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Four whole-istic aspects of schistosome granuloma biology:
fractal arrangement, internal regulation, autopoietic component
and closure
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This paper centers on some whole-istic organizational and functional aspects of hepatic Schistosoma mansoni
granuloma, which is an extremely complex system. First, it structurally develops a collagenic topology, originated
bidirectionally from an inward and outward assembly of growth units. Inward growth appears to be originated from
myofibroblasts derived from small portal vessel around intravascular entrapped eggs, while outward growth arises
from hepatic stellate cells. The auto-assembly of the growth units defines the three-dimensional scaffold of the
schistosome granulomas. The granuloma surface irregularity and its border presented fractal dimension equal to
1.58. Second, it is internally regulated by intricate networks of immuneneuroendocrine stimuli orchestrated by
leptin and leptin receptors, substance P and Vasoactive intestinal peptide. Third, it can reach the population of £
40,000 cells and presents an autopoietic component evidenced by internal proliferation (Ki-67"cells), and by
expression of ¢-Kit"cells, leptin and leptin receptor (Ob-R), granulocyte-colony stimulating factor (G-CSF-R), and
erythropoietin (Epo-R) receptors. Fourth, the granulomas cells are intimately connected by pan-cadherins, occludin
and connexin-43, building a state of closing (granuloma closure). In conclusion, the granuloma is characterized by
transitory stages in such a way that its organized structure emerges as a global property which is greater than the
sum of actions of its individual cells and extracellular matrix components.
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Conservative approaches in science usually try to ex-
plain most of the dynamical systems as the result of the
interplay between its elementary units. In general these
unities are investigated independently of each other with-
out taking into account its interactions and cooperative
phenomena. More contemporary approaches try to un-
derstand the system as a whole taking into account its
organizational structure, the mechanisms underlying its
dynamical behavior, the information exchanging between
unities, and so on (Chong & Bryan Ray 2002). Biological
systems for a long time have been studied and described
without taking into account the wholeness of the system.
As a consequence, their emergent properties that may
result from collective and cooperative phenomena among
its elements or unities in general, could not be reproduced
properly in these attempts. New approaches that take into
account the main interaction among the different elements
(cells, proteins, etc.) that compose biological system has
been shown appropriate to describe the emergent proper-
ties exhibited by these systems, therefore allowing the
comparison between experimental and mathematical re-
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sults or the understanding of the mechanisms underly-
ing some pattern observed.

Schistosome granuloma, as those caused by Myco-
bacterium tuberculosis and other granuloma types, is a
complex spatial-temporal (structure) system formed by
components that interact in an intricate way, so it can not
be described by simplistic models. The number of ele-
ments (cells and signaling molecules) that interact to build
such structure are so many that its global behavior can
only be understood as an emerging consequence derived
from the integral sum of all range of the cooperative phe-
nomena (Lenzi & Romanha 2003, Lenzi et al. 2004).

The granuloma presents the following life cycle: (i)
encapsulating and focal histolysis: comprehends a very
quick process, when many cells such as monocytes and
eosinophils, with few lymphocytes, form a cellular cush-
ion around the egg. These cells intensively diffuse to the
perivascular tissue (outward cellular wave), and together
with cells that are chemo-attracted from the sinusoids (in-
ward cellular wave), define a loose and disarranged clus-
ter of many cells (mainly eosinophils and monocytes) that
take over the damaged local tissue; (ii) fiber or extracellu-
lar matrix production: characterizes the early stage of exu-
dative-productive phase; (iii) orientation and compact-
ing: are expressed by more compact arrangement of col-
lagen fibrous mesh; (iv) involution and disintegration:
begin after the spontancous death of the miracidia, arous-
ing out of collagen degradation, subsiding of the inflam-
matory reaction, until its final disappearance (Lenzi et al.
1998, Lenzi & Romanha 2003).
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The formation of schistosome granuloma can be di-
vided into two major stages: pre-granulomatous (initial
reactive and exudative phases) and granulomatous (exu-
dative-productive, productive, advanced or fibrotic-pro-
ductive, and involutional phases) (Lenzi et al. 1998). The
former stage is characterized by disorganized aggrega-
tion of cells and the latter one by organization of them in
the exudative-productive and productive phases, followed
by the involutional process.

As any other biological system, the understanding of
the granuloma formation will be based on adequate tech-
nologies to obtain the full description of the different
stages and methodologies to assemble all the information
(data) obtained and highlight the essential mechanisms/
features for the integration of the parts and the stability
of the whole. Interdisciplinary approaches can contribute
to the development of new technologies (and tools) as
well as to the methodologies that may improve the data
analysis.

This paper focuses on the study of some whole-istic,
organizational and functional, aspects of Schistosoma
mansoni granuloma, which is an extremely complex sys-
tem (Lenzi & Romanha 2003, Lenzi et al. 2004), tending to
circumvent the egg products.

MATERIALS AND METHODS

Ninety-nine Swiss Webster mice were infected when
they were five days old by percutaneous exposure to 70
cercariae of the Belo Horizonte isolate of S. mansoni, and
were sequentially submitted to euthanasia by ether inha-
lation in accordance with the animal ethical practice, at
45,50, 60, 65,70, 80, 85,95, 100, 120, and 160 days after
infection. Liver sections of six animals/point of infection
were divided; part was fixed in formalin-Millonig (Carson
etal. 1973) and embedded in paraffin and part was frozen
in liquid nitrogen to immunostainings. Sections (5 pm)
were stained with Hematoxilin-Eosin (HE); Lennert’s Gi-
emsa; Sudan I1I, PAS; PAS-Alcian Blue pH 2.5 e 1.0; Perls;
Picrosirius conterstained with HE or light green; Feulgen
with Merck kit; Jone’s hexamine-silver stain; Sirius red
pH 10,2 (for eosinophils); Phosphomolibdic acid-
Picrosirius Red (PMA-PSR) (for interstitial collagens)
(Dolber & Spach 1993), and Direct Blue with or without
oxone oxidation [for elastic fibers (Caputo et al., not pub-
lished)]. The slides stained with Feulgen, Sirius Red pH
10.2, Jone’s hexamine-silver stain, PMA-PSR, and Direct
Blue were analyzed by confocal laser scanning micros-
copy (LSM 510 - META, Zeiss). The fractal study was
done in sections stained with Feulgen, Jone’s hexamine-
silver stain and PMA-PSR.

Indirect immnunofluorescence was done on cryostat
liver sections (5-6 pm) applying, at 37°C for 1 h, primary
antibodies against collagen I and I1I, fibronectin, tenascin,
vitronectin, Ki-67 (Dako, CA, US), pan-cadherin (Sigma-
Aldrich Co, US - C3678), occludin, connexin-43, leptin,
leptin-receptor (Ob-R), granulocyte colony stimulating
factor-receptor (G-CSF-R) and erythropoietin-receptor
(Epo-R) (Santa Cruz Biotechnology Inc., CA, US). Depend-
ing on the primary antibody, secondary anti-rabbit or anti-
mouse antibody coupled to AlexaFluor 488 (Molecular
Probe, US) was used, counterstained with 1/10,000 Evans
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Blue. Sections were coverslipped in buffered glycerin with
p-phenylenediamine and the slides were analyzed by con-
focal microscopy on a Zeiss LSM 510-META.

The liver of other three animals/point infection were
used to obtain isolated granulomas, according to Brenner
and Pellegrino (1956) procedure. From each liver, 120 com-
plete intact granulomas were individually isolated by suc-
tion under stereomicroscope, and cells were dispersed
with collagenase I (1 mg/ml in 3 ml for 120 granulomas) at
37°C for 60 min, with vigorous homogenization each 15
min. The total cells were counted in Neubauer chamber,
after stain with Tiirk solution and negrosin stain for live-
dead ratio. The total number of viable cells was divided
by 120, to figure out the total population of individual
granuloma at each point of infection.

The morphologic aspects of fractals were verified in
PAMS (PAS-metanamine silver) and PMA-PSR slides, by
virtual tomography and three-dimensional modeling ap-
plying software from laser scanning confocal microscopy
(LSM 510 - META, Zeiss). The fractal dimension of the
granuloma external border was estimated from Feulgen
stained slides, in liver specimens from 45, 50, 60, and 70
days after infection, using Hurst exponent.

RESULTS

Structural characteristics of the extracellular matrix
- Hepatic schistosome granulomas showed, mainly in the
exudative-productive stage, different patterns of produc-
tion and deposition of extracellular matrix components (in-
terstitial collagens I and III, tenascin, vitronectin,
proteoglycans, hyaluran, and elastic fibers). Fibronectin,
vitronectin, tenascin, and interstitial collagens predomi-
nated in the middle or paracentral zone of the granulomas
(Fig. 1). In mature exudative-productive granulomas, the
fibers in the peripheral zone showed a looser arrange-
ment, while in the middle zone they were more compact,
but always forming a storiform mesh, with fiber irradiation
centers (Figs 2-4). In the exudative-productive phase, the
fibrous mesh of the middle zone became more compact,
parallel and concentric, acquiring a circumferential arrange-
ment (Fig. 5). The elastic fibers predominated more in the
external or peripheral zone and in the interface between
peripheral and middle zones, defining a border where eosi-
nophils were centrally placed (Fig. 6) and pigmented mac-
rophages peripherally located (Fig. 7). The three-dimen-
sional analysis of tissue architecture of the granuloma
during its development, as observed by confocal laser
scanning microscopy, showed that the granulomas de-
velop a variable and irregular collagenic topology bi-
directionally oriented. Part of the interstitial collagen ap-
pears to be originated from myofibroblasts derived from
small portal vessel around intravascular entrapped eggs.
In another way, there is also an outward collagenic growth,
usually around 100 pm far away from the eggs, which
arises from hepatic stellate cells [lipocytes, Ito cells,
perisinusoidal cells (HSCs)] (Figs 8-10). Each collagenic
growth unit acts as a fibrotic center from which irradiate
four irregular and sinuous projections that eventually
branch, generating, in general, three or four interactions
or “axonal” extensions (n = 3-4) (Figs 8-11). Each unit is
originated from multiple cells, and the “axonal” extensions
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Fig. 1: scheme showing the distribution of different extracellular
components in the three zones (external or peripheral, medial or
intermediate and central or periovular) of schistosome exudative-
productive granuloma.

gradually interconnect with extensions from adjacent units
(Figs 11-13). The structure developed in the interface be-
tween granulomas and hepatocytes, gradually, starts to
define a peripheral closure of the granulomas (Figs 14-
15). The auto-assembly of these connections defines the
three-dimensional scaffold of the granulomas, which ac-
quires structural characteristics like-tensegrity (Figs 16-
19).

Expression of adipokines and neuropeptides by schis-
tosome granulomas - Exudative-productive granulomas
highly expressed leptin and leptin receptor. The leptin
was located in the three granuloma zones, while the leptin-
receptors predominated in the external one (Figs 20-22).
Otherwise, substance P and vasoactive intestinal peptide
(VIP) were only localized in the central or peri-ovular zone
(Figs 23,24).

Evidence of internal cellular production by granu-
lomas and expression of hematopoietin-receptors - He-
patic granulomas reached the population of more than
40,000 cells (the sum of migrated and internal cells) in the
acute phase (45 days after infection), followed by a pla-
teau around 30,000 cells (from 50 to 70 days after infec-
tion), decreasing gradually until 95 and 100 days after
infection) (Fig. 36). Eosinopoicetic foci are often and easily
seen in the peripheral or external zone (Figs 25, 26) and
evidence of cellular proliferation was mainly observed in
the peripheral and central zones by Ki-67 marker (Figs 27,
28). Expression of ¢-Kit (Fig. 29), receptors of granulocyte
colony stimulating factor (G-CSF-R) (Fig. 30) and erythro-
poietin (Epo-R) (Fig. 31) predominated in the peripheral
and central zones.

Granuloma closure - The granuloma cells were inti-
mately connected by pan-cadherins (Fig. 32), occludin
(Fig. 33), and connexin-43 (Fig. 34), building a state of

closing (granuloma closure). Eosinophils, sometimes,
degranulated and die on the surface of egg shells, form-
ing a crystallized protein barrier, defining aspect corre-
sponding to Splendore-Hoeppli phenomenon (Fig. 35).

DISCUSSION

This paper focused on four characteristic aspects of
the schistosomal granuloma as a whole: (i) it shows, struc-
turally, different patterns of production and deposition of
extracellular matrix components developing a variable and
irregular collagenic topology, originated bidirectionally
from an inward and an outward assembly of growth units;
(i1) it presents internal production of neuropeptides; (iii) it
can reach the population of more than 40.000 cells in the
acute phase and presents an autopoietic component evi-
denced by internal production (Ki-67" cells), expression
of immature cells (¢c-Kit"), hematopoietic growth factors
and their respective receptors (leptin and leptin recep-
tors), granulocyte colony stimulating factor receptor (G-
CSF-R) and erythropoietin receptor (Epo-R); (iv) its cells
are intimately connected by cadherins, tight junctions
(occludin) and gap junctions (connexin-43), building a
state of closing (granuloma closure).

Inward collagenic growth appears to be originated from
myofibroblasts derived from small portal vessel around
intravascular entrapped eggs, while the outward growth,
usually around 100 um away from the eggs, arise from
hepatic stellate cells (HSCs) (lipocytes, Ito cells,
perisinusoidal cells). Each growth unit acts as a fibrotic
center as was previously described (Lenzi et al. 1999).
However, it is not formed by a single cell as was thought
before, but it is originated in the interface between three
or more cells, depending on the framework of the cellular
arrangement, which determines the curvature or angles
between collagen fibers (Figs 12, 13). The application of
fractal analysis to evaluate the fibrosis development or
fibrogenesis and the fibrosis intensity will probably bring
much more information than the traditional methods used
to measure or evaluate irregular biologic structures which
cannot be correctly quantified by Euclidean-based metric
methodologies (Dioguardi et al. 2003). In classical Euclid-
ean geometry, objects have integer dimensions: a point =
0 (zero dimension), a line =1 (one dimension: length), a
plane =2 (two dimensions: length and width), a volume =
3 (three dimensions: length, width and depth). Euclidean
geometry is useful for describing manmade objects or ideal
shapes, but natural shapes are much more complex (Landini
1996). For instance, the branching structure of a vascular
tree or the irregular membrane of a lymphocyte can not be
associated to any classical shape. Moal et al. (2003) have
shown that fractal analysis is very suitable for analyzing
liver fibrosis, having excellent reproducibility. It is the only
quantitative morphometric method that can discriminate
among the models of fibrosis and be sensitive to detect
pharmacologically induced changes in liver fibrosis. Study
of the fractal properties of the liver (or of the granuloma)
is likely to reveal more about its structure and the patho-
genesis of liver diseases (Dioguardi et al. 1999). There are
two types of fractals based on the strict meaning of simi-
larity. One group is composed of objects whose smaller
scales replicate exactly the larger ones (“exact-self-simi-
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Fig. 2: exudative-productive granuloma showing the collagen arrangement in the very well defined three zones. The external or peripheral
zone is expanded and forms a loose stroma adequate to intragranulomatous hematopoietic metaplasia. The medial zone presents a denser
collagen mesh, which is better seen in Figs 3 and 4: this mesh is defined by the confluence among different fiber radiation centers (arrows
in Fig. 4). The central zone has few and delicate fibers, been devoid of collagen in the periovular subregion. Fig. 5: productive stage with
a compact concentric arrangement in the medial zone (Picrosirius). Fig. 6: elastic fiber, labeled by Direct Blue, located mainly in the
interface between the external zone with the hepatic parenchyma and the medial zone (arrows). Fig. 7: elastic fibers define different
topographic areas inside the granuloma, limiting the internal ingression of pigmented macrophages (green cells), without interfering with
internal eosinophil migration (red cells).
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lar”). The second group is made up of “statistically self-
similar” or “random” fractals, which differs from the former
by the fact that the reproduced detail in different scales is
not an exact copy of each other but statistically the same
(Landini 1996). The granuloma seems to correspond to
fractals of the second type (“random” fractals). In the
granuloma fibrosis, each growth unit operates as a fiber
radiation center in the fibrotic diffusion process. Prelimi-
nary results, based on the evaluation of Hurst exponent,
indicated that the fractal dimension of the border of schis-
tosomal granuloma is D = 1.58. The fractal dimension cor-
responds to an index of the space-filling properties of an
object in its corresponding Euclidean (topological) dimen-
sion so that the closer the dimension is to the topological
dimension in which the object is embedded, the greater
its space-filling properties (Cross 1997). When the object
completely fills the space in which it is embedded, the

fractal dimension reaches the same value of the topologi-
cal dimension. The bulk fractal dimension, which may be
different in each granuloma stage, and the multifractal
spectrum, which may give information about the geometri-
cal aspects of the distinct zones, will be subject of future
studies. The final architectural arrangement of the inter-
stitial collagens in the exudative-productive granuloma,
defines clearly three zones (Lenzi et al. 1998) and acquires
a general aspect very similar to a stable symmetric
tensegrity. The label of elastic fibers inside the granuloma
clearly showed that the granuloma territory is not homo-
geneous (Figs 6, 7).

Our results also showed intragranulomatous expres-
sion (in the internal or periovular zone) of substance P
(SP) and vasoactive intestinal peptide (VIP). Substance P,
an 11 amino-acid protein, belongs to a class of molecules
called tachykinins and is derived from preprotachynin A.

Fig. 8: external or centripetal collagenic growth unit (arrow) distant from the egg (*). Fig. 9: three-dimensional detail of the collagenic
growth unit, showing arboriforme branches (arrows). Fig. 10: internal or centrifugal collagenic growth unit (thick arrow), with several
branches, located close to the egg (thin arrow). Fig. 11: three-dimensional mesh of collagen fibers made up by collagenic growth units
confluence (tomographic confocal images based on PMA-PSR stain).
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Figs 12, 13: collagenic growth units formed in the interface between three or four cells (Jone’s hexamine-silver stain in confocal
microscopy). Figs 14, 15: gradual fusion of fiber radiation centers closing externally the granuloma surface (Jone’s hexamine-silver stain
in bright-field microscopy). Fig. 16: periphery of exudative-productive granuloma showing a clear fiber radiation center (arrow) (Depth-
code in confocal microscopy). Fig. 17: final three-dimensional arrangement of interstitial collagens in exudative-productive granuloma
(PMA-PS in confocal microscopy).
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Figs 18, 19: final three-dimensional arrangement of interstitial collagens in exudative-productive (Fig.18) and productive granulomas (Fig.
19). Pigmented macrophages (in green) intermingled with the collagen mesh, mainly in the peripheral zone, are seen in the Fig. 18. In the
productive granuloma, the collagen fibers are concentrically arranged (Fig. 19) (PMA-PS in confocal microscopy). Figs 20-23. in situ
expression of leptin (Figs 20, 21), receptor of leptin (Ob-R) (Fig. 22) and substance P (Fig. 23) in hepatic schistosome granulomas
(confocal indirect immunofluorescence).
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SP interacts with a single high-afinity receptor called neu-
rokinin I (NK-1R) on immune cells (T cells, macrophages,
dendritic cells, and probably other cell types) to enhance
IFN-gamma production and amplify the Thl response
(Weinstock 2004, Arsenescu et al. 2005). Here we con-
firmed in situ production of SP by periovular macroph-
ages. Indeed, Arsenescou et al. (2005) also notice that
macrophages are a source for SP at the site of chronic
inflammation (schistosome granuloma, spleen and intes-
tinal lamina propria) and IL-12 and STAT4 are regulators
of macrophage SP mRNA expression. Vasoactive intesti-
nal peptide (VIP) is also produced by macrophages, which
is subject to IL-4 regulation. In schistosome granuloma,
T cells express VPAC2 (VIP receptor subtype 2) which is
an inducible CD4" T cell receptor, and its VPAC2 mRNA is
down-modulated in Th2 cells (Metwali et al. 2000). Sub-
stance P, but not VIP, also decreases spontaneous immu-
noglobulin secreting cell number and immunoglobulin
secretion in short-term cultures of spleen and granuloma
cells (Neil etal. 1991). The granuloma is depleted of inner-
vation and so the neuropeptides, produced mainly by
macrophages, can compensate this event, acting like a
“granulomatous neural component”, taken part in elabo-
rate interactions with the immune and inflammatory cells
ofthe schistosome granuloma as was presented by Sandor
etal. (2003). In this sense, VIP and SP modulate immune
activity and leptin regulates cytokine balance. The he-
patic stellate cells can operate as a fundamental key in
this intricate mesh of intrinsic granuloma regulation, be-
cause they express a number of neuroendocrine markers
(e.g., reelin, nestin, neurotrophins, synaptophysin, and
glial-fibrillary acidic protein) and bear receptors for neu-
rotransmitters (Bataller & Brenner 2005). It is important to
point out that hepatic stellate cells are hepatic neuroglia
that produce and respond to sympathetic nervous sys-
tem neurotransmitters to promote hepatic fibrosis (Oben
et al. 2004). Leptin is also an endocrine mediator that is
partly regulated by other hormones, such as insulin, cor-
tisol, and sex steroids, mainly testosterone. Also, other
hormones like thyroid hormone and growth hormone are
possibly involved in leptin synthesis (Wauters et al. 2000).
A key role in the regulation of leptin production is envis-
aged for the sympathetic nervous system, operating
through b3-adrenoceptors (Trayhurn et al. 1998). It is still
unknown what are the functional relationships between
leptin and the neuropeptides so far localized inside the
schistosome granuloma (Substance P, somatostatin and
vasoactive intestinal peptides) (Sandor et al. 2003).
During S. mansoni infection, there is morphological
evidence of involvement of various hematopoietic growth
factors, which cause eosinophil, monocyte, neutrophil,
megakaryocytic, and erythroid extramedullar foci in he-
patic granulomas, lymph nodes and omental and mesen-
teric milky spots (Lenzi et al. 1995, Rossi et al. 1999). In
fact, the granuloma, as a complex system, has two types
of cellular input: one external (probably from the bone
marrow) and other, internal, produced by autopoietic
mechanisms. So far, it was impossible to discriminate these
two cellular sources that can mobilize more than 40.000
cells/granuloma in the acute phase. The subsequent de-
crease in the total count of granuloma cells expresses the
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modulation phenomenon. Moore et al. (1977), in mice lung
granulomas induced by intravenous injection of eggs of
S. mansoni, which were either unsensitised, sensitized by
prior intraperitoneal injection of eggs, or naturally infected
with S. mansoni, reported that, in infected mice, the granu-
lomas with the largest cell counts were seen 8 weeks after
infection, while the smaller granulomas in the mice in-
fected for 16 or 24 weeks. Here we show that granuloma is
rich of cells positive to c-Kit, granulocyte colony stimu-
lating factor receptor, erythropoietin receptor, leptin, and
leptin receptor (Ob-R). C-Kit labeled cells in the three
zones, mainly in the peripheral one, where the extramed-
ullar hematopoiesis usually occurs, but it also marked stro-
mal cells. The granuloma stroma was shown to produce
IL-7 and express c-Kit, and was able to sustain the full B
lymphopoiesis in vitro (Rossi et al. 1999). Probably, most
of the c-Kit positive cells in the peripheral zone is ex-
pressed by eosinophil lineage, in cosinopoiesis foci. Eosi-
nophils have significant levels of surface c-Kit protein,
which correspond to stem cell factor receptor (Oliveira et
al. 2002). There are in vitro evidences that granulocyte-
macrophage colony stimulating factor (GM-CSF) is a ma-
jor mediator in increasing granuloma reaction in human
schistosomiasis (Rezende et al. 2004). Although some
erythroid foci can be observed in hepatic schistosomal
granulomas (Lenzi et al. 1995), the intragranulomatous
expression of erythropoietin receptors (Epo-R) appear to
be related to other additional or pleiotropic effects of eryth-
ropoietin. In its hormonal role, erythropoietin is produced
by the kidney in response to oxygen levels and signals
the bone marrow to increase the number of circulating
erythrocytes (Brines 2002). It has become clear in recent
years, however, that erythropoietin and its receptor are
members of a cytokine superfamily that mediates diverse
functions in nonhematopoietic tissues (Brines 2002).
Erythropoietin receptor is widely distributed in the car-
diovascular system, including endothelial cells, smooth
muscle cells, and cardiomyocytes and preclinical studies
have established erythropoietin to be a pleiotropic
cytokine with anti-apoptotic activity and tissue-protec-
tive actions in the cardiovascular and nervous systems,
beyond correction of hemoglobin levels (Manolis et al.
2005). Erythropoietin receptors have been identified also
in the central nervous system, retina, vascular endothe-
lium, kidney, lung, liver, gastrointestinal and reproductive
tracts and erythroid bone marrow precursors and may
present actions other than hematopoiesis stimulation
(Lewis 2004). Erythropoietin receptors were also found in
human, rat and mouse mesangial, proximal and distal tu-
bular cells; on cells of small bowel of human fetuses and
in postnatal enterocytes in rats and humans. This is the
first time that Epo-R is reported in hepatic schistosome
granuloma and its effect, inside this structure, is still un-
known.

Leptin is a JAK2-activating adipokine and both leptin
and its receptor share structural and functional similari-
ties with interleukin-6 family of cytokines (Fantuzzi &
Faggioni 2000). Granulomatous leptin is probably pro-
duced by activated hepatic stellate cells (HSCs). Leptin
colocalizes with a-smooth muscle actin (0-SMA) in acti-
vated hepatic stellate cells (Ding et al. 2005) and has sev-
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Fig. 24: in situ expression of vasoactive intestinal peptide, predominating in cells close to the egg. Figs 25, 26: eosinopoiesis foci in the
peripheral zone. Fig. 27: proliferating macrophages around the egg (Ki-67) (Figs 24 and 27: confocal indirect immunofluorescence: Figs
25 and 26: SR-pH10.2 in confocal microscopy). Fig. 28: Ki-67 proliferating cells mainly in the peripheral and central zones. Fig. 29: in
situ expression of c-Kit in hepatic exudative-productive granuloma (confocal indirect immunofluorescence).
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eral fibrogenic activities, expressed by: a) stimulation of
tissue inhibitory metalloproteinase-1 (TIMP-1) in activated
HSCs; b) enhancement of alfa-2(I) collagen gene expres-
sion in HSCs, by stimulation of Stat3; c) increase of Con-
nective Tissue Growth Factor (CTGF) in vitro; d) potent
mitogenic activity on HSCs, similar to platelet derived
growth factor, and dramatic inhibition of HSCs apoptosis,
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reducing caspase-3 activity; ¢) up-regulation of TGF-f31,
thereby facilitating tissue repairing and fibrogenesis in
sinusoidal microenvironment. Recent studies showed that
leptin deficiency decreases but not eliminate hepatic fi-
brosis produced by S. mansoni (Potter & Mezey 2002).
According to these authors, the effect of leptin in poten-
tiating fibrogenesis is most likely mediated by TGF (31.

Figs 30-34: in situ expression of granulocyte colony stimulating factor receptor (Fig. 30), erythropoietin receptor (Fig. 31), pan-cadherin
(Fig. 32), occludin (Fig. 33), and connexin-43 (Fig. 34) in hepatic schistosome granulomas. Connexin-43 appears as double small dots
(confocal indirect immunofluorescence). Fig. 36: crystals of eosinophil proteins on the surface of egg shell, defining Splendore-Hoeppli
phenomenon (Depth-code in confocal microscopy).
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Ob/ob mice were less able to form granuloma and lung
lymphocyte numbers were reduced compared with wild-
type mice early during infection with Mycobacterium tu-
berculosis (Wieland et al. 2005). However, leptin is not
only fibrogenic, but is also a pleiotropic hormone, modu-
lating several processes, such as thermogenesis, repro-
duction, hemostasis, angiogenesis, hematopoiesis, osteo-
genesis, chondrogenesis, neuroendocrine and immune
functions, as well as arterial pressure control, and also
affects cytokine production, the activation of monocytes/
macrophages and wound healing (Fantuzzi & Faggioni
2000, Fietta 2005). In schistosome granuloma, leptin prob-
ably act also as a hematopoietic factor. In fact, leptin stimu-
lates the proliferation of murine myelocytic progenitor cells
and synergizes with stem cell factor (SCF) in the prolifera-
tion of primitive hematopoietic progenitors in vitro.
Another point that we approached in this work was
the “granuloma closure”, meaning the capacity of the
granuloma to limit the diffusion of egg products to adja-
cent tissues. Here we presented, for the first time in the
literature, the in situ presence of pan-cadherin, occluding
and connexin-43 molecules, dramatically strengthening the
cellular adhesion and communication among cells of he-
patic schistosome granulomas, providing stronger stabil-
ity. These molecules surely contribute with Ca®>* indepen-
dent molecules that comprise the immunoglobulin super-
family and integrins, to mediate cell-cell attachment.
Integrins are mainly involved in cell-extracellular matrix
interactions. Cadherins and integrins establish a link be-
tween the internal cytoskeleton of a cell and the exterior
of another cell (cadherin) or the extracellular matrix
(integrins) (Kierszenbaum 2002). The movements of sol-
utes, ions, and water through an epithelial (granuloma
sometimes has an epitheliod arrangement, mainly in the
central zone) occurs both across and between individual
cell components. The transcellular pathway is controlled
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by numerous channels and transporters. The paracellular
pathway is regulated by a continuous intercellular con-
tact or cell junctions (Kierszenbaum 2002). Occluding junc-
tions (also called tight junctions), composed partially by
occluding molecules, have, according to Kierszenbaum
(2002), two major functions: (i) they determine epithelial
cell polarity by separating the apical domain from the
basolateral domain and preventing the free diffusion of
lipids and proteins between them; (ii) they prevent the
free passage of substances across an epithelial cell layer
(paracellular pathway barrier). Then, the paracellular dif-
fusion barrier is created by interactions among occlud-
ing, four major proteins (ZO-1, ZO-2, Z0O-3, and AF-6) and
claudin (Kierszenbaum 2002). Connexins are integral mem-
brane proteins that form communicating junctions, or gap
junctions. Connexin-43 was localized in hepatocytes, ac-
tivated rat hepatic stellate cells, hematopoietic stroma
cells, smooth muscle cells, fibroblasts (Ibuki et al. 2002),
myofibroblasts (Miragoli et al. 2006), macrophages, thy-
mocytes, and thymic epithelial cells. In our material (data
not shown), double stains to connexin-43 combined with
eosinophils or thy-1 or MAC-1 or B-220, showed that con-
nexin-43 was expressed mainly by the middle or fibroblas-
tic-like zone (myofibroblastic cells?) and in lesser amount
in the macrophage central zone. In nasal polyps, expres-
sion of connexin-43 decreased related to eosinophil ex-
pression (Yeh et al. 2005). In exudative-productive granu-
lomas, eosinophils predominated in the peripheral zone,
while the connexin-43 expression was higher in the middle
and central zones. The sharing of small metabolites and
ions through gap junctions in some tissues provides a
mechanism for coordinating the activities of individual
cells in such tissues and for smoothing out random fluc-
tuations in small molecules concentrations in different
cells. All this mechanism of granuloma closure described
above, amplify the barrier effect of other adhesion mol-
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Fig. 36: total number of cells in isolated hepatic granulomas during different times of schistosomal mansoni infection. The individual
counting of isolated granulomas/each liver/time of infection is specified below the graphic.
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ecules described in the schistosome granuloma, such as
integrins and molecules from immunoglobulin superfam-
ily (Jacobs & Van Marck 1998, Jacobs et al. 1998). Perio-
vular degranulated eosinophils, configuring sometimes
the Splendore- Hoeppli phenomenon (Fig. 35) and the fu-
sion of fiber irradiation center in the interface between
granuloma border and adjacent hepatocytes (Figs 14, 15)
also contribute to limit the egg products diffusion, rein-
forcing the granuloma closure or barrier.

In conclusion, the schistosome granuloma is an ex-
tremely complex system with transitory states where the
fully organized structure (“little macrophagic metazoa”)
is literally greater than the sum of actions of'its individual
cells and extracellular matrix components (Lenzi et al. 1999).
The granuloma modulation is not only determined by im-
mune external factors, but may also be influenced by in-
ternal constrictions and regulations that need to be better
understood.
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