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Abstract

AIM: To introduce Granulocyte-colony stimulating factor
(G-CSF) as a new therapeutic modality for schistosomia-
sis through stem cell mobilization, immunomodulation
or fibrosis remodeling.

METHODS: In this study, a 5 d course of human re-
combinant G-CSF (100 ug/kg sc) was applied to Schis-
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tosoma mansoni-infected mice at different stages of
disease (5 d before infection as well as 3, 5 and 7 wk
post-infection). The animals were sacrificed at 10 d as
well as 4, 6 and 8 wk post infection. Mice were exa-
mined for: (1) Total leukocyte count which is an accep-
ted surrogate marker for the stem cell mobilization
into the circulation; (2) Egg count in intestine and liver
tissue to assess the parasitic load; and (3) Histopa-
thological changes in Hx/E and Masson trichrome sta-
ined sections as well as collagen content in Sirius red-
stained liver sections to determine the severity of liver
fibrosis.

RESULTS: Mice developed leukocytosis. The egg load
and the number of granulomas were not affected by
the G-CSF treatment but there was an obvious change
in the composition of granulomas towards an increased
cellularity. Moreover, fibrosis was significantly decreased
in treated groups compared to untreated animals
(collagen content either preinfection or at 3 and 5 wk
post infection: 5.8 + 0.5,4.7 £ 0.5, 40+ 0.7 vs 8.2 £
0.9; P < 0.01).

CONCLUSION: Although G-CSF did not cause direct
elimination of the parasite, it enhanced granulomatous
reaction and reduced the fibrosis. Further investigation
of the underlying mechanisms of these two actions is
warranted.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Schistosomiasis is a parasitic disease that mainly affects
the rural population in developing countries. An estimated
200 million people suffer from this disease, 85% of whom
live in sub-Saharan Africa, and 650 million people are at
risk of infection'".

Schistosoma mansoni (S. mansoni) is a leading cause of
chronic liver disease. Morbidity from this infection is pri-
marily the result of a granulomatous reaction to eggs depo-
sited in the liver leading to the induction of fibrosis and
portal hypertensionlz]. The immuno-pathology of the gra-
nulomatous response has been studied extensively in mu-
rine models as there is a close similarity to that in human
schistosomiasis”. Granulocyte-colony stimulating factor
(G-CSF) is a cytokine that shows a variety of biological
functions. Its action ranges from mobilization of bone
marrow-derived stem cells to immuno-modulation of a
variety of host responses and even anti-infectious prop-
erties. It is in clinical use for the mobilization of bone
marrow-derived stem cells before peripheral stem cells are
harvested and stem cell transplantation is performedw. A
new strategy employing bone marrow-derived stem cells
has recently been attempted for organ repair. Stem cell
mobilization with G-CSF had a dramatic effect on the
enhancement of stem cell "transdifferentiation” into cat-
diomyocytes in a rat model of myocardial infarction®. Pe-
tersen ¢z al” first reported "transdifferentiation" of hemato
poietic stem cells into liver cells. The frequency of trans-
differentiation and thereby its biological relevance has been
a controversial discussion!”. Granulocyte-colony stimula-
ting factor can also modulate the immune response by
affecting T cells and their cytokine secretion. Some au-
thors™ " have described polarization of T cell response
towards T helper 2 cell type by G-CSE Another study""
documented inhibition of both Thl and Th2 with redu-
ced INF-y and IL-4 production by G-CSF. Moreover,
it was found that G-CSF is in clinical use to battle cyto-
megalovirus (CMV) infection in immuno-suppressed pa-
tients. Noursadeghi ez al™ reported the effect of G-CSF
on the non-specific acute phase response associated with
increased resistance to bacterial infection. Schneider ez a/"”
evaluated the effect of G-CSF in 60 patients undergoing
major surgery and observed an increase in anti-infectious
mediators, reduction in the incidence and severity of post-
operative infections plus attenuation of the postoperative
acute phase response. It was demonstrated that G-CSF up-
regulates lipopolysaccharide binding protein (LBP) in the
liver, thus potentially contributing to increased resistance

against lipopolysaccharide (LPS) " "This result hints at the
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potential influence of G-CSF on the innate immune sys-
tem.

The aim of this study is to employ an interesting drug
candidate, G-CSE, as a new therapeutic approach that
may potentially influence the damage response and con-
sequently the course of liver disease caused by S. mansoni
infestation.

MATERIALS AND METHODS

Materials

Experimental animals and experimental design: CD1
mice, aged 6-7 wk and weighing 15-18 ¢, were used in this
study. Mice were bred at the Schistosome Biological Sup-
ply Program (SBSP) (Theodor Bilharz Research Institute,
Giza, Egypt). They were fed on a standard pelleted diet
(containing 24% protein, 4% fat and about 4%-5% fiber
and water ad libitum) according to a recipe prepared by
Lowell University, USA. The study met the national guide-
lines of experimental animal research.

CD1 mice (6-8/subgroup) were infected with cet-
cariae of S. mansoni and treated with G-CSE. In the first
group, G-CSF treatment (100 pg/kg) started 5 d prior to
infection and continued every other day for 10 d post in-
fection (PI). In other groups, G-CSF treatment started 3,
5, and 7 wk post infection (wpi). Animals were sacrificed
on day 10 and week 4, 6 and 8 post infections (Figure 1).

Parasites: S. mansoni cercariae were obtained from infect-
ed Biomphalaria alexandrina snails which were reared and
maintained at the SBSP. The original strain of S. wansoni
was obtained from Lowell University, Lowell, Massachu-
setts, USA. by passage throughout bred mice and B. alex-
andrina snails.

Estimating cercarial densities: The cercarial suspension
was mixed with a magnetic stirring bar and ten times of
0.1 mL aliquots were removed from the center of the sus-
pension by a syringe and placed into a petri dish. Before
counting under a dissecting microscope, one drop of Lu-
gol’s iodine solution was added. The counts were averaged
and the cercarial density was determined!"”,

Infection: About 70-80 S. mansoni cercatiae suspended
in 0.2 mL solution was injected subcutaneously into the
back of each mouse using a 22 gauge needle syringe''.

Methods

Mice were examined for general condition, body weight,
liver weight at time of sacrifice and liver/body weight
ratio.

Confirmation of G-CSF effect was based on: (1) Rela-
tive amount of mobilized leukocytes. Total leukocytic
count was performed using an automated cell analyzer
(Sysmex Corporation, KX_21, Japan) and differential
counts were made from the slide-mounted blood films
stained with Leishman stain; (2) Egg count in intestine
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Figure 1 Experimental design. w: week; p.i.: post infection.

and liver!'”, The number of ova/ gm intestinal or hepatic
tissue was counted after digestion overnight in 5% KOH;
and (3) Assessment of disease severity by detailed liver his-
tology including assessment of liver fibrosis.

Histopathology: Following sacrifice of animals by cervi-
cal dislocation, the liver was removed, rinsed with phos-
phate buffered saline and weighed. Liver specimens from
the right lobe were processed and stained with hematoxy-
lin and eosin and Masson trichrome stains. Sections wete
examined for hepatic parenchyma, periovular granulomas
as well as inflammatory cell exudation and fibrous tissue
deposition in portal tracts together with bile ductular and
blood vascular changes. The diameter of granulomas was
measured (5 granulomas/section) using the ocular mi-
crometer. This was done only for granulomas containing
ova in their centers and not confluent ones. The mean di-
ameter for each group was calculated. Evaluation of liver
fibrosis was done by morphometry using 10 pum thick, Sit-
ius Red-stained sections. This is a strong anionic dye that
stains collagen by reacting, #a its sulphonic acid groups,
with basic groups present in the collagen molecule. The
elongated dye molecules are attached to the collagen fiber
in such a way that their long axes are parallel“ i Morpho-
metric assessment of the collagen content in portal tracts
and around granulomas was performed using a Zeiss mi-
croscope connected to a Kontron Image Analysis System.
Quantification of hepatic collagen deposition was done
under x50 magnification employing the CIRES software
program and represented as mean percentage of fibrotic
area = SD in 3 sections/animal.
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Figure 2 Effect of treatment on. A: body weight; B: liver weight; C: egg load in
intestine; and D: egg load in liver.

Statistical analysis

Statistical analysis was performed using the analysis of
variance method (ANOVA)™, Significant level was rea-
ched at P < 0.05.

RESULTS

All groups (treated and untreated) had a good health
status throughout the experimental period and apparent
manifestations of schistosomiasis did not develop.

Body weight (Figure 2A) was not affected significantly
by G-CSF treatment before infection and 3 wpi in animals
sacrificed 4 wpi with an average body weight of 20.95
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g, 21.10 g and 19.89 g in untreated, preinfection treated
and 3 wpi treated animals respectively. Body weight in
mice sacrificed 6 wpi was not affected significantly by
treatment, being 24.2 »s 22.75, 21.2, 21.75 g in controls
untreated, preinfection treated and treated 3 and 5 wpi re-
spectively. Also, at 8 wpi, the body weight of controls and
those receiving treatments did not differ significantly (22.9,
20.9, 21.4 and 21.08 g in controls, treated 3, 5 and 7 wpi
respectively).

The effect of treatment on liver weight by treatment
was dependent on the stage of infection (Figure 2B). Li-
ver weight was not significantly affected in mice sacrificed
10 d PI to be 1.06 g in the group treated preinfection
compared to 1.17 g in untreated controls. A highly signifi
cant increase occurred at 4 wpi in groups treated before
infection and 3 wpi relative to controls (1.44 and 1.1 g
s 1.01 respectively) (P << 0.01). Liver weight was signifi-
cantly affected at 6 wpi by G-CSF treatment 5 wpi (2.32 g
»5 1.97 g of controls) (P < 0.01). However, it was not sig
nificantly affected 8 wpi to be 2.23, 2.23, 2.37 g in those
treated 3, 5 and 7 wpi respectively compared to 2.17 g in
control.

Liver/body weight ratio

All treated groups had significantly higher liver/body
weight ratio at 4 wpi (4.85% in untreated controls vs
6.98% in preinfection and 5.47% in 3 wpi treated groups).
However, treatment did not affect this parameter in any
of the groups sacrificed at either 6 or 8 wpi.

Stem cell mobilizing effect of G-CSF
The average total leukocytic count (TLC) in animals
receiving G-CSF treatment was significantly higher com-
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Figure 3 Preinfection treated ani-
mals sacrificed. A: 10 d post in-
fection (H&E x 200); B: 4 wk post
infection (wpi) (Masson trichrome x
200); C,D: 6 wpi (Masson trichrome
and H&E x 200). PMN: polymor-
phonuclear.

pared to the untreated group. In mice sacrificed at 6
wpi, the TLC in the untreated group was 9.04 X 103/ pL.
However, it was 8.4, 14.87 and 10 x 10°/ uL in animals
receiving treatment before infection or treated 3 and 5
wpi respectively. Also, animals sacrificed at 8 wpi showed
significantly higher levels (P << 0.01) in mice treated 3, 5
and 7 wpi (13.3, 12.06 and 18.36 X 10°/pL respectively)
compared to the untreated group (9.07 X 10°/uL).

Effect of G-CSF treatment on egg loads in intestine and
liver

The number of eggs retained in the small bowel and the
liver of treated and untreated animals (Figure 2C, D) were
not affected significantly in mice sacrificed at 6 and 8 wpi.
A gradual non significant reduction of liver egg burden
was observed at 8 wpi when comparing the untreated and
treated groups 3, 5 and 7 wpi (13.2 X 10° eggs/g liver us
13.0, 8.1 and 9.7 X 10 eggs/g liver weights respectively).

Histopathological results

At the acute stage of infection (10 d PI), animals treated
before and for a few days after infection showed an in-
crease of infiltrating polymorphonuclear cells (PMNCs)
in the portal tract (Figure 3A) in compatison to the un-
treated group (Figure 4A). Both groups showed dilated
portal blood vessels.

At 4 wpi, animals treated preinfection showed milder
inflammation in their portal tracts compared to untreated
mice (Figure 4B). A comparable degree of inflammation
was presented in animals treated at 3 wpi (Figures 3B and
5A). Kupffer cell hyperplasia and intralobular inflamma-
tory cell infiltration seen in the untreated group (Figure
4C) were not found in treated animals at 3 wpi.
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Figure 4 Liver sections in Schistosoma mansoni-infected untreated mice. A,B: 10 d post infection (H&E x 200); C: 4 wk post infection (wpi) (H&E x 200); D: 6 wpi
(Masson trichrome x 100); E: 8 wpi (Masson trichrome x 100).

At 6 wpi, a considerable decrease in portal tract in-
flammatory infiltrate was seen in G-CSF-treated animals
compared to untreated ones regardless of the time of
treatment. Although the effect of treatment on granuloma
diameter was not significant at this stage compared to un-
treated animals (Figure 4D), cellular granulomas became
more predominant (Figures 3C, 5B, 6A) but their number
did not change. Hyperplastic Kupffer cells and lobular in-
flammatory infiltrates continued to be present in animals
treated with G-CSF before the infection (Figure 3D) but
were absent in those treated at 3 and 5 wpi. Fibrous gran-
ulomas were encountered in animals treated at 3, 5 and 7
wpi (Figures 5C, 6B, 7) compared to the untreated group.

At 8 wpi, an intense portal tract inflammation was
observed in G-CSF treated groups similar to untreated
animals (Figures 6B, 4E respectively). However, animals
treated at 3 wpi showed a decreased inflammatory reac-
tion with a significant increase in granuloma diameter
(Figure 5C). It was 275.8 um in untreated animals versus
336.12, 308.3 and 325 um in 3, 5 and 7 wpi treated mice
respectively (Figure 8). Granulomas showed lobular and
portal distribution.

Collagen content as determined by morphometric image
analysis

Treatment did not affect collagen deposition in untreated
animals at 4 wpi (2.1 £ 0) compared to animals treated
preinfection 2.6 * 0.5 and animals treated at 3 wpi 2.6
0.47. On the other hand, a highly significant decrease in
collagen content (P << 0.01) was found at 6 wpi in treated
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animals either preinfection or at 3 and 5 wpi (5.8 £ 0.5, 4.7
+ 0.5, 4.0 + 0.7 o5 untreated group 8.2 £ 0.9). Although
treatment did not fully inhibit the progressing collagen
deposition, the effect of treatment was also visible in ani-
mals at 8 wpi in animals treated at 3, 5 and 7 wpi respec-
tively (8.9 = 0.4, 10.0 = 0.8 and 11.6 = 0.9) compared to
untreated ones (12.0 £ 1.0) (Figure 9).

DISCUSSION

S. mansoni infection is detected by the first line of defense
- the innate immune system which does not detect the
whole parasite but reacts to molecules released by S.
mansoni or molecular changes induced by the parasite.
Accordingly, the innate immunity is able to detect the
pathogen associated molecular pattern (PAMP) and a
primary inflaimmatory response is induced, eventually
resulting in an immune response.

Administration of G-CSF has been shown to protect
rodents against LPS toxicity[zo] and to induce an upregula-
tion of LBP synthesis in the liver"" that decrease LPS tox-
icity through TLR4™. Since G-CSF treatment influences
the “damage detection” in this model, we evaluated its ef-
fect on S. mansoni infection especially since it was reported
that parasites directly affect TLR3 and TLR4"?. In the
course of disease, periovular granuloma and the induc-
tion of fibrosis cause most of the clinical symptoms. The
number of granulomas correlates with the severity of dis-
ease but is not affected by G-CSE. As granulomas develop
in response to egg deposition in the tissue, we assessed
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Figure 5 Animals treated 3 wk post infection and sacrificed. A: 4 wk post
infection (wpi) (H&E x 100); B: 6 wpi (Masson trichrome x 100); C: 8 wpi (Masson
trichrome x 100).

the amounts of eggs retained in liver and intestine. As ex-
pected, we found increased egg load during the course of
the disease with no significant reduction in treated mice.
The egg load is generally employed as an important pa-
rameter to assess the efficiency of S. mansoni treatment™
and consequently a lack of a significant effect of G-CSF
treatment on the egg load indicates that G-CSF does not
enhance the primary damage response.

The number of granulomas did not change in respon-
se to treatment; however, the composition of granuloma
was different in G-CSF treated animals with a predomi-
nance of cellular ones. This could be caused by GCSF-
mediated recruitment of inflammatory cells from extrahe-
patic soutces or due to endogenous hematopoiesis. Lenzi
et al”” presented evidence of internal cellular production
by granulomas and expression of G-CSF receptors. Ex-
ploration of the respective cytokine profile might help to
elucidate the mechanisms of these flared up reactions and
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Figure 6 Mice treated
5 wk post infection and
sacrificed. A: 6 wk post
infection (wpi) (Masson
trichrome x 200); B: 8
wpi (Masson trichrome x
100).

Figure 7 Mice treated at 7 wk post
infection and sacrificed at 8 wk post
infection showing multiple variable-
sized fibrocellular and fibrous lobu
lar granulomas distorting the hepa
tic lobular architecture (Masson tri-
chrome x 200).

400 - Granuloma size B Control
350 | W T2
O T3

’E; 300 - O T5
5 250 - O Tr-7
B
o 200 -
€
2 150
&
& 100 -

50 -

0 L1

1 4 6 8
t/wk

Figure 8 The effect of therapy on granuloma diameter.

whether this reaction was biased to either the Th1 or Th2
type.
Lack of full recovery by elimination of the parasites
leads to the secondary damage response associated with
the onset of a marked immune reaction, progressive tis-
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Figure 9 Effect of treatment on collagen content.

sue damage and repair with the development of a marked
fibrosis. Portal fibrosis eventually results in clinical symp-
toms due to marked portal hypertension®,

In this study, the extent of fibrosis, as estimated by the
quantitative morphometric analysis of collagen content in
Sirius red-stained liver sections, was significantly decreased
in animals sacrificed at 6 and 8 wpi in all G-CSF treated
groups. Fibrosis develops during the chronic phase of
granulomatous inflammation in murine schistosomiasis.
Fibrosis seems to represent a protective function during
infection by neutralizing and sequestering egg antigens
that can potentially damage host tissues™. An abroga-
tion of Th2 response is then required to prevent exces-
sive fibrosis. However this mechanism cannot explain
the antifibrotic action of G-CSF administered in this
experiment as the latter produces Th2 polarization rather
than abrogation. It could be speculated that the inhibitory
effect of G-CSF on collagen deposition may be related
to enhanced fibrotic degradation rather than decreased
fibrous synthesis. G-CSF was found in previous studies™
to enhance the matrix metalloproteinase family (MMP 1
and 9). Whether this is also the mechanism involved in the
current experiment is the topic of ongoing experiments.

In conclusion, the most prominent effect of treat-
ment with G-CSF consisted of a slight effect on the in-
flammatory reaction but a marked reduction of collagen
deposition irrespective of the time of starting treatment
was initiated. Further work is needed to dissect the mo-
lecular events underlying immunomodulation and fibrous
remodeling actions of G-CSF coveting later stages of the
disease for better evaluation of its therapeutic effect in
schistosomiasis.
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Background

Granulocyte-colony stimulating factor (G-CSF) has a variety of biological functions
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including mobilization of bone marrow-derived stem cells, immuno-modulation of
a variety of host responses and anti-infectious properties.

Research frontiers

This article introduces G-CSF as a new therapeutic modality in Schistosoma
mansoni (S. mansoni).

Innovations and breakthroughs

Treatment with G-CSF revealed slight affection of the inflammatory reaction and
marked reduction of collagen deposition irrespective of the time of starting treat-
ment.

Applications

Further work is needed to dissect the molecular events underlying immuno-
modulation and fibrous remodeling actions of G-CSF covering later stages of the
disease for better evaluation of its therapeutic effect in schistosomiasis.

Peer reviews

The manuscript describes the effects of human recombinant G-CSF on liver his-
topathology of mice infected with S. mansoni and prevents progression of granu-
loma formation. The findings are of interest, but observational.
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