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Cellular interactions in fibrogenesis

A. C. ALLISON, I. A. CLARK, AND P. DAVIES
From the Clinical Research Centre, Harrow, Middlesex

Fibrogenesis is a reaction of considerable medical
importance. It is sometimes beneficial, as in wound
healing and walling off tubercle bacilli and other
pathogenic organisms that produce chronic in-
fections, but it can impair the function of organs
such as the lungs and liver, cause adhesions in the
peritoneal cavity, and immobilize joints. The
mechanisms by which collagen synthesis is controlled
are therefore of interest.
A simple model has been the pneumonconiosis

that follows inhalation of silica. Most inhaled
silica particles are ingested by alveolar macrophages,
whereas the subsequent collagen synthesis takes
place in fibroblasts. These observations may be
interpreted in three ways. Firstly, the macrophages
that have ingested silica might transform into
collagen-synthesizing fibroblasts. Secondly, silica
particles that escape ingestion by macrophages or
are released after death of macrophages stimulate
fibroblasts to synthesize collagen. Thirdly, ingestion
of silica stimulates macrophages to release a factor
which increases collagen synthesis by fibroblasts or
a multiplication of fibroblasts.
The first hypothesis is made unlikely by the

results of experiments in which blood-borne cells
are labelled either by injection of tritiated thymidine
into one of a pair of parabiotic partners (Volkman
and Gowans, 1965; Ross et al., 1970) or bone-
marrow reconstitution of lethally irradiated animals
(Godleski and Brain, 1972). The results of all these
experiments show that alveolar and other macro-
phages arise from blood-borne cells, presumably
monocytes, but provide no evidence that collagen-
synthesizing fibroblasts originate in this way.
Culturing fibroblasts in the presence of silica does
not stimulate collagen synthesis (Richards and
Wusteman, 1974). Although the situation may be
different in vivo there is no evidence at present to
support the second hypothesis. This leaves the third
hypothesis, for which we have obtained direct
experimental support.

Collaboration of macrophages and fibroblasts in
fibrogenesis
Diffusion chambers-plastic rings with 0 8 ,um pore
diameter millipore filters cemented to both sides-
have been used to place cells in confined situations
in the body, usually the peritoneal cavity. Cells and

particles above 1 Fm diameter cannot escape from
intact chambers, as shown by appropriate controls,
but macromolecules can diffuse into and out of the
chambers. This system was used by Curran and
Rowsell (1958) to show that silica particles, placed
in diffusion chambers in the peritoneal cavity, do
not elicit a fibrogenic reaction. This was one of
several experiments that disproved the earlier held
theory that soluble silica is the fibrogenic stimulus.
We have confirmed their observation.
When unstimulated mouse peritoneal cells are

placed in diffusion chambers many remain viable
for at least one month. The slight reaction around
the diffusion chambers is no different from that
around control chambers containing saline solution.
However, when peritoneal cells and silica are both
introduced into the diffusion chambers there is
considerable synthesis of collagen in the parietal
and visceral peritoneum (Fig. 1). Normally, the
mesothelial cells lining the peritoneal cavity are
supported by a thin layer of connective tissue con-
taining collagen (Fig. 2). In animals bearing diffusion
chambers containing peritoneal cells and silica the
collagen-containing layer is greatly thickened and
the fibres are more dense (Figs. 3, 4). The fibro-
genesis is most marked with silica concentrations of
5 and 25 ,ug, which do not kill the macrophages
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FIG. 1 Plan of experiments in which macrophages and
silica introduced into diffusion chambers in the peritoneal
cavity stimulate collagen formation in layer of connective
tissue beneath mesothelium
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FIG. 2 Section through abdominal wall ofmouse that had
borne a diffusion chamber for one month showing normal
appearance of thin layer of collagen (dark-stained) lying
beneath parietalperitoneal mesothelial cells and abdominal
muscle (van Gieson x 112)

FIG. 3 Section through abdominal wall ofmouse that had
carried for one month a diffusion chamber with 106 peri-
toneal cells and Sg silica (Dorentrup No. 12 quartz).
Layer of collagen in parietal peritoneum greatly thickened
(van Gieson x 112)

within the chambers. Higher concentrations of
silica (50 or 100 jig), which kill most of the exposed
macrophages, are less fibrogenic. This, incidentally,
provides an additional control that an escape of
particles or cell debris is not by itself fibrogenic.
These results suggest that macrophages that have

ingested small numbers of quartz particles in-
sufficient to kill them secrete a factor that stimulates
collagen synthesis by fibroblasts. There is no
chemotaxis of fibroblasts, so that no dense layer of
these cells or of collagen forms around the diffusion
chamber. The fibrogenesis occurs in the parietal and
visceral peritoneum, where fibroblasts are already

FIG. 4 Section through edge ofpancreas of mouse that
had carried for one month a diffusion chamber with 106
peritoneal cells and S Fg silica (Dorentrup No. 12 quartz)
showing dense layer of collagen beneath mesothelial cells
of visceral peritoneum (van Gieson x 112)

present. However, the fibrogenesis is more marked
in the vicinity of the chamber than at a distance,
suggesting a dose-dependence of the fibrogenic
effect.

Collaboration of lymphocytes, macrophages, and
fibroblasts
In certain situations such as the granulomas sur-
rounding schistosome eggs (Warren, 1972) and some
experimental granulomas (Unanue and Benacerraf,
1973) sensitized T-lymphocytes reacting with antigen
are thought to play a major role in pathogenesis.
We have examined this situation using as antigen
the parasite Babesia microti, a protozoon multiplying
in erythrocytes. Spleen cells from immune and non-
immune mice were introduced with and without
parasitized erythrocytes into diffusion chambers,
which were placed in the peritoneal cavities of mice.
When mice with diffusion chambers containing both
antigen and immune lymphoid cells were examined
the chambers were found to be embedded in a dense
fibrogranulomatous mass which was adherent to the
visceral and parietal peritoneal walls. Sections
showed the chamber to be surrounded by a dense
layer of mononuclear cells, with newly formed
blood vessels. This, in turn, was surrounded by a
layer of fibroblasts with interweaving collagen
fibres (Fig. 5). This striking fibrogranulomatous
reaction was not observed in mice with diffusion
chambers containing non-immune spleen cells or in
the absence of antigen.
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FIG. 5 Section through layer of cells around diffusion
chamber containing lymphocytes and antigen (van Gieson
x 200). Space above is site of chamber. Below is layer of
granulomatous infiltrate and then darkly stained col-
lagenous layer adherent to abdominal muscle
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FIG. 6 Plan of experiments in which antigen and sen-

sitized lymphocytes introduced into diffiusion chamber
stimulate release of factors that stimulate formation of
dense fibrogranulomatous capsule around chamber

Shown diagrammatically (Fig. 6), these results
suggest that lymphocytes reacting with antigen
release factors which can diffuse through the milli-
pore filter to attract mononuclear phagocytes to the
area immediately around the chamber and im-
mobilize them there. There are reports that sensitized
T-lymphocytes incubated with antigen liberate
factors chemotactic for mononuclear cells in
addition to the well-known migration-inhibition
factor (David and David, 1972). The lymphocytes
themselves, or activated macrophages, also release
factors that stimulate collagen synthesis by fibro-
blasts.

Cytotoxic effects of silica on cultured macrophages
Silica particles have two distinct types of cytotoxic
effects on macrophages (Allison, 1974). Rapid
cytotoxicity occurs when relatively large amounts of
silica are added to macrophages in a serum-free
medium. Many cells are damaged within one hour
of exposure. It is widely accepted that rapid cyto-
toxicity is mainly due to interaction of silica with
the plasma membranes of the macrophages and is
the counterpart of silica haemolysis in nucleated
cells. Not only lysosomal enzymes but also cyto-
plasmic enzymes such as lactate dehydrogenase are
released within an hour of exposure. Rapid cyto-
toxicity can be inhibited by coating the silica par-
ticles with protein or phosphatidylcholine or the
presence of poly-2-vinylpyridine-l-oxide.
When moderate amounts of silica are added to

macrophages in medium containing serum delayed
cytotoxicity is observed (Allison et al., 1966). The
particles are soon ingested, and time-lapse cine-
photomicrographs show that the cells remain
viable and continue to move for at least one hour.
The lysosomes become clustered around phagocytic
vacuoles containing silica and discharge their con-
tents into the vacuoles, as shown by histochemical
studies of lysosomal enzymes (Allison et al., 1966).
In medium containing serum proteins coat the

silica particles at the time of ingestion, as can be
shown by staining with fluorescent antibodies
against serum proteins (Allison, 1974). This may
explain why cytotoxicity due to interaction with
the plasma membrane is reduced in the presence of
serum. The particles coated with protein are taken
up into lysosomes, and it is only when this coating is
digested (as shown by the disappearance of fluor-
escent staining) that the underlying silica surface is
exposed to interact with the lysosomal membrane.
Thus far there is no difference between the uptake

of toxic and non-toxic particles. After some hours'
incubation (the time depending on the concentration
and nature of the particles, the concentration of
serum in the medium, and other factors) clear
differences become apparent. Apart from discharge
of many lysosomes, cells that have ingested
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non-toxic particles appear normal; they are fully
extended and moving. In contrast, many ofthose that
have ingested toxic particles become round and
immobile. Histochemical staining for lysosomal
enzymes shows that after ingestion of non-toxic
particles the reaction product is confined to second-
ary lysosomes, whereas after ingestion of silica
diffuse cytoplasmic and even nuclear staining is seen
(Allison et al., 1966). Histochemical studies, using
as a marker ingested horseradish peroxidase (Nadler
and Goldfischer, 1970), likewise show that in the
presence of silica the enzyme is released from
secondary lysosomes to produce diffuse staining.
Electron micrographs of cells shortly after ingestion
of silica show the particles of this material are
retained within the membranes of secondary lyso-
somes, while mitochondria and other cytoplasmic
organelles are normal (Allison et al., 1966). Later
the silica particles are widely scattered in the cyto-
plasm, mitochondria are swollen, and other signs of
cell damage are manifest.

Evidently, therefore, silica particles, unlike those
of non-toxic materials, can react with lysosomal
membranes and make them permeable to hydrolytic
enzymes. This appears to be the mechanism
responsible for delayed silica cytotoxicity. If macro-
phages are exposed to poly-2-vinyl-pyridine-1-
oxide at the same time as silica, or beforehand or
shortly afterwards, silica cytotoxicity is strikingly
inhibited. The polymer enters the same secondary
lysosomes as silica particles, with which it can react
as soon as the protein coat is digested away. The
polymer cannot be degraded in macrophages and is
retained in secondary lysosomes for long periods.

Davies and Allison (1975) have compared the
time course of release of lysosomal and cytoplasmic
marker enzymes (N-acetyl-[-D-glucosaminidase and
lactate dehydrogenase, respectively) from cultured
macrophages that have ingested silica. Release of
the marker enzymes corresponds to cell death,
which begins about two hours after uptake of silica
and reaches a maximum (80 to 90 %/O) six hours later.
When serum is absent from the medium both
enzymes appear in the medium within one hour of
exposure to silica. Selective release of lysosomal
enzymes from macrophages surviving after exposure
to asbestos is not observed after exposure to silica.

Effects of asbestos on cultures of macrophages
Allison (1973) examined the limit of the size of
fibres that can be ingested by phagocytosis. In-
dependent of the type of asbestos, short fibres
(<5 ,um) were readily and completely taken up by
phagocytosis whereas long fibres (>30 l±m) were
never completely ingested. The cells were closely
attached to or enveloped the ends of the latter but
part of the asbestos fibres remained outside the

cells. The reflection of the plasma membrane over
the particles was demonstrable in stereoscan micro-
graphs. With long fibres two or more cells could be
seen attached to a single fibre, sometimes with
apparent continuity of cytoplasm, and the presence
in the culture of multinucleate cells containing long
fibres suggests that the process may lead to cell
fusion. Particles of intermediate size (5-20 ,um) were
sometimes completely ingested and sometimes not.
Asbestos differs from silica in that all the inhaled
silica particles (which are nearly isometric) reaching
the pulmonary alveoli can be ingested by macro-
phages whereas some inhaled asbestos particles are
not. They can therefore interact with plasma mem-
branes over a long period, and this may be relevant
to their biological effects.

Earlier studies of the cytopathic effects of different
types of asbestos on cultures of macrophages have
been reviewed elsewhere (Harington et al., 1974).
Compared with silica cell death is delayed, although
it is observed after exposure to moderate amounts of
chrysotile. We have recently found a remarkable
effect of asbestos on cultured macrophages: it
induces the selective release of lysosomal hydrolases
from cells that are still viable and, indeed, show
substantial increases in their content of lactate
dehydrogenase (Davies et al., 1974). The lack of cell
death is confirmed by the failure to find lactate
dehydrogenase in the culture medium.
The release of lysosomal enzymes into the medium

is seen with concentrations of asbestos as low as
1 Vg/ml and up to 50 Fg/ml is directly proportional
to asbestos concentration. The enzyme release is
demonstrable within 4-5 hours and rises steeply, so
that by 4 hours about 70% of the total enzyme
activity is in the culture medium. The role of enzyme
release in the induction of granulomatous reactions
and degradation of lung tissue is discussed later.

Electron micrographs (Allison, 1971) show that
soon after ingestion small particles of asbestos are
confined to phagocytic vesicles and secondary
lysosomes. After one or more days in culture some
particles are observed in the cytoplasm. The delayed
cytotoxicity, which is observed with all fibre types
but is most marked with chrysotile, is apparently
analogous to that produced more acutely by silica
and the primary event is lysosomal damage.

Interactions of silica and asbestos with natural and
artificial membranes

Two of the major effects of silica and asbestos on
macrophages-cytotoxicity and induced selective
release of lysosomal enzymes-are attributable to
interactions of the particle with membranes
(Allison, 1968). Early cytotoxicity follows an in-
crease in the permeability of the plasma membrane
(Allison, 1974) and late cytotoxicity follows a
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similar interaction with the lysosomal membrane.
Enzyme release is demonstrable after incubation of
isolated lysosomes with silica particles (Dehnen and
Fetzer, 1967). Enzyme secretion from intact cells
follows induced fusion of lysosomal with plasma
membranes. Interactions of silica and asbestos with
natural and artificial membranes are therefore of
interest.
A convenient model of interactions of particles

with plasma membranes is haemolysis. The haemo-
lytic activity of the several forms of crystalline
silica and other dusts parallels their cytotoxicity and
fibrogenicity, with stishovite being nearly inactive in
all systems (Stalder and Stober, 1965). If silica
particles are coated with aluminum hydroxide,
phosphatidylcholine, or protein or the contact with
erythrocytes occurs in the presence of poly-2-
vinylpyridine-l-oxide haemolysis is greatly inhibited
(Stalder and Stober, 1965). Agents chelating
calcium or magnesium have no demonstrable effect
on silica haemolysis nor does treatment of the
erythrocytes with neuraminidase inhibit the reaction
(Allison, 1973; Harington et al., 1971).
When analysing the mechanism by which silica

and asbestos exert these effects two main types of
cytolysis must be distinguished. The first is due to
interaction of the lytic agent with membrane lipids,
resulting in a disruption of the bilayer structure and
rapid, non-osmotic lysis. Markers of low molecular
weight-such as radioactive rubidium, a potassium
analogue which is not bound to protein-and
markers of high molecular weight-such as haemo-
globin or other cytoplasmic proteins or radioactive
chromium bound to them-are released nearly
simultaneously. The presence of non-penetrating
solutes such as sucrose does not inhibit haemolysis.
Haemolysis brought about by silica is of this type.
The phenolic hydroxyl groups of the silic acid on

the surface of silica particles can form hydrogen
bonds with phosphate ester groups of phospholipids,
as shown in model systems (Nash et al., 1966). The
interaction with phospholipids is also shown by
observations that incubation with silica particles
increases the permeability of liposomes composed
of phosphatidylcholine and cholesterol, with no
protein (Weissmann and Rita, 1972). Poly-2-
vinylpyridine-l-oxide preferentially forms hydrogen
bonds with phenolic hydroxyl groups of silicic acid
(Nash et al., 1966) and thereby prevents the inter-
action of the latter with membrane lipids.

Haemolysis by chrysotile asbestos is of the second
type. It is inhibited by agents preferentially chelating
magnesium or by prior treatment of the target cells
with neuraminidase to remove sialic acid groups
(Allison, 1973; Harington et al., 1971). Acid ex-
traction of the surface magnesium groups from
chrysotile fibres eliminates its haemolytic capacity.
During the course of haemolysis by asbestos, mark-

ers of low molecular weight such as rubidium are
released before those of high molecular weight such
as haemoglobin. The presence in the extraceilular
medium of non-penetrating solutes such as sucrose
does not affect increased rubidium permeability
induced by asbestos but significantly inhibits haemo-
globin release. All these observations suggest that
asbestos is haemolytic, because the surface mag-
nesium groups of the fibres interact electrostatically
with sialic acid groups of membrane glycoproteins
(Allison, 1973). As a result, the glycoproteins, which
are free to diffuse within the plane of the membrane,
are immobilized and cross-linked beneath the fibre.
The resulting clusters of proteins from ion-conduct-
ing channels which allow rapid efflux of potassium
from the cell and, because of the osmotic pressure
exerted by proteins entrapped within the membrane,
excess influx of sodium ions and water. The cells
consequently swell and burst.
The capacity of asbestos to form clusters of mem-

brane glycoproteins may also be a factor in fusion
of lysosomal with plasma membranes, leading to
release of lysosomal enzymes as discussed above.
Elsewhere evidence has been summarized relating
the clustering of membrane proteins to fusion
(Poste and Allison, 1973).

Discussion

The experimental results reported in this paper
suggest that the control of fibrogenesis normally
lies in the macrophage. When appropiately stimu-
lated by a sublethal dose of silica or asbestos
macrophages secrete a factor that can pass through
a millipore filter and stimulate collagen synthesis by
fibroblasts. Moderate concentrations of silica kill
macrophages, but lower concentrations increase
synthesis of cytoplasmic enzymes and secretion of
the fibrogenic factor.

Leibovich and Ross (1975) found that healing
wounds in guinea-pigs in which monocytopenia had
previously been induced by administration of
hydrocortisone and antimacrophage serum showed
a delay in fibroplasia much greater than that seen
in animals treated with hydrocortisone alone. The
number of granulocytes in the wounds was not
reduced by this treatment, which resulted in marked
depletion of monocytes and impaired debridement.
The authors speculate on the possibility that a
humoral substance produced by the monocytes is
important in stimulating fibroblasts to proliferate in
the wound.

Attempts to show in vitro the presence of a
fibrogenic factor in supernatants of macrophages
have given inconsistent results. Heppleston and
Styles (1967) reported that mouse macrophages
exposed to silica particles release a factor stimulating
collagen synthesis by chick fibroblasts. Burrell and
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Anderson (1973) obtained similar results with
rabbit alveolar macrophages and human (WI-38)
fibroblasts. On the other hand, Harington et al.
(1973) did not find any increase in collagen synthesis
of hamster fibroblasts after addition of culture
medium from hamster macrophages exposed to
silica.

Aalto, et al. (1976) have recently reported that
treatment with silica releases from peritoneal
macrophages a soluble factor which stimulates
the synthesis of collagen and other proteins
in incubated slices of experimental granulation
tissue.

Clearly, further work is required to establish
whether in-vitro assays of the fibrogenic factor are
valid. Small differences, such as the composition of
the medium and whether the cells are in the growth

phase or lag phase, can affect collagen synthesis.
Heterologous systems (where macrophage products
are used with fibroblasts from another species)
may be artificial. Nevertheless, the fibrogenic
factor(s) may prove to be demonstrable in culture.
Fractionated supernatants would be interesting in
this regard. It would also be interesting to know
whether the two-stage mechanism operates in the
liver, with effects first on Kupffer cells and fibrogenic
responses in perisinusoidal cells. In general, our
knowledge of the control of fibrogenesis is very
limited and much remains to be done in this field of
endeavour.
Another possibility is that macrophages exposed

to silica release a factor that stimulates fibroblast
multiplication in the lungs or other sites, and this
also deserves careful investigation.
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