
Introduction

More than 40 years ago Vigliani and Pernis re-
ported extensive serological and cellular evidence of
activation of the Immune System in human and in ex-
perimental Silicosis (1). They also underscored the
reciprocal potentiation of Silicosis and some “Colla-
gen” diseases like Scleroderma and Rheumatoid
Arthritis. Their conclusion was that, in absence of any
evidence of specific immune reactions to Silica, the
immunological reactions that appeared to play a role
in the pathogenesis of Silicosis, were non specific and
rather akin to the generalized stimulation of the Im-
mune System as observed under the influence of some
bacterial products like the endotoxins of Gram-nega-
tive microorganisms. In the meantime, and particular-
ly in the last two decades, it has become clear that the
Immune System consists of two parts, which are in-
terconnected. One part is responsible for the specific

cellular and humoral responses to antigens (the adap-
tive immune responses) and another, more ancient in
phylogeny, that is mainly involved in the immediate
resistance to invasion by infectious agents, which has
been called the “Innate” Immune System.

On the basis of this new knowledge, it is now
possible to state that the pathogenesis of Silicosis is
entirely immunological and that it involves initially a
stimulation by Silica of the Innate immune System,
followed later by a polyclonal activation of the lym-
phoid, adaptive, moiety of Immunity.

Receptors and Cells of the Innate Immune System 

The Receptors of Innate Immunity are very dif-
ferent in origin, structure, and function, from those of
the Adaptive Immune System. They are relatively lim-
ited in diversity, they have been shaped by natural se-
lection and are ubiquitously expressed in the cells of
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the Innate Immune System. On the other hand, the
Receptors of Adaptive Immunity have a diversity of
several millions, generated by random re-arrange-
ments in the genome, they are selected by somatic se-
lection and are clonally expressed by the cells of the
adaptive System (T and B lymphocytes).

The basic function of discriminating between self
and non-self ligands is performed by the lymphocyte
receptors by selection in the body (Tolerance versus
Immunity), whereas the receptors of Innate Immuni-
ty have been selected by phylogeny to react with gen-
eral molecular patterns associated with pathogens
(PAMP) (1) and to avoid reaction with self.

It appears from what we shall discuss henceforth,
that Silica is recognized as a PAMP by the Innate Im-
mune System. This is likely to be the consequence of
the fact that the surface of crystalline Silica is covered
by Hydroxyl groups attached to Silicon atoms (3).
These groups (Si-OH or silanol groups), together
with firmly bound water may mimic the PAMP atom-
ic arrangements of carbohydrates of bacterial or fungal
cell walls. Table 1 gives a summary list of the Innate
Immunity Receptors in Vertebrates.

Silica and the Soluble Molecules of Innate Immunity

In 1959 Pernis, Gambini and Levis (4) reported
the presence in the serum of rabbits treated with Sili-
ca of a heat-labile Zymosan-agglutinating Factor. The
properties of this factor (provisionally called Quartz
Factor) were described in detail and they appear to be
identical to those of the Mannose-binding Lectin
(MBL) that was discovered much later and shown to
be a “pluripotent molecule of the innate immune Sys-
tem” (5). It is reasonable to assume that the drastic in-
crease of the bactericidal property of the serum of Si-
lica-treated rabbits observed in separate experiments
(6) was due to an increase of MBL.

In research still going on to day, S. Kuipers, H. Van
Dijk, A. Cattaneo and B. Pernis (unpublished) have
shown that Silica is a potent activator of MBL, actual-
ly more potent than many bacteria and viruses. Silica
can, therefore, activate Complement through the
lectin-dependent pathway. Activation of Complement
by Silica through the alternate pathway has been
shown by Callis et al. (7) and the binding of C’3 on Sil-
ica particles present in thin sections of human silicotic
nodules exposed to fresh guinea-pig serum was detect-
ed by immunofluorescence by B.Pernis in 1963 (8).

The capacity of Silica to react with different sol-
uble molecules of the Innate Immune System is there-
fore proven. However, it is not proven that these reac-
tions are essential in the pathogenesis of the fibrotic
process leading to the production of silicotic tissue.
Callis e.a. (see n.7) found no difference between the
fibrosis induced by Silica in the lungs of mice lacking
C’5 (B10.D2/Sn mice) and that produced by the same
treatment in the lungs of control C5-sufficient ani-
mals. It is therefore likely that the interactions be-
tween Silica and the Innate Immune System that lead
to the silicotic fibrosis involve the Cells of this Sys-
tem.

Silica and Macrophages

Macrophages are the central cells of the Innate
Immune System. They perform both effector func-
tions, killing and clearing bacteria, fungi and viruses,
and regulatory functions through the production of
various cytokines (TNF, IL-1, Il-6, Il-8, Il-12) that

Table 1. Innate immunity receptors in vertebrates

Soluble Molecules

Collectins: Mannose-binding Protein (MBL)
Surfactant Protein-A
Surfactant Protein-B 
Conglutinin
CL-43

Complement: Recognition Components: C1, C2, C3, C4
Attack Components: C5, C6, C7, C8, C9

Membrane-bound Molecules

Mannose Receptor
Scavanger Receptors (SR-AI, SR-AII, MARCO, CD-36,
SR-CI)
LPS Receptor and CD14
Toll-like Receptors (TLR-2, TLR-3, TLR-4, TLR-5, TLR-7,
TLR-9)

Cytosol Molecules

NOD1, NOD2
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regulate the proliferation and differentiation of the
cells of the Innate Immune System as well as those of
the Adaptive System and the fibroblasts. Silica has a
double effect on the macrophages that actively phago-
cytose the particles: first it stimulates them, then, after
some hours, it causes the death of an increasing por-
tion of the cells.

We do not know the molecular details of the
process that leads to stimulation, but it is likely that it
involves both binding Receptors, like the scavenger
receptor SR-A1 (9) or the mannose Receptor, and
then Receptors that contribute to the transmission of
the signal, like the TLR-2. A cooperation between
different receptors at the level of the phagosome has
been shown to be operative in the case of
Macrophages that have ingested Zymosan (10) and
we have noted in the preceding Section the possible
analogies between Zymosan (particles of insoluble
carbohydrates derived from the yeast cell wall) and
Silica for what concerns the reactivity with the soluble
receptors of the Innate Immmune System. The signal
pathway would then lead to the activation of NF-kB
and to the transcription and translation of the genes of
the inflammatory cytokines (11). Amongst these most
important is TNF since a very relevant publication by
Piguet et al. (12) has shown that TNF is essential for
the development of silica-induced pulmonary fibrosis.
TNF would thus explain the link between the stimu-
lation of the Innate Immune System by Silica and fi-
brosis, a process common to other “collagen” diseases,
as we shall discuss later. But other cytokines are also
released by the macrophages stimulated by Silica,
among these is Interleukin-1 (13, 14), which would
also stimulate T lymphocytes, thus establishing a link
with the Adaptive Immune System. Furthermore,
there is the possibility that cytokines secreted by the
macrophages stimulated by Silica may feed back pos-
itively on the proliferation of the precursors of
macrophages in the bone-marrow, precursors that are
common to other cells of the Innate Immune System,
like the Mast-cells and the immature Dendritic cells.
After some hours of stimulation (6h-24h) the
macrophages that have phagocytosed Silica particles
die through a process of cytoplasmic swelling that has
been classified as “oncosis,” (15) and is quite different
from the more common process of apoptosis.

The percentage of Macrophages that die after ex-
posure to Silica in vitro vary with the concentration of
Silica and, interestingly, also depend from the crys-
talline state being most intensive with Tridymite than
with Quartz and being absent with amorphous Silica
(16). The phenomenon of Silica-induced death ap-
pears to be specific for macrophages since it does not
occur with other phagocytes like granulocytes (17) or
phagocytic Amoeba (B. Pernis and C. Pericone, un-
published). We do not know the receptors and the sig-
nal pathways that lead to the process of Silica-induced
death of macrophages and how this may differ from
those involved in the stimulation, but I like to point
out that similar events of macrophage death by
“necrotic” oncosis also follow 6-24 hours after the
phagocytosis of some bacteria (18, 19).

Cell death of macrophages that have phagocy-
tosed Silica also occurs in vivo, so that with a relative-
ly limited number of Silica particles multiple cycles of
macrophage stimulation and death can occur, with
progrssive stimulation of the Innate Immune System,
until ultimately the mineral particles are embedded in
the thick hyaline collagen tissue of the nodules and so
excluded from the contact with other macrophages.

Silica and Mast-cells

Mast-cells are tissue-dwelling immune effector
cells that derive from bone-marrow precursors com-
mon with macrophages and dendritic cells. The role of
Mast-cells in Innate Immunity has been well docu-
mented (20). Likewise there is evidence for a role of
Mast-cells in the development of experimental (21)
and human (22) “collagen” diseases.

In 1958, Pernis, Saffiotti and Tommasini (23) pub-
lished a paper showing that Mast-cells were abundant
in the pulmonary lesions of rats treated with intra-tra-
cheal injections of Silica, and that many of these cells
were degranulating. This participation of Mast-cells to
the silicotic process started 1-2 months after the ad-
ministration of Silica, and became progressively more
intense together with the devolopment of fibrosis.

Various cytokines are presumably involved in this
interaction between Mast-cells and Silicosis, in partic-
ular TNF, which is known to be synthesized and se-
creted by activated Mast-cells (24). In any event the
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presence of numerous Mast-cells in the tissues of ex-
perimental silicosis, and the morphological evidence
of their activation, constitute yet another fact that
shows participation of the Innate Immune System to
the biological reactions to Silica.

Silica and Dendritic Cells

In Vertebrates, Dendritic Cells are at the hinge
between the Innate and the Adaptive Immune Sys-
tems. Dendritic cells express all the cell-bound Recep-
tors of Innate Immunity and they respond to
pathogen-associated molecular patterns (PAMP)
quite so well as macrophages. Upon stimulation the
immature Dendritic cells become mature and become
efficient antigen-presenting cells for T lymphocytes
through the membrane expression of antigenic pep-
tides bound to histocompatibility carriers and the si-
multaneous expression of co-stimulatory molecules.
T-lymphocytes that have not encountered antigen be-
fore (“naive” T cells) cannot be stimulated except by
antigens presented by mature Dendritic cells. In this
way Dendritic Cells (DC) screen potential foreign
molecules through reactivity with their receptors for
PAMP, and hand over that information to T lympho-
cytes indicating the presence of potential antigens
worthy of recognition by the clonal receptors (and the
cells) of the Adaptive Immune System. Dendritic cells
are derived from progenitors in the bone-marrow
common to Macrophages and Mast-cells.

In vitro experiments to study the effect of Silica
on DC have been performed by Bower et al. (25, 26).
They have shown that immature DC (although they
are actively phagocytic) are neither killed nor stimu-
lated by Silica alone. On the other hand immature
DC incubated overnight with Silica in the presence of
Macrophages are induced to mature to cells that can
efficently cooperate with T lymphocytes. The mole-
cules that are released by the Macrophages that have
ingested Silica and that act to stimulate the DC mat-
uration have not been completely identified, but they
appear to include Il-1, GM-csF (granulocyte/
macrophage colony stimulating Factor) and possibly
other molecules in the range of 50 kD.

Perhaps the best, although indirect, evidence that
supports a stimulatory action of Silica on DC in vivo,

comes from a work (1962) of Pernis and Paronetto
(27), who observed a large (more than ten fold) in-
crease in the production of antibodies to a T-depen-
dent antigen (ovalbumin) in rabbits that had recived
Silica intravenously. The increase in antibody produc-
tion developed slowly in these animals, and reached
the higher levels three months after the administra-
tion of Silica. Comparable results were obtained in
Silica-treated rats that received horse serum as a mix-
ture of antigens. In rats an histological study was also
performed that showed that the increase in antibody
reactivity was parallel to the progressive enlargement
of what was called at that time the reticulo-endothe-
lial System (Macrophages and Dendritic cells) and of
the areas that included T and B lymphocytes as well as
immunglobulin-containing Plasmacells.

The present re-interpretation of those findings is
that repeated cycles of Silica ingestion by macro-
phages produced factors that induced the maturation
of more and more DC so that the response of CD4 T
lymphocytes to the antigen presented by these cells
was correspondingly enhanced.

Silica and Lymphocytes

Lymphocytes, T and B, are the cells of the Adap-
tive Immune System. The original observation of
Vigliani and Pernis (see n.1) showed evidence of pro-
liferation of lymphocytes and maturation to plasma-
cells in human and experimental Silicosis. Further-
more accumulations of immunoglobulines were ob-
served in human silicotic nodules (28). However,
studies on the effects of Silica on lymphocytes in vit-
ro have reported either divergent effects (29) on B
lymphocytes, or no effects at all (30) on T lympho-
cytes.

The apparent discrepancy is easily resolved by as-
suming that Silica particles have no direct effect on
non-phagocytic cells like lymphocytes, but that the
widespread stimulation of the Adaptive Immune Sys-
tem observed in human and in experimental Silicosis
is the indirect consequence of the stimulation of the
cells of the Innate Immune System (notably the
Macrophages) and the consequent activation of the
cells that connect the Innate with the Adaptive arms
of Immunity (notably the Dendritic cells).
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Silica and “Collagen” Diseases

It has long been realized that abnormalities of
Collagen are not involved in the genesis of the so-
called “Collagen” Diseases. Rather it has become in-
creasingly apparent that various disturbances of the
Immune System are behind the process of fibrosis that
marks the diseases. Recently, attention has been given
to the possibility that some of these immunological
abnormalities may involve the System of Innate Im-
munity. Two alternative possibilities have emerged:
one that stimulation of the Innate Immune System
may be the first step to be followed by an involvement
of the lymphoid, Adaptive Immunity, and the other
that in some cases the reverse may happen.

As an exmple of the first possibility I shall quote
the case of the activation by chromatin immune com-
plexes of Toll-like receptor 9, which might then acti-
vate the DC and subsequently drive the adaptive im-
mune response in systemic Lupus (SLE) (31, 32). In
this instances the connection between the Innate and
the Adaptive immune responses would be provided by
the physiological link of the stimulation of the Den-
dritic cells. As an example of the second possibility, I
may indicate the experimental rheumatoid arthritis in
mice after transfer of an autoantibody to GPI (glu-
cose-6-phosphate isomerase) (see n. 21). In this sec-
ond example, the connection between the Innate and
the Adaptive Immune System is reversed, and the link
is provided by Complement.

It appears to me that Silicosis can be included in
the Collagen Diseases of the first group, with a pri-
mary involvement of Innate Immunity followed,
through the link of Dendritic cells, by the polyclonal
activation of the system of Adaptive Immunity. At
least in the case of Silicosis we may understand what
might be some beneficial effects of the fibrotic reac-
tion since the embedding of the stimulating Silica
particle in the collagenous tissue may be the only way
to stop (33) the continuing cycles of phagocytosis of
the particles, followed by stimulation, and the death of
the engulfing macrophages, which is the driving force
of the whole process.

The identification of Silicosis as a Collagen Dis-
ease, with a clear immunological pathogenesis, is in
good agreement with the fact that there is a significant

increase of the incidence of different Collagen Dis-
eases in humans exposed to Silica.

Here are some recent reports of this association:
a) with Rheumatoid Arthritis: Klockars et al.

(34), Steenland and Brown (35); b) with Systemic Lu-
pus: Sanchez-Roman (36), Melhorn et al. (37), Parks,
Conrad and Cooper (38); c) with Scleroderma:
Haustein and Anderegg (39), Sluis-Cremer et al. (40),
Gabay and Kahn (41), Koeger et al. (42). In the case
of Scleroderma there is not only the frequency of as-
sociation, but also the fact that the hyaline fibrous tis-
sue of this disease is similar, in ultrastructure, to the
hyaline of Silicosis (43).

Overview

Although much experimental work remains to be
done, a comprehensive view of the biological reactions
of vertebrates to Silica particles, and the pathogenesis
of Silicosis in humans, is emerging. This is of an en-
tirely immunological process that begins with the
stimulation of the Innate Immune System that senses
the surface of the Silica particles as if it were the sur-
face of bacteria or fungi. This happens because some-
how the chemical properties of this surface mimic
those pathogen-associated molecular patterns
(PAMP) that can react with one, or many, of the Re-
ceptors of the Innate Immune System. Subsequently,
the activation of the Innate System is followed by a
polyclonal hyperactivity of the lymphoid cells (Adap-
tive Immune System). The whole process reflects the
effort of the vertebrate Immunity to eliminate what is
sensed as a potential pathogen, but of course the Sili-
ca particles are indestructible and the only final solu-
tion is to bury them inside collagenous tissue. The im-
munological pathogenesis of Silicosis has much in
common with that of the so-called “Collagen” Dis-
eases, and it is not surprising that these are detected
with increased frequency in humans exposed to Silica.
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