provided by our previous findings [13] concerning
the nature and the strength of these interactions; as a confirmation
we can observe that an analogous trend is observed in the diffusion
coefficient values obtained in our previous work [13] and in the
mean square displacement values obtained in the present one for
the different parasites. More in detail, the S. mansoni larvae present
the smallest values of diffusion coefficient and mean square dis-
placement; whereas for the S. mansoni worms in the second day
of measurements the largest values are found. In addition, all the
investigated systems under different conditions maintain the same
trend of both these quantities. We can conclude that the hydrogen-
bonding governed interaction between parasites and surrounding
environment as characterized in our previous [13] and present
works is strictly related to the global behavior of schistosomes as
a response of different external stimuli.

Specifically, highly rigid interaction between larvae and sur-
rounding medium, likely mediated by SM-hydrogen bond network
[13], is necessary for the parasite survival as lung-stage schisto-
somula are extremely vulnerable to host immune attack while
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Fig. 2. Comparison among the mean square displacement values of lung-stage S.
mansoni larvae and S. mansoni and S. haematobium worms at T =300 K.

migrating in the convoluted and thin-walled capillaries of the lung
[27]. The low rigidity of S. haematobium-medium interaction may
explain their higher in vitro susceptibility than S. mansoni to unsat-
urated fatty acids-mediated nSMase activation, that leads to SM
hydrolysis and collapse of the SM-based protective hydrogen bond
network [10,11], and provide a clue for why these worms escape
the unsaturated fatty acids-rich portal and mesenteric capillaries
to the venous plexus around the urinary bladder [28].

3.3. Effect of temperature on S. mansoni larvae

In order to complete the analysis of the elastic contribution to
the total motion of the S. mansoni larvae, measurements were also
performed at two different temperature values, i.e. T=300 K and
T=320K. In Fig. 3A the comparison between the elastic intensity
as a function of Q of S. mansoni larvae at T=300K and T=320K
is reported, while in the insert of Fig. 3A the logarithm of the elastic
contribution to the total motion as a function of Q? is shown. Heat-
ing disrupts the hydrogen bond network around schistosomes, and,
as expected, the decrease of the intensity as well as the deviation
by the Gaussian shape are more marked for the S. mansoni larvae
at higher temperature.

It is evident that the mean square displacement (Fig. 3b) has a
higher value for the S. mansoni larvae at T=320K than at 300 K
since temperature increases the fluidity and then the fluctuations
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Fig. 3. (A) Comparison between the elastic intensity as a function of Q of S. mansoni
larvae at T=300K and T=320K. In the insert the corresponding logarithm of the
elastic contribution to the total motion as a function of Q? is shown. (B)
Temperature behavior of the mean square displacement of S. mansoni larvae.
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of the system. However, the dependence of the mean square
displacement on temperature provides useful information about
the rigidity of larvae in terms of the pseudo-force constant <k>,
which is calculated according to < k >=0.00138/d(u?)/dT [17].
This parameter allows to quantitatively evaluate the “mean resil-
ience”, which is related to the stiffness degree of the larvae, for
which we get the value of <k>=0.2 N/m. This value is comparable
to those obtained for other biological systems investigated in vivo
and analysed by using the present model [17] and reveals a relative
flexibility which allows to S. mansoni larvae to better adapt them-
selves to the environment changes induced by the temperature
increase.

3.4. Biological implications

In conclusion, the analysis of the elastic contribution to the total
motion provides new findings about the rigidity degree and the ex-
tent of the fluctuations at the S. mansoni larvae and S. mansoni and
S. haematobium worms-medium interface. It should be observed
that the present results are in good agreement with those obtained
by the analysis of the quasi-elastic contribution [13] to the total
motion performed on the same systems. In respect with our previ-
ous work where we characterized the mobility of schistosomes,
here the different strength of the interaction between the larvae
and the medium and between the worms and the medium is eval-
uated in terms of rigidity, typical distances and peculiar fluctua-
tions. In this frame, the mean square displacement reveals a
weakened interaction by the S. mansoni worms in comparison to
the larvae and by the S. haematobium worms in comparison to
the S. mansoni worms, in line with the strength of the hydrogen
barrier formed with the medium as characterized by the analysis
of the quasi-elastic contribution to the total motion [13]. Analo-
gously, larvae and worms interact less strongly with the medium
after one day since hypoxia activates the parasite tegument-asso-
ciated nSMase inducing SM hydrolysis and collapse of the hydro-
gen barrier [11,29]. As a confirmation, by comparing seven day-
old and intact S. mansoni larvae examined by indirect membrane
immunofluorescence using radiation cercariae vaccine serum
(Fig. 4), it is evident that larvae exposed overnight to hypoxic con-
ditions allowed access of antibodies to, and hence visualization of,
the surface membrane antigens, likely due to collapse of the sur-
rounding sphingomyelin-based hydrogen bond network. This ef-
fect is similar to that observed as a consequence of a
temperature increase in the S. mansoni larvae.

Since both mobility and flexibility are fundamental interplaying
aspects in the global behavior of a living system, which is linked to
the biological functions, our previous [13] and present works pro-
vide complementary information on the defence mechanisms that
parasites activate as a response to the immune system attack and
on hostile external conditions, such as hypoxia and thermal stress.

3.5. Future prospects

We are planning to apply our novel methodology to examine
the interaction of the surface membrane of normal, cancer, and
metastatic cancer cells with the surrounding medium, and investi-
gate whether SM in the apical lipid bilayer of mammalian cells
forms with the neighboring lipid molecules and surrounding water
a hydrogen bond network, similarly to schistosomes. Indeed, an
increasingly tight SM-based hydrogen barrier could be responsible
for lack of cancer cells contact inhibition [30,31], decrease and loss
of MHC and other surface membrane antigens visualization [32-
35], and evasion from immune effectors recognition and destruc-
tion during metastasis [36]. This study is prompted by the numer-
ous reports documenting the key role of SM in cancer
development, metastasis, and control [37-40].

Fig. 4. Seven day-old S. mansoni larvae examined by indirect membrane immuno-
fluorescence using radiation cercariae vaccine serum. On the left, intact larva is
almost entirely negative, while on the right larva exposed overnight to hypoxic
conditions allowed access of antibodies to, and hence visualization of, the surface
membrane antigens, likely due to collapse of the surrounding sphingomyelin-based
hydrogen bond network.

Acknowledgments

We acknowledge the Institute Laue Langevin (ILL, Grenoble,
France) for the dedicated runs on the IN4 spectrometer, and Miguel
Gonzalez and Claudia Mondelli for the precious support during the
experiment.

References

[1] J. Utzinger, G. Raso, S. Brooker, D. De Savigny, M. Tanner, N. Ornbjerg, B.H.
Singer, E.K. N'goran, Schistosomiasis and neglected tropical diseases: towards
integrated and sustainable control and a word of caution, Parasitology 136
(2009) 1859-1874.

[2] C.H. King, Parasites and poverty: the case of schistosomiasis, Acta Trop. 113
(2010) 95-104.

[3] DJ. Hockley, Ultrastructure of the outer membrane of Schistosoma mansoni, ].
Parasitol. 56 (1970) 151-152.

[4] DJ. Hockley, D.J. McLaren, Schistosoma mansoni: changes in the outer
membrane of the tegument during development from cercariae to adult
worm, Int. J. Parasitol. 3 (1973) 13-25.

[5] D.A. Dean, Decreased binding of cytotoxic antibody by developing Schistosoma
mansoni. Evidence for a surface change independent of host antigen adsorption
and membrane turnover, ]. Parasitol. 63 (1977) 418-426.

[6] J.R. Kusel, J.F. Gordon, Biophysical studies of the schistosome surface and their
relevance to its properties under immune and drug attack, Parasite Immunol.
11 (1989) 431-451.

[7] G.Krautz-Peterson, S. Camargo, K. Huggel, F. Verrey, C.B. Shoemaker, P.J. Skelly,

Amino acid transport in schistosomes: characterization of the permease heavy

chain SPRM1hc, J. Biol. Chem. 282 (2007) 21767-21775.

G. Krautz-Peterson, M. Simoes, Z. Faghiri, D. Ndegwa, G. Oliveira, C.B.

Shoemaker, P.J. Skelly, Suppressing glucose transporter gene expression in

schistosomes impairs parasite feeding and decreases survival in the

mammalian host, PLoS Pathog. 6 (2010). e1000932-1-e1000932-8.

Z. Faghiri, S.M. Camargo, K. Huggel, I.C. Forster, D. Ndegwa, F. Verrey, P.]. Skelly,

The tegument of the human parasitic worm Schistosoma mansoni as an

excretory organ: the surface aquaporin SmAQP is a lactate transporter, PLoS

One 5 (2010). e10451-1-e10451-9.

(8

[9


http://refhub.elsevier.com/S0006-291X(14)00371-4/h0005
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0005
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0005
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0005
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0010
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0010
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0015
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0015
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0020
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0020
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0020
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0025
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0025
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0025
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0030
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0030
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0030
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0035
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0035
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0035
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0040
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0040
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0040
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0040
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0045

260 F. Migliardo et al./Biochemical and Biophysical Research Communications 446 (2014) 255-260

[10] H. Tallima, M. Salah, R. El Ridi, In vitro and in vivo effects of unsaturated fatty
acids on Schistosoma mansoni and S. haematobium lung-stage larvae, J.
Parasitol. 9 (2005) 1094-1102.

[11] R. El Ridi, H. Tallima, Equilibrium in lung schistosomula sphingomyelin
breakdown and biosynthesis allows very small molecules, but not antibody, to
access proteins at the host-parasite interface, J. Parasitol. 91 (2006) 730-737.

[12] H. Tallima, R. El Ridi, Schistosoma mansoni glyceraldehyde 3-phosphate
dehydrogenase is a lung-stage schistosomula surface membrane antigen,
Folia Parasitol. (Praha) 55 (2008) 180-186.

[13] F. Migliardo, H. Tallima, R. El Ridi, Is there a sphingomyelin-based hydrogen
bond barrier at the mammalian host-schistosome parasite interface?, Cell
Biochem Biophys. 68 (2014) 359-367.

[14] H. Tallima, M.F. Al-Halbosiy, R. El Ridi, Enzymatic activity and
immunolocalization of Schistosoma mansoni and Schistosoma haematobium
neutral sphingomyelinase, Mol. Biochem. Parasitol. 178 (2011) 23-28.

[15] J. Murphy, C. Desaive, W. Giaretti, F. Kendall, C. Nicolini, Experimental results
on mammalian cells growing in vitro in deuterated medium for neutron-
scattering studies, J. Cell Sci. 25 (1977) 87-94.

[16] M. Jasnin, M. Moulin, M. Haertlein, G. Zaccai, M. Tehei, In vivo measurement of
internal and global macromolecular motions in Escherichia coli, Biophys. J. 95
(2008) 857-864.

[17] M. Tehei, B. Franzetti, D. Madern, M. Ginzburg, B.Z. Ginzburg, M.-T. Giudici-
Orticoni, M. Bruschi, G. Zaccai, Adaptation to extreme environments:
macromolecular dynamics in bacteria compared in vivo by neutron
scattering, EMBO Rep. 5 (2004) 66-70.

[18] E.C. Trantham, H.E. Rorschach, J.S. Clegg, C.F. Hazlewood, R.M. Nicklow, N.
Wakabayashi, Diffusive properties of water in Artemia cysts as determined
from quasi-elastic neutron scattering spectra, Biophys. J. 45 (1984) 927-938.

[19] M. Weik, H. Patzelt, G. Zaccai, D. Oesterhelt, Localization of glycolipids in
membranes by in vivo labeling and neutron diffraction, Mol. Cell 1 (1998) 411-
419.

[20] B. Varga, F. Migliardo, E. Takacs, B. Vertessy, S. Magazii, C. Mondelli, Neutron
scattering studies on dUTPase complex in presence of bioprotectant systems,
Chem. Phys. 345 (2008) 250-258.

[21] S. Magazi, F. Migliardo, F. Affouard, M. Descamps, M.T.F. Telling, Study of the
relaxational and vibrational dynamics of bioprotectant glass-forming mixtures
by neutron scattering and molecular dynamics simulation, J. Chem. Phys. 132
(2010) 1845121-1845129.

[22] S. Magazii, F. Migliardo, M.A. Gonzalez, C. Mondelli, Inelastic neutron
scattering study of dynamical properties of bioprotectant solutions against
temperature, J. Non-Cryst. Solids 358 (2012) 2635-2640.

[23] M. Tehei, D. Madern, C. Pfister, G. Zaccai, Fast dynamics of halophilic malate
dehydrogenase and BSA measured by neutron scattering under various solvent
conditions influencing protein stability, Proc. Natl. Acad. Sci. USA 98 (2001)
14356-14361.

[24] F. Volino, AJ. Dianoux, Organic Liquids, in: Structures Dynamics and Chemical
Properties, John Wiley and Sons Ltd, New York, 1978.

[25] M. Bée, Quasielastic Neutron Scattering: Principles and Applications in Solid-
State Chemistry, Biology and Material Science, Hilger, Bristol, 1988.

[26] F. Migliardo, C. Salmeron, N. Bayan, Mobility and temperature resistance of
trehalose mycolates as key characteristics of the outer membrane of

Mycobacterium tuberculosis. ]J. Biomol. Struct. Dyn. (in press), http://
dx.doi.org/10.1080/07391102.2014.887032.

[27] R. El Ridi, H. Tallima, N. Mahana, J.P. Dalton, Innate immunogenicity and
in vitro protective potential of Schistosoma mansoni lung schistosomula
excretory-secretory candidate vaccine antigens, Microbes Infect. 12 (2010)
700-709.

[28] K.S. Warren, Schistosomiasis: host-pathogen biology, Rev. Infect. Dis. 4 (1982)
771-775.

[29] F.M. Goni, A. Alonso, Sphingomyelinases: enzymology and membrane activity,
FEBS Lett. 531 (2002) 38-46.

[30] M. Abercrombie, Contact inhibition and malignancy, Nature (1979) 259-262.

[31] J. Batson, J.W. Astin, C.D. Nobes, Regulation of contact inhibition of locomotion
by Eph-ephrin signalling, ]. Microsc. 251 (2013) 232-241.

[32] MJ. Maeurer, S.M. Gollin, D. Martin, W. Swaney, ]. Bryant, C. Castelli, P.
Robbins, G. Parmiani, W.J. Storkus, M.T. Lotze, Tumor escape from immune
recognition: lethal recurrent melanoma in a patient associated with
downregulation of the peptide transporter protein TAP-1 and loss of
expression of the immunodominant MART-1/Melan-A antigen, J. Clin. Invest.
98 (1996) 1633-1641.

[33] A.Johnsen, J. France, M.S. Sy, C.V. Harding, Down-regulation of the transporter
for antigen presentation, proteasome subunits, and class [ major
histocompatibility complex in tumor cell lines, Cancer Res. 58 (1998) 3660-
3667.

[34] M. Vitale, R. Rezzani, L. Rodella, G. Zauli, P. Grigolato, M. Cadei, D.J. Hicklin, S.
Ferrone, HLA class 1 antigen and transporter associated with antigen
processing (TAP1 and TAP2) down-regulation in high-grade primary breast
carcinoma lesions, Cancer Res. 58 (1998) 737-742.

[35] H. Pandha, A. Rigg, ]. John, N. Lemoine, Loss of expression of antigen-
presenting molecules in human pancreatic cancer and pancreatic cancer cell
lines, Clin. Exp. Immunol. 148 (2007) 127-135.

[36] R. Dahiya, B. Boyle, B.C. Goldberg, W.H. Yoon, B. Konety, K. Chen, T.S. Yen, W.
Blumenfeld, P. Narayan, Metastasis-associated alterations in phospholipids
and fatty acids of human prostatic adenocarcinoma cell lines, Biochem. Cell
Biol. 70 (1992) 548-554.

[37] CW. Kim, H.M. Lee, T.H. Lee, C. Kang, H.K. Kleinman, Y.S. Gho, Extracellular
membrane vesicles from tumor cells promote angiogenesis via sphingomyelin,
Cancer Res. 62 (2002) 6312-6317.

[38] S. Mondal, C. Mandal, R. Sangwan, S. Chandra, C. Mandal, Withanolide D
induces apoptosis in leukemia by targeting the activation of neutral
sphingomyelinase-ceramide cascade mediated by synergistic activation of c-
Jun N-terminal kinase and p38 mitogen-activated protein kinase, Mol. Cancer
9 (2010) 239-255.

[39] S. Asano, K. Kitatani, M. Taniguchi, M. Hashimoto, K. Zama, S. Mitsutake, Y.
Igarashi, H. Takeya, J. Kigawa, A. Hayashi, H. Umehara, T. Okazaki, Regulation
of cell migration by sphingomyelin synthases: sphingomyelin in lipid rafts
decreases responsiveness to signaling by the CXCL12/CXCR4 pathway, Mol.
Cell. Biol. 32 (2012) 3242-3252.

[40] B. Park, Y.M. Lee, ].S. Kim, Y. Her, J.H. Kang, S.H. Oh, H.M. Kim, Neutral
sphingomyelinase 2 modulates cytotoxic effects of protopanaxadiol on
different human cancer cells, BMC Complement. Altern. Med. 13 (2013)
194-204.


http://refhub.elsevier.com/S0006-291X(14)00371-4/h0050
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0050
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0050
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0055
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0055
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0055
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0075
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0075
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0075
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0080
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0080
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0080
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0090
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0090
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0090
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0095
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0095
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0095
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0110
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0110
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0110
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0120
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0120
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0120
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0125
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0125
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0125
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0135
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0135
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0135
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0135
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0140
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0140
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0145
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0145
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0150
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0155
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0155
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0160
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0160
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0160
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0160
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0160
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0160
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0165
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0165
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0165
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0165
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0170
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0170
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0170
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0170
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0175
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0175
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0175
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0180
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0180
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0180
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0180
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0185
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0185
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0185
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0190
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0190
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0190
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0190
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0190
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0195
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0195
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0195
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0195
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0195
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0200
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0200
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0200
http://refhub.elsevier.com/S0006-291X(14)00371-4/h0200

	Rigidity and resistance of larval- and adult schistosomes-medium interface
	1 Introduction
	2 Materials and methods
	2.1 Parasites
	2.2 Experimental

	3 Results and discussion
	3.1 Analysis of the elastically scattered intensity and the mean square displacement
	3.2 Molecular mechanisms of the parasite-medium interaction
	3.3 Effect of temperature on S. mansoni larvae
	3.4 Biological implications
	3.5 Future prospects

	Acknowledgments
	References


