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SUMMARY

Objective. Bilharziosis is one of the most important helminthal infections in humans and is caused by blood flukes of the
genus Schistosoma. Three different life stages of the parasite occur within the mammalian host: schistosomula located in the
skin, pre-adults located in the lung and adult worms located in the portal venous system. Erythrocytes are a major source of
nutrient supply for adults. However, sources of nutrition for the developing stages are still unclear. Methods. To in-
vestigate whether schistosomula, pre-adults and adults of Schistosoma mansoni ingest human serum albumin (HSA) in vitro,
these life stages were incubated with aminofluorescein-labelled human serum albumin (Afl-HSA) for 5 h. To test the
uptake of albumin in vivo, the albumin conjugate was given intravenously to S. mansoni infected NMRI mice 24 h before
harvesting the 3 life stages. Results. In comparison to the control group schistosomula, pre-adults, and adults showed an
accumulation of Afl-HSA within the oesophagus and intestinal caecum in vitro and in vivo. Conclusion. Our findings
suggest that albumin seems to be a major source of energy supply for the early schistosomal life stages and an additive
energy support for adult worms. Since albumin has been used successfully as a drug carrier for chemotherapeutic sub-
stances against malignant disorders, further studies will focus on albumin as a carrier for anthelminthics in a drug-targeting
model.

Key words: Schistosoma mansoni, schistosomula, pre-adults, adults, ingestion, human serum albumin, aminofluorescein,
drug targeting.

INTRODUCTION Adult male schistosomes ingest about 4 x 10* eryth-
rocytes per hour; female worms, which produce
about 300 eggs per day, ingest approximately
10 times more red blood cells than the males
(Lawrence, 1973; Bogitsh, 1989). The earlier de-
velopmental stages, schistosomula and pre-adults,
are usually not able to ingest erythrocytes because of
their undersized mouth (Crabtree and Wilson, 1980).
So, only 4% of the pre-adults were found to have
decomposed erythrocytes within the digestive sys-
tem that appeared as a black mass of haem-pigment
(Clegg, 1965). Previous studies showed that the
parasites ingest macromolecules like albumin, dex-
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Infection with the blood fluke Schistosoma mansoni is
acquired in tropical regions when skin is in contact
with infested fresh water (Lademann et al. 2000).
Following the penetration of the host skin, infectious
larvae (cercariae) immediately transform into schisto-
somula. After a lung passage (pre-adults), the para-
sites finally move to the portal venous system, where
they mature and form couples.

The oral uptake of large amounts of erythrocytes
by adult schistosomes has been described previously.

Bovine serum albumin (BSA), dextrans of different
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schistosomula (Bennett and Caulfield, 1991). Fur-
thermore, rhodamine-labelled bovine serum albumin
was detected within the entire digestive system of
adult worms in vitro. Both, BSA and haemoglobin
are digested within the gut by several helminthal
proteases and peptidases (Delcroix et al. 2006). How-
ever, information regarding the albumin uptake of
the developmental stages, especially in the definite
host, is still lacking.

The aim of our study was to test whether schisto-
somula, pre-adults and adult worms of S. mansoni
are able to ingest human serum albumin (HSA)
in vitro as well as in an animal model.

MATERIALS AND METHODS
Animals

An African strain of S. mansoni, maintained in
Biomphalaria glabrata snails (Brasilian strain) and
female NMRI outbred mice (Harlan & Winkelmann,
Germany), was used throughout this work. The ex-
perimental protocols were according to the German
animal protection law and approved by the regional
animal care and use committee.

Reagents for cell culture and parasite preparation

RPMI-1640 culture medium containing 13-3 um
phenol red and 2-05 mm L-glutamine and foetal
calf serum (FCS) were obtained from GIBCO
(Germany). FCS was heat inactivated at 56 °C for
30 min before usage. Penicillin G (benzylpenicillin),
streptomycin sulfate, heparin sodium salt, HEPES
buffer (1 M) and Hanks balanced salt solution with-
out phenol red and sodium bicarbonate (HBSS) were
obtained from Sigma (Germany).

Albumin conjugate

Aminofluorescein bound to human serum albumin
(Afl-HSA) was used to visualize the uptake of albu-
min within the digestive system. The free amount
of aminofluorescein within the Afl-HSA solution
was measured to be below 1%. Dichlorotriazinyl-
aminofluorescein was covalently coupled in a 1:1
molar ratio to human serum albumin as previously

described (Wunder et al. 2003).

In vitro experiments

Schistosomula. Cercariae were harvested from the
snails and transformed into schistosomula by vor-
texing for 90 sec in order to separate tails and heads.
Cercarial bodies were sedimented by incubation
in HBSS (Ramalho-Pinto et al. 1974). Then 50-70
of the organisms were cultured in 2 ml tubes with
a 0-2um membrane lid (Eppendorf, Germany)

containing 1 ml of schistosomula culture medium
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(SCM; RPMI-1640, 100 U/ml penicillin, 100 pg/ml
streptomycin, 20 mm HEPES buffer and 5% FCS)
and incubated at room temperature for 24 h in am-
bient air. The viability of the schistosomula was de-
termined microscopically at 200-fold magnification.
After 24 h the culture medium was changed and the
schistosomula were then incubated at room tem-
perature for 5 min, 10 min, 15 min or 5 h with 1 ml of
SCM and 7-5 nmol/ml Afl-HSA. The schistosomula
were then washed 3 times with schistosomula wash
solution (RPMI-1640, 100 U/ml penicillin, 100 ug/
ml streptomycin, 20 mMm HEPES buffer) (Bennett
and Caulfield, 1991). Between the washing steps
schistosomula were centrifuged at 1000 g for 1 min.

Pre-adults. "Two 6-week-old NMRI mice were in-
fected with S. mansoni while sitting in a 50 ml water-
bath containing 500 cercariae for 90 min. Six days
after the infection the mice were sacrificed. The
lungs were rinsed in situ with flush solution (FS;
RPMI-1640, 100 U/ml penicillin, 100 ug/ml strep-
tomycin, 10% heparin) by using a sterile 20 ml syr-
inge with a winged perfusion needle. This needle was
inserted into the right cardiac ventricle and the left
ventricle was punctured with another sterile needle.
The FS was pressed into the blood circulation
through the right ventricle and was recovered from
the left ventricle to remove the blood from the lungs.
The flushed lungs were dissected into small pieces
with a scalpel and incubated in adult culture medium
(ACM; RPMI-1640, 100 U/ml penicillin, 100 gg/ml
streptomycin, 10% FCS; El-Ridi et al. 1997) at 37 °C
and 5% CO, for 3 h. The pre-adults were separated
from the lung tissue by a filter with a 200 yum mesh
(Miller and Wilson, 1978). Then 30-50 pre-adults
were cultivated in a 2 ml tube with a 0-2 um mem-
brane lid containing 1 ml of ACM at 37 °C and 5%
CO, for 24 h. The viability of the pre-adults was
determined microscopically at 200-fold magnifi-
cation. The culture medium was changed and the
pre-adults were incubated with 1 ml of ACM and
7-5 nmol/ml Afl-HSA at 37 °C and 5% CO, for
5 min, 10 min, 15 min or 5 h to examine the uptake of
the conjugate over time. The pre-adults were then
washed 3 times with adult wash solution (AWS;
RPMI-1640, 100 U/ml penicillin, 100 ug/ml strep-
tomycin). Between the washing steps the life stages
were centrifuged at 1000 g for 1 min.

Adults. Two 6-week-old NMRI mice were in-
fected with 300 cercariae of S. mansoni as described
above and sacrificed 70 days after infection. To re-
cover the adult worms the portal vein was dissected
near the hilus region. Then a winged perfusion
needle was inserted into the right cardiac ventricle
and the FS was pressed into the blood circulation
with a 20 ml syringe. The flushed worms were im-
mediately transferred into AWS and washed until
the culture medium was cleared from blood. Ten
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adult worms were cultured per cavity of 6-well plates
(NUNC, Germany) containing 5 ml of ACM at
37 °C and 5% CO, for 24 h. The viability of the
cultured worms was examined under the dissecting
microscope at 5-fold magnification. The culture
medium was changed and adults were incubated with
7-5 nmol/ml Afl-HSA per well at 37 °C and 5% CO,
for 5 min, 10 min, 15 min or 5 h to examine the up-
take of the conjugate. Another group was incubated
with an equivalent dose of Afl-HSA for a prolonged
period of 30 h to observe the degradation of the
conjugate. After incubation the adult worms were
washed 3 times with AWS.

In vivo experiments

For recovering schistosomula 3 six-
week-old mice were anaesthesized with 6 mg/kg
bodyweight xylazin hydrochloride (Rompun®™ 2%,
Bayer, Germany) and 90 mg/kg bodyweight keta-
mine hydrochloride (Ketamin 10%, Essex Health-
care, Germany). One centimetre of a mouse tail was
then fixed in a tube, filled with water containing
500 cercariae, and incubated for 30 min. After 24 h,
0-4 ml of Afl-HSA (60-16 umol/kg bodyweight) were
injected into the tail vein of the infected mice. One
day later, the mice were sacrificed and the tail skin,

Schistosomula.

where cercariae had been allowed to invade, was
removed. By using a scalpel the skin was chopped
into small pieces and incubated in SCM for 3 h to
assure the emigration of the schistosomula into the
medium.

Pre-adults and adults. For the recovery of pre-
adults and adults 5 six-week-old mice per stage were
infected as described for the in vitro experiments. To
examine the uptake of albumin by pre-adults and
adults 0-4 ml of Afl-HSA (pre-adults: 60-16 umol/kg
bodyweight, adults: 42:97 umol/kg bodyweight)
were injected into the tail veins of the mice 6 days and
70 days after infection with cercariae, respectively.
One day after the injection of Afl-HSA | all mice were
sacrificed and the pre-adults and adults were isolated
from the lungs or the portal vein as described above.

Fluorescence microscopy

Immediately after the final washing steps of the
in vitro experiments or the recovery from the mice,
the schistosomula and pre-adults were examined
microscopically at 200-fold magnification and the
adult worms at 100-fold magnification to detect
green or blue fluorescence in the digestive, the ex-
cretory and the reproductive systems or the outer
surface, respectively. All helminthic stages were ex-
amined alive under a Nikon Eclipse E 600 (NIKON
GmbH, Diisseldorf, Germany) fluorescence micro-
scope with FI'TC filters to detect green fluorescence
(excitation filter (EX): 465-495 nm, barrier filter
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(BA): 515-555 nm) and a COHU high performance
CCD camera. Because of the blue autofluorescence
of the body surface, additional images were taken
with DAPI filters (EX: 340-380, BA: 435-485) to
visualize the body contours of the different helmin-
thic stages. The images from FI'TC and DAPI filters
were put on top of each other with the image pro-
cessing software (4-Mac-Probe 4.0; Perceptive
Scientific Instruments International Ltd, Chester,
UK). However, because of worm movement in

some cases the images were taken only with the
FITC filters.

Control of autofluorescence

Ten schistosomula, 10 pre-adults and 5 male as well
as 5 female adults of S. mansoni, served as controls
without Afl-HSA treatment and were examined for
green autofluorescence by fluorescence microscopy
at 100- and 200-fold magnification with the FITC
filters.

RESULTS
Ingestion of Afl-HSA in vitro

When schistosomula were incubated with 7-5 nmol/
ml Afl-HSA for 5 min, an intense green fluorescence
could be detected within the intestinal tract of all
examined schistosomula. One of 4 (25%) showed
the fluorescence only in the oesophagus, whereas
3 of 4 (75 %) exhibited fluorescence in the oesophagus
and the caecum. After 10 min, 15 min, 30 min and
5 han intense green fluorescence within both oesoph-
agus and caecum could be observed in all examined
schistosomula (Fig. 1A, Table 1).

When pre-adults were incubated with the albumin
conjugate for 5 min, an intense green fluorescence
could only be observed in 1 of 11 (9%) examined
stages. A slight green fluorescence within both
oesophagus and caecum was observed in 7 of 11
(64 %) whereas 3 of 11 (27%) exhibited the fluor-
escence only within the caecum. After 10 min, 7 of 8
(88%) showed an intense green fluorescence within
the whole digestive system, 1 of 8 (12%) showed a
slight green fluorescence within the caecum. After
15 min, 8 of 10 (80 %) pre-adults exhibited an intense
green fluorescence within the oesophagus and cae-
cum. One of 8 (10 %) exhibited the green fluorescence
only within the caecum and another 10% did not
show fluorescence within the digestive system. At the
longer incubation periods of 30 min and 5 h, 10 and
86 pre-adults, respectively, showed an intense green
fluorescence in the oesophagus and the caecum
(Fig. 1B, Table 1).

When incubating adult worms with 7-5 nmol/ml
Afl-HSA for 5 min, 3 of 4 (75%; 13, 2%) adult worms
did not show green fluorescence within the digestive
system, whereas a slight green fluorescence within
the oesophagus and the caecum could be observed in
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Fig. 1. In vitro ingestion of Al-HSA by schistosomula (A), pre-adults (B) and adults (C) of Schistosoma mansoni,
showing an intense green fluorescence in the oesophagus and the caecum after 5 h. In vitro accumulation (intense green
fluorescence) of Afl-HSA in the flame cells of the excretory system of adults (D) of S. manson: after 30 h. (Fluorescence
microscopy; FI'T'C filters for pictures A, B, C, D and DAPI filters for pictures A, B, C).

1 of 4 (25%; 13). After 10 min a slight green fluor-
escence within the oesophagus and caecum could be
observed in 40% (2/5; 23) of the examined adults.
Another 40% (2/5; 13, 19) of adults showed no green
fluorescence within the entire digestive system and
only 20% (1/5; 1?) showed an intense green fluor-
escence within the oesophagus and caecum. After
15 min, 43% (3/7; 23, 1?) of the examined parasites
showed a slight green fluorescence within the oesoph-
agus and caecum, while 57% (4/7; 23, 29) exhibited
no signs of green fluorescence. After 30 min, 5 h and
30hall 9 (73, 2 9), 30 (173, 139) and 16 (113, 59)
examined adults, respectively, showed an intense
green fluorescence within the oesophagus and the
caecum (Fig. 1C, Table 1). After the prolonged in-
cubation period of 30 h, 7 of 16 (44%; 73) of the
adults showed a green fluorescence of the flame cells
of the excretory system (Fig. 1D). Afl-HSA did not
bind to the outer surface of any of the examined
stages in vitro.

Ingestion of Afl-HSA in vivo

All 60 schistosomula, recovered from the tail skin,
and all 203 pre-adults, recovered from the lungs,
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showed an intense green fluorescence within the
oesophagus and the caecum after treating infected
mice with 60-16 umol/kg bodyweight Afl-HSA for
24 h (Fig. 2A-B). All 105 adult worms (613, 449),
recovered from the portal venous system of mice
showed an intense green fluorescence within the
entire digestive system after treating mice with
42-97 umol/kg bodyweight Afl-HSA for 24h
(Fig. 2C). As in the in vitro experiments Afl-HSA did
not attach to the outer surface of any examined life
stage in vivo.

Control group

None of the 20 schistosomula, 8 pre-adults and 5 male
adults, exhibited a green autofluorescence of the di-
gestive system, the outer tegument, the excretory
and the reproductive system. In none of the 5 female
adults was green fluorescence of the digestive sys-
tem detectable. In all females, an intense auto-
fluorescence of the eggs, but not of the reproductive
system or the excretory system was detectable
(Fig. 2D). Three females showed a slight green auto-
fluorescence of the tegument of the caudal part of the

body.
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Table 1. Patterns of fluorescence of schistosomula, pre-adults and adults at different time-points after

incubation with Afl-HSA in vitro

Incubation period

Pattern of fluorescence 5 min

10 min 15 min 30 min 5h

Niotal 4

No green fluorescence detectable —

Slight green fluorescence within —
oesophagus and/or caecum

Intense green fluorescence within 3
oesophagus

Intense green fluorescence within 1
oesophagus and caecum

Schistosomula

Pre-Adults Neotal 11

No green fluorescence detectable —

Slight green fluorescence within 3
oesophagus

Slight green fluorescence within 7
oesophagus and caecum

Intense green fluorescence within  —
oesophagus

Intense green fluorescence within 1
oesophagus and caecum

Adults Neotal

No green fluorescence

Slight green fluorescence within
oesophagus

Slight green fluorescence within
oesophagus and caecum

Intense green fluorescence within —
oesophagus

Intense green fluorescence within —
oesophagus and caecum

4(23,29)
3(18,29) 2(18,19)  4(23,29)

1(13)

3

w1
~
[N}
o
=)

oo
—_
o
—_
o
(o]
(@)}

—_

7 8 10 86

5(43,19)  7(43,39) 30 (173, 139)

9(73,29)

2(23) 3(28,19) — —

1(13) — 973,29 30(173, 139)

DISCUSSION

In our in vitro experiments schistosomula and pre-
adults ingested Afl-HSA rapidly within the first
10 min of incubation, as shown by intense green
fluorescence within the entire digestive system of
almost all examined life stages at this time-point. The
same pattern was observed after 15 min, 30 min and
5 h of incubation. There was a time-dependent up-
take of the Afl-HSA, suggesting that early develop-
mental stages rapidly ingest proteins from the culture
medium or serum. This hypothesis is supported by
an earlier study that showed the ingestion of albumin
by schistosomula of S. mansoni. Mechanically trans-
formed schistosomula were found to ingest FI'TC-
BSA within 30 min of incubation, exhibiting green
fluorescence either in the oesophagus or the caecum.
The authors proposed that ingested macromolecules
enter the oesophagus by osmotic pressure and are
transported to the caecum by peristalsis. The diges-
tion of proteins by proteases in the caecum, and the
uptake of the resulting peptides by cells of the gut
epithelium reduce the osmotic pressure, so that the
ingestion continues. The authors verified their the-
ory by demonstrating, by thin-layer chromato-
graphy, the proteolytic degradation of FITC-BSA
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into peptides with a length of 10-15 amino acids
within the gut (Bennett and Caulfield, 1991).

In contrast to the early developmental stages, adult
worms exhibited an intense green fluorescence of the
entire digestive system at the earliest after 30 min
incubation with Afl-HSA. While ingestion of mol-
ecules seems to be based on the osmotic pressure in
schistosomula and pre-adults, adult worms ingest
molecules actively by suction created by the muscles
of the oral sucker and the oesophagus (Halton, 1997).
Therefore, adult worms might need longer to ingest
albumin and fill the entire digestive system.

Nutritional uptake via the tegument has been dis-
cussed for schistosomes previously. In the case of glu-
cose, uptake occurs via specific schistosomal glucose
transporter proteins (SGTP). SGTP1 and SGTP4,
both localized in the tegument but not in the gut,
are involved in the uptake of glucose (Fripp, 1967;
Uglem and Read, 1976 ; Skelly et al. 1998). Since we
did not observe any green fluorescence of the outer
worm surface in our experiments, there seems to be
no albumin uptake via the tegument. The bright
fluorescence within the lumen of the gut indicated an
exclusively oral uptake of albumin by schistosomula,
pre-adults and adult worms.
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Fig. 2. In vivo ingestion of Afl-HSA by schistosomula (A), pre-adults (B, pre-adult is in the stretched phase of
movement) and adults (C) of Schistosoma mansoni showing an intense green fluorescence of the entire digestive system
after 24 h. Green autofluorescence of the eggs (white arrows) is detectable in treated (C) and untreated adult females (D).
(Fluorescence microscopy; FI'TC filters for pictures A, B, C, D and DAPI filters for pictures A, B, C).

After a prolonged incubation period of 30 h we
additionally observed an intense green fluorescence
of the flame cells of the excretory system of adult
worms in vitro. T’he microscopic morphology of the
flame cells was similar to that described in previous
studies (Bogers et al. 1994 ; Sato et al. 2003). Earlier
studies reported that fluorescent dyes or proteins
bound to fluorescent dyes are able to enter the
excretory system directly. The fluorescent dyes re-
sorufin and Texas Red—Dbovine serum albumin
(TxR-BSA) entered the excretory system of adult
schistosomes within 60 min of incubation (Sato et al.
2002 ; Wippersteg et al. 2003 ; Kusel et al. 2006). The
detailed uptake mechanisms still remain unclear, but
it is discussed that e.g. resorufin enters the schisto-
somal body and is then excreted via the excretory
system (Sato et al. 2004). Furthermore, tegumental
damage resulted in the rapid labelling of the excret-
ory system with the fluorescent markers resorufin
and TxR-BSA in schistosomula and adults within
several minutes (Wippersteg et al. 2003 ; Tan et al.
2003). However, in our experiments the fluorescence
labelling of the excretory system did not occur rap-
idly, but only after 30 h of incubation and the albu-
min conjugate solution contained less than 1% free
aminofluorescein, which did not accumulate on the
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body surface. Therefore we conclude that there was
no direct uptake of the dye via diffusion from the
medium or via strongly damaged tegumental areas.
Since earlier studies, using interference RNA
(RNAI) and specific protease inhibitors, reported on
the digestion of bovine and mouse albumin by a
schistosomal multi-enzyme network composed of
cathepsin proteases and an asparaginyl endopep-
tidase, we assume, that albumin might be degraded
within the gut lumen. Hence resulting peptide frag-
ments bound to aminofluorescein might be taken up
via gut cells and finally excreted via the excretory
system (Delcroix et al. 2006).

Since albumin is the most common protein and the
biggest amino acid reservoir within human blood
and, with respect to the previous studies regarding
ingestion and digestion by schistosomes, albumin
might be a major source of energy supply for schisto-
somula and pre-adults. Moreover, albumin seems to
be an additional source of energy supply for adult
schistosomes, as recent studies reported on the un-
derdevelopment of both sexes of adult worms in
undernourished mice, which were fed on a protein-
deficient diet (Neves et al. 2001 ; Barros et al. 2009).

Drug therapy of bilharziosis is currently not suc-
cessful until the schistosomes have matured and
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reached the portal venous system, which is not earlier
than 30 to 40 days after infection (Silva et al. 2003).
As albumin is rapidly ingested and also digested by
all schistosomal stages, it seems suitable as a carrier
molecule for drugs. A carrier substance can enable
enrichment of linked drugs in the target structures,
such as in tumors or, as in our case, helminths.
Albumin carrying the cytostatic drug methotrexate
has successfully prevented the onset of rheumatoid
arthritis (Wunder et al. 2003). It was used for pro-
phylaxis of graft-versus-host disease in animals
(Wolff et al. 2006) and for cancer treatment in clinical
Phase I and II trials (Hartung et al. 1999; Vis et al.
2002; Bolling et al. 2006). Systemic side-effects of
methotrexate were greatly reduced when linked to
albumin as a carrier.

Our findings of Afl-HSA ingestion, especially in
early schistosomal stages, may be a step towards a
potential drug-targeting treatment of early schisto-
somiasis with albumin bound to praziquantel or
other anthelminthic drugs. Further studies have to
show whether a drug bound to albumin has enhanced
activity against juvenile and adult parasites.
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