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LRETRACT
Many pulmonery diseases have Fibroegis as their end.-

stage but the pathogenesis of Lfibrosis is still obscure.

This thesis describés an animal model which was de-
signed to determine whether mononuclear cell activation
plays a role in pulmonary fibrogenesis, paying particular
attention to the pulmonary macrophage and collagen content

of the lung.

The aim was to introduce too low a number of inhaled
agsbestos fibres to cause fibrosis by themselves and to
study the effect of various additionsl stimuli which might

be expected to activate pulmonary mononuclear cells.

Specific pathogen~irece guinea-pigs were exposed vo
asbestos by inhalation for twe eight-hour periocds. Some
groups of animals were treated with Freund's complete
adjuvant by hind footpad injections pricr to asbestos ex-
posure, some were infected with a live non-~virulent strain

of Mycobacterium tuberculosis by subcutaneous injection

after asbestos exposure, and some received both these

additional stimuli, -

The effects of these various treatments were evaluated

by light and electron microscopy of lung tissue, light



microscopy of living and fixed wmononuclear cells extrécted
from the lung, biochemical quantitation of lung collagen,
measurement of pulmonary macrophage enzyme levels, de-
tection of peripheral blood lymphocyte blast transformation,
measurement of lung deoxyribonucleic acid (DNA) levels,
measurement of body weight and lung weight, and by gross

observations at necropsy.
The principal findings were:

1. Asbestos bodies were demonstrated from three weeks
following exposure;

2. Peripheral blocd lymphocyte blast transformation and
skin testing to PPD provided evidence that these mono-
nuclear cells had become seﬁsitized;

3. Mycobacteria could not be detected in the lung;

4. VYVarying patterns of a chronic inflammatory response
vere evident, with the severity and time of development
dependent on a particular treatment;

5 ILarge diffusé increases in reticulin fibres were present
in the lungs of groups with activated mononucleaxr cells,
the severity depending on the method used to activate
such cells;

6. Increases in lung collagen using Masson's trichrome and
Veigert-van Gieson stains were not demonstrable;

7. Extractable lung collagen (hydroxyproline) follows an

irregular course, the most significant change being a



reduction during the early phase of the reacticns,
which was dependent on the treatment given;

8, Pulmenary macrophage activation and maturation was
demonstrated by light and electron microscopic alter-
ations and by ability to adhere %o and spread on glass;

9. An enszyme marker for activation of pulmonary macrophages

(amincpeptidase activity) did  increase,

Morphological and biochemical events are discussed
in detail in relation to the regulatory nature of the in-
flamatory process as related to fibrosis and comparisons

are made with other in vivo models.
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One of the most charascteristic features

of pathological processes is their duality
of effect so that tliey may act sometimes
for the benefit of the host, sometimes

for his detriment,

W.G. Spector
In Biology of the
Fibroblast 1973
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Section I : Introduction




Section T ¢ Introduction

Puimonery fibrosis presents a formidablie challenge to
contvempcrary respiratory medicine, It is not a disease

unto itself but should be considered the end result of a
final common pathway of many biclegical Tesponses Lo various
insulting agentse. It is a Soufce of continuing morbidity
and nmertelity, vreatment being largely empirical and

pailiative in the absence of knowledge of ite pathogenetic

mechanisn(s).

1. ZEerminclogy

[¢/]

Pulwmonsyry fibrosis is a peneral term that encompase

e
1

two speeific pathological processes that can occuxr with

the peripheral regions of the lung. Interstitial fibrosis

1=

ia a process whereby changes initially occur within the
alveolar wall and intra-alveolar fibrosis iz a process
whereby changes originate in the lumen of the alveolus.
The latter normally occurs following unresolved acute
pneumonid when the fibrincus intre-zlveolar exudatc or-
ganizes instead of becoming absorbed. The alveoli‘become
f£illed with a prolifersating mass of fibroblasts which is
followed by fibrosis. Interstitial fibrosis is the final
common pathway of interstitial pneumonia, caused by a
variety of agents (Table 1 ). Histologically it is repre=

senied by a sequence of inflammatory changes. These include



Table 1.

Causes of Intersgtitial Pneumonia

Inorganic dust (i.e. asbestos silica)
Drugs (e.g. bleomycin, buslphan)
Chemical (e.g. beryllium, paraquat, lipids)

Bacteria (e.g. M. tubcroulogis)

Viruses
Radiation

Pulmonary oedema (e.g. uraemic lung)
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hyperplasia of Type 1T pneumonocytes, thickened alveélar
septa due to oedema and mononuclear cell infiltration,
fibroblast and smooth muscle cell proliferation and fibrosis.
‘As the alveolar walls become thicker they can eventually
obliterate the alveolar spaces, thus making it difficult

to distinguish between interstitial and intra-alveolar

fibrosis,

Pulmonary fibrosis has been discussed under various
names for almost two centuries, each name based from gross
or histopathological observations of various stages of
fibrosis (i.e. cellular - fibrous - honeycomb)., For ex-
ample, "cirrhosis" of the lung was a name that was first
accepted in medical lliterature in 1838 (Clark et _al, 1894)
and remained in usuagé well into the second decade of the
twentieth century (Powell and Hartley, 1921). This name
was chosen following the observation that a severely fibrotic
lung had a very nodular appearance resembling a cirrhotic
liver, We know today what in fact had been seen was a
honeycomb lung. In older literature another name, fibroid
phthisis, was frequently used and meant that there was a

fibrous consolidation of the lung (Clark et al, 1894).

These names gradually disappeared from the literature,
however other names have remained in use for over a cen-
tury snd still other new names have appeared until today
we have a variety of synonyms describing what is in the end,

fibrosis (Table 2 ).
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Table /2

Synonyms For Pulmonary Fibrosis

Usual interstitial pneumcnia

Desquamative interstitial pneumonia
Organized interstitial pneumonia

Diffuse interstitial pneumonitis

Chronic interstitial pneumonitis
Interstitial pulmonary fibrosis

Idiopathic pulmonary Tibrosis

Idiopathic interstitial pulmonary fibrosis
Ghronic interstitial fibrosis of lung
Diffuse intérstitial pulmoﬁary fibrosis
Chronic diffuse interstitial fibrosis of lungs
Acute diffuse interstitial fibrosis of lungs
Hamman-Rich syndrome

Muscular cirrhosis

Chronic diffuse fibrosing alveolitis

Cryptogenic fibrosing alveolitis



2. Historv

Whilst it is probable that Avenbrugger (1761) and
Morgagni (1769) were the first to describe the gross
pathology of pulmonary fibrosis, it was not until the ﬁ9th
century that several investigators began to write detailed

accounts of its pathogenesis.

In literature of the 19th and first quasrter of the
twentieth century authors treated the subject of pulmonary
fibrosis under a variety of different names, describing
different pathological conditions and holding diverse

opinions as to its pathogenesis,

Bayle (1815) was the first investigator to describe
clinical and pathological feafures of pulmonary fibrosis
which he called phthisié with melanosis. However, he
presented no evidence for a cause except when fibrosis was
complicated by tuberculosié. le does not mention whether
tuberculosis was a primary infection preceeding fibrosis or
a secondary infection which developed after fibroéis occured.,
In either case, pathologically, the lungs had a thick ad-
herent pleura, black pigmentation and were hard to the ex-

tent that they resembled cartilagenous tissue.

Bayle only described six cases of phthisis with mela-
nosis however it is clear that he was in fact discussing

pulmonary fibrosis and although he did not discuss the
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microscopic changes or theorize as to its pathogenesis, his

vork laid the foundstion for others to buildé on.

Taemnec (1834) considered pulmonary fibrosis to be a
secondary complication of tuberculosis since he seldom ob-
served fibrosis except in tuberculosis infections. Hasse
(1846), Grisolle (1864) and Stokes (1882) also maintained
Laenneé's doctrine that fibrosis was a sequele to tuber-
culosis. These investigators also made brief mention of
chronic pneumonia. They described it as a condition in
which the lung was gray to black in colcur, dense, hard,
resisting traction and pressure, sometimes granular and at
other times smooth with white bands marking the increases
in intralobuler tissue. They thought that fibrosis around
tubercles was caused by the organisms and not a chronic

pneumonia which they considered to be extremely rare,

Andral (183%6) however, did not consider chronic pneu-
monia to.be rare, therefore his work established a second
school concerning the mechanisms involved in fibrosis. Hé
believed that Baylet's phthisis with melanosis was actually
the result of an inflammatory process and that the degfee
of colouring was related to the chronicity (e.g. red was
the early or acute stage of inflammation with.gray and black
being a direct consequence of the chronic stage). He did
not believe that the fibrosis seen around a tubercle was a
result of the tubercle itself but was due to the chronic

pneumonia. His reasoring was, since tubercles appear in
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areas of chronic pneﬁﬁoniag the pneumonic condition pre-
ceeded the development of tubercles, Andral also demon-
strated that there was considerable variation in the degree
cf development of chronic inflammatory lesions and these
variations could be confined to a small area of lung. He
taught that if lung is improperly sectioned for gross and
microscopic examination,‘representative areas depicting all
developmental stages of a chronic inflammatory lesion ending
in fibrosis may be missed, thus creating an avenue for mis-
interpretation of the mechanism(s) responsible for fibrosis.
He was the first to advance the theory that certain forms
of pulmonary fibrosis have no known etiology (i.e. are
idiopathic). This is the first discussion of fibrotic lung
conditions that are even today given the names idiopathic
pulmonary fibrosis (Crystal et al,1976) or diffuse fibros-
ing alveolitis (Scadding, 1964; Scadding and Hinson, 1967).

These investigators did not distinguish between in-
flammatory changes and fibrosis predominantly affecting al-
veoclar septa as opposed to "pneumonia' which is generally
vsed to refer to inflammations 6f the lung characterized by
consolidation by inflammatory exudation filling alveolar
spaces. It therefore appears that they considered fibrosis

to be a result of intra~alveolar reactions. -

Investigations comparing fibrosis with and without

mycobacteria present were performed by Addison (1868).



He hypothesized how to distinguish between the two bﬁ use
of gross and microscopic observations combined with clini-
cal data. He believed thaf fibrosis whether it was associ-
ated with or without mycobacteria had the same origin.

This he called "pulmonic inflammatioﬁ". In his general
discussions of fibrosis, he describes three varieties:
uniform albuminous, granular and gray indurations, sll
three of which he considered to be the'consequence of acute
pneumdnia which was either slow to resolve or which became
recurrent. Addison also examined the question that has not

been answered today. That is why one case of pneuvnmonia

]

may resolve completely while another remains unresolved

AL

developing into a fibrous state. His answer to this question
may ve over simplified in todays terms but in his time, he
formulated the following: An individual with unresoived
pneumonia remains in such a state because of a general
debilitation of the individual, in other words a "diathesis"
was involved, Clark et al (1894) have summerized Addisons!
opinions as such: "1. that pulmonary indurations were almost
always the result of pneumonia or of pulmonic inflammation
of some xind, at first free from tubercle; 2. that when
found with tubercle, the latter had become engrafted secon~-
darily',.

In a work published by Grisolle (1864 ) the most im-

portant feature concerning pulmonary fibrosis was the fact

that fibrotic lung lesions may be caused by agents other
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than bacteria, especially forms c¢i inorganic irritating

dusvs,

Between 1867-1894 1little is added to the views al-
ready known. The journals and textbooks become stereo-
typed, using descriptions set forth by Bayle, Laennec and
Andral. We are left at this time with diverse opinions
as to the origin and pathogenetic mechanism(s) of »ulmonary
fibrosis. Although the end result without question was
the same, the disease or oohdition; described were as

varied as the number of authors reporting their iadividual

work.

The first baok providing a comprehensive, up-to-date,
coherent critique of the clinical and pathological events
in pulmonary fibrosis appeared in 1894 (Clark et al, 1894).
"his volume is appropriately summarized from a paragraph

from the authors preface:

"Our first idea was to bring out a book of
plates, with short descripiions illustrating
the various morbid conditions found in fibroid
lungs. ILater, as more material came to hand,
we decided to enlarge the scope of the work,
and to examine more thoroughly the whole sub-
ject of fibroid diseases of the lungs. We
have, therefore, collected the views to be
found in most of the literature upon the sub-
ject, and have endeavoured to make the book
useful for purposes of reference; based as it
is upon an inguiry as searching as possible,
and illustrated by a large number of typical
instances of the disease than, we venture to
think, has ever before been brought together",



A feature of this book is the extensive histopatho-
logical description of the entire respiratory system in
relation to f£ibrosis. Credit must be given to these
investigators for the accurate histological description of
fibrotic lungs, given thé guality of tools they had to work
with compared to the sophisticalted laboratory of today.

Ve can find little fault of what they said concerning the

light microscopic appearance of fibrotic lungs.

It was work such as this which laid the cornerstone for
present day investigavions into the pathogenesis of pulmonary

fibrosis.

Irn Babcocks! text (1907) there is 2 chapter eantitled
“Chronic Interstitial Pneumonia -~ Fibrosis of the Lung -
Pibroid Phthisis", The title alone points out the influences
of earlier investigators in this area of study and that the
questions and controversy pertaining to fibrosis have not
been settled. The actual text of this chapter discusses
the writings of Bayle and Laennec. It adds nothing to what

“has previously been mentioned,

In Powells! "Diseases of the Iungs and Pleurae!, (1911)

a chapter is given the title Chronic Interstitial Pneumonia

or Cirrhosis of the Iung - Pneumochonisis. Again, the title

speaks for itself. The views of Laennec and others still

persist, There are however, a few points discussed by



Powell that although not new, zre brouvght out more clearly
than in earlier works. His description of the morbid
changes in pulmonary fibrosis are feirly uniform in all
cases and the microscopic changes folldw a patvern of cell-
ular infiltration with the eventuwal disappearance of cells
when the fibrotic lesions are fully developed. He also
discusses four types of irritating dust that were thought
to cause fibrotic lesions: iron, silica, coal and cotton
bﬁ% includes no explanation as to the pathogenetic mechanism
leading lo fibrosis. His sectlon on pneurmoconioses only
dgalt with the above mentioned dusts possibly because of
the types of indusstry thew weré emerging at this time and
we were just beginning to recognize the vast variety of

dusts that could lead to pulmonary fibrotic lesions.

In the sixth edition of Powells' text, his chapter
"on pulmonary fibrosis has not changed one word with the
exception of a case presentation of pneumoconiosis and a
somevhat more detailed description of silicosis (Powell

and Hartley 1921).

Compared with our present knowledge of the aetiology
of pulmonary fibrosis the causes up to this period in his-

tory were quite short (Table 3 ).

During the next nine years, little is added to what

was written. This lack of interest in investigations



Table 3

Causes of Pulmonary Fibrosis 1800 - 1921

Broncho-~pneumonia

Acute croupous pneumonia
Chronic bronchitis
Pleurisy

Inhalation of irritating dust
Collapse of the.lung
Sypbhilis

Bfonchiectasis

Trauma

Fibrcid diathesis
Alecohol

Tuberculosis
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¢concerning pulmonary fibrosis mey be explained if one
counsiders the important areas of medical research taking
place between 1894 and the first quarter of the 20th
century. The biggest strides at this time were in the
areas of surgical antiseptic procedures, bacteriology and
the beginning of a new field called immunology. It may
have been felt by the individuals.working in these areas,
that they could not zdd vo the works of Laennec, Aadral,
and Clark,

A rekindiing of research interests in pulmonary fi.-
brosis began to appeer around 1930 and has continued at
2n explosive pace, especcially over the past decade. TFoux
epparent reescns for this renewed interest can be sited.
First, there hag been = continual increase in the number
of recognized agents thset are capable of causing pulmonary
fibrosis. These agents include inorganic dusts,; bacteria,
radiation, toxic chemicals and fumes, drugs and immuno-—
logical related insults. Second, the discovery by Hamman
and Rich (1935) of a progressive, rapidly fatal, diffuse,
interstitial pulmonary fibrosis of unknown aetiology has
created an area of intense investigations into the patho-
genetic mechanisms responsible for interstitial pulmonary
fibrosis {(Livingstone et al, 19653 Scadding and Hinson,
1967; Gross, 1962; Stack et _al, 1965; Crystal et _al, 1976;
Fulmer and Crystal, 1976 and Turner-Warwick,i974). Third,

despite the volume of ressarch that has been conducted in



animals, the majority of experiments have attempted to
assess the fibrogenicity of agents or to reproduce partic-
ular discase entities, (e.g. asbestcsis, extrinsic allergic
alveolitis). These studies have concentrated on the histo-
pathological changes i.e, the results of, rather than the
bagic mechanisms of fibrogenesis, Histological gstudies
must be correlated with as many other studies employing as
many ‘technigques ag possible; for example, histology com-
bined with analysis of collagen syﬁthesis and degradation,
analysis of various enzymes and immunological studies.
Tourth, despite the fact that the basic mechanismg of fibrosis
are not understecod and with the increasing recognition of
the condition, research conducted with treatment of fi-

brosis in mind has gained a new impetus.

3. Clasgification

A list of diagnostic categories has been set forth
by Scadding (1974). This classification is also applicable
to experimental studies and has the advantage of not being
too rigorous and restrictive. In the first category are
thoge diseases that can be defined aetiologically. This is
divided into three subcategories. In the first subcategory
are those diseases which are caused by inhaled inorganic
and organic dust (e.g. asbestos, silica, thermophilic
actinomycetes and avian antigens)., The second subcategory

consists of ingested toxic substances (e.g. paraquat) and



the third subcatagory consists of the infectious diseases
that may lead to fibrosis. In the second category are
those conditions which result from undetermined causes

but can be defined histopathologically. This category has
been subdivided into $wo groups. Those which are related
to a systemic disease (e.g. sarcoidosis, eosinophilic
granloma) and those found only in association with the

respiratory system (e.g. fibrosing alveoclitis),

Experimental investigations are performed either to
study the effects of a known insult (e.g. azbestos, silica)
to the lung or to mimic the processes that have been defined.
under the histopatholcogically defined category. Thus the
experimentalist should be familar with such & diagnostic

categorigation of fibrotic lung diseases.

A second classification scheme based on the histo-
pathology of pulmonary fibrosis has been devised by Liebow
(1975). Hé has classified interstitial pulmonary fibrosis
as 1. usual interstitial pneumonia (UIP), 2. desquamative
| interstitial pneumonia (DIP), 3. bronchiolitis obliterans
with usual interstitial pneumonia (BIP), lymphoid inter-
stitial pneumonia (LIP) and giant cell interstitial pneu-

monia (GIP).

UIP represents the classical histopathologic descrip-
tion of idiopathic pulmonary fibrosis and fibrosis caused

by viruses, radiation, drugs, immunological factors (e.g.



hypersensitivity reaction) and ‘toxic chemicals. Initially
there is damage to the Type I epithelial cells lining the
¢air spaces and capillary endothelium, Damage to these cells
cause leakage of fluids, congestion, oedema and hyaline
membrane formation; this is followed by proliferation

~of Type II epithelial cells and mononuclear cell infilfration,

fibroblast and smooth muscle cell proliferation and fibrosis,.

DIP at first appéars té be an intra-alveolar reaction,
however close exemination shows that it is an interstitisl
reaction consisting of lymphocytic cell infiltration in-
cluding plasma cells and the occasional eosinophil. The
alveolar space becomes filled with cells due %o the desgua-

mation of Type IT epithelial celles and mononuclear phagocytes.

Since the original description of DIP by Jiebow gy _al
(1965) controversy has existed as to whether UIP and DIP
are separate disorders or merely represent early and late
stages of the same fibrogeneic disorder. Carrington et al
(1978) drew attention to the differences in mortality,
pathology, clinical course and response to corticosteroid
treatment between DIP and UIP. They claimed that because
of these observed differences each classification represented
a ae2parate disorder, However, others believe that DIP is
an coxly stage of a single fibrogeneic disorder which

" merges into the mural pattern of fibrosis seen in UIP

(Scadding and Hinson, 1967; Heard, 1976).



The remaining terms in thig classification represent
rare conditions that do not reguire further explanation

in this thesis,.

4. Fxisting lModels of Fibrosis

LAe Im vitro lodels

Because of the enormous complexity created by the

multiplicity of cellular and biochemical interactions which

occur following insults vhat develop invo Ffibrosis in in

fie

vivo models, less compliceted in vitro systems have been
established to study these events. 1In general; in viiro
models provide a means to ianvestigate individual relaztion-
ships belween agents, cells and cell milieu, However, it
must be remembered that in vitro systems are only models

and the events taking place may not reflect what is actually

occuring in vivo.

a, ‘Iung Explant Cultures

Explant cultures provide a method to investigate indi-
vidual anatomical areas of the respiratory systgm such as
trachea, pulmonary vasculature, bronchial tree and the dis-
tal respiratory unit. Thig model has been extensively used

to investigate collagen and noncollagen protein synthesis

from small quantities (e.g. 100 mg wet weight) of human and



animal lung (Bradley et al 1974, 1975

Since the surrounding environment can be controlled
it is possible to extract greater than 95% of the collagen
Vsynthesized in shox»t term cultures, by incubating the tissue
with’Bnaminoproprianitrile, a compound which inhibits the
crosslinking of new formed collagen. This enables a more
complete analysis of collagen by providing sufficient mo-
terial to conduct vérious biochemical investigatibns. This
regulated environment also allows a more precise quantita-
tion of rates of collagen synthesis by controlling such

variables as specific activity of isotone within the tissue.

Explant culture can also be used to assess the effects

of drugs on collagen synthesis.

Although the above studies héve concentrated on normal
lung, a more recent investigation by Hext (1979) examined
altérafion in collagen synthesis following exposure of lung
slices to chrysotile asbestos or silica. Results from this
vork indicate that the major problem is the method of appli-~
cation of particles to the tissue to ensure uniform distri-

bution thfoughout the slicé.

Other disadvantages include: 1., It has not been fully
determined what effect removal of lungs, isolation of indi-

vidual siructure and mincing or slicing of tissue has on



the celluiar and biochemical events taking place and 2.
explantis are svill very complex structures convaining many
cell types and therefore it is not possible to delineate

specific roles of individual cells (Hance and Crysta1,1976).

b Inng Cell Cultures

The introduction of techniques to isolate and identi-

- fyvarious cell types from lung tissue (Mason, Williems and

Greenleaf, 16773 Douglas et ai, 1976) provide models that
can be used ‘o gain a hetter understanding of +the inter-
action'of agents with individual cells., These cell culture
techniques are useful for several reasons. First, they
have been usceful in'understanding factors which influcnce
fibrogenesis by examining the direct interaction of agents
with fibroblast (Richards 93_21;1971; Richards end Jacoby,
1976; Haringbon, Miller and MacNab, 1971; Desai, Hext and
Richards, 1975); the direct interaction of agents with .
macrophage with subsequent effects on fibroblast (A1lison et
al, 1968; Heppleston and Styles 1967; Harington et_al, 1973;
Burrell and Anderson 1973; Aalto 1976); the initiation of
inflammztion and tissue injury by insuiting agents (Gordon
et _al, 1976, Snyderman and Mergenhagen, 1976; Houck and
Chexng, 1971, Allison and Davies, 1975; Rutherford and Ross,
1974 and antigen-lymphocyte macrophage fibroblast inter-
actions (Wahl and Wahl, 1975; Johnson and Ziff, 1976; Lewis

and Burrell, 1976; Davies et _al, 1974). A detailed account
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of these varicus types of in vitro interavtiion has recently

been written (Bateman, Emerson and Cole 1980).

Cell cultvre is alsc of value in understanding mechanisms
of collagen synthesis and degradation by the various lung
cclls wesponsible for its control., Although considerable
research has been carriadAout with fibroblast cell lines in
this regard, little work hes been done with other cell
lines (Hance et al, 19763 Léngness and Udenfriend, 1974;

fouck et_al ,1971; Church et _al ,1973).

ce Cell Tree Mode%g

Cell free models are useful for understénding indi~-
vidual biochemical reactions in collagen synthesis and
degradation. It has been used to study prolyl hydroxylase,
. the enzyme responsible for catalyzing the hydroxylation of
proline {Peterkowsky and Udenfriend, 196%) and more recent-
ly to obtain information concerning the role of genetic
initiation factors, transfer RHA, messenger RNA and riboé

somal proteins in controlling collagen synthesis in fibrotic

lung disease.

de Diifusion Chamber Models

The use of diffusion chambers limited by molecular

membrane filters which contain a specific cell line (e.g.



macrophege) mixed with a particulate fibrogeneic agent

This modeld not only »nrevenls cell~cell contact but
oy implaunting the chexmbers in the peritoneal cavity of
nice, allows for & more natural enviornment for the rcac—
tions to proceed (Bateman, Imerson and Cole, 1979).,

R, TIn Vivo llodels

as Problcemns ~ Advantages -~ Limitations

It is well established that in experimental animals
a varie%r of agents (Table 4 ) are capable of causing lung
damage, short of complete mecrosis, which may lead %o fim
brosis. These agents include toxic chemicals and rfumes,
drugs, bacteria, inorganic dusts, radiation and immunolog=—
ieel insulits such ag experimentally prepared lmmune com=
plexez. Despite the volume of research conducted in ani-
mals to deteriwine the effects of these agents, surprisingly
1ittle information is knovm of the pathogenetic mechanisms

underlying these effects in each case.

‘Tere are several advantages in the use of animal
models for the analysis of mechanisms by which fibrosis

occurs (Table 5 ). VWhole animals are capable of a range of



Table 4

Sgecieq

Mice
Rats
Rats
Rats
Rats
Hamster
Guinea~pig
Rabbits
Rabbits
Dogs
Monkeys

Baboons

Animal Models of Pvlmonary FTibrosis

Irradiation
CdCl2
Paraquat
Asbestos
Silica
Bleomyciﬁ
Asbestos
Bacteria
BSA, CMA
Irradiation

Asbestos

Bleomycin

ggference

Adamson et _al (1970)
Palmer et a8l (1976)
Thurlbeck and Thurlbeck (1976)
Miller and Kagan (1976)
CorrihAand King (1969)
Snider et _al (1978)
Hol®t et _al (1966)
Harris et _al (1976)
Willoughby g_t;__g_l_j(1976)
Pickrell et _al (1976)
Vagner (1964)
McCullough et _al (1978)

Ly

B



Table 5

Advantages and Disadvantages of Animal Models of Pulmonary Fibrosis

Advantages

Development of methodologies
Similarity of cell types to human
Manipulation

Availability of whole lung

Inbred strains

Targe cell quantities

' Drug testing

Appropriate controls

Disadvantages

Specie variation to insult
Cell type differences
Complex interactions

Extrapobility

[ge]
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host responsesﬁwhich mighv be relevant to man., The desimn
of the experiment can be menipuiated To allow the mechanisn
in question to be studied, Of the large number of experi-
ments which have been performed in the past, the majority
have attempted to assess the Tibrogenicity of agents or

to reproduce pérticular disease entities (e.g. asbestosis,
extrinsic allergic alieolitis) and have concentrated on
 histopathological changes, i.e. the results of, rather than
the basic mechanisms, of fibrogeneéis. The assessment of
mechenisms requires detailed study with as many ftechuliques

a8 possible at IFrequenyv intervals both shortly alter the
insult and over the subsequént evblution of the Iibrogenic
probess° Iios®t studies have not done this; the common'problems
being study of the event too long after the insult oxr failure

to include sufficient time points.

To obtain full advantage of the frcedom permitted by
animal models the study should include an assessment of
dose-response relationships and tempcral course, with ob-
servation of such parameters as collagen synthesis and
degradation, enzyme analysis, immunological events and
changes in the serum complement system. Other factors
which modify the fibrogenetic response of the host (c.g.
germ and specific pathogen-free status, T~cell depletion,
B-cell depletion and macrophage depletion) can also be

manipulated,
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Availability of the lung as an intact organ allows
regional differences in pathology to be studied in their
natural setting and even such details as their effect on
gas exchange and lung mechanics to be assessed (Snider
et _al 1978; MeCullough et al 1978). This contrasts with

the sampling problem attendan’t to all human studies,

| The large cell numbers whichi are obtained from these
animals can be used for a greater variety of tests in vitro
han permitted by humen samples. By using inbred strains
of animals the effect of genetic variability encountered
in humans as a' result of their Moutbred! status, ig over-
come, This permits conclusions %o be drawn from gmoller
numbers and the pooling of cells and tissues Trom small
animals. An obvious further advantage of the animal model
is the facility of screening for the effects of drugs on
fibrogenesis; Finally, techniques can be refined in animals

for future use in nan.

Two important limitations of animal studies are that
extrapolation between different species and particularly
between animals and man may be invalid; and furthermore that
although methods are improving, they ére still too insensitive
to permit detailed analysis of some of the complex inter—
actions in the lung. However, systematic studies of the

type described above provide much useful information.



bs Cholice of Aaimal

Success or failure in answering an experimental question
may depend on the type of animal chosen, because of species
variability in response to any given agent. An example of
this is the variety 6f animal responses to asbestos exposure.
Vorwald et al (1951) found that guinea-pigs developed pul-
monary fibrosis and asbestos hodles, rats developed fibrosis
but no asbestos bodies, mice formed asbestos bodies but
developed no fibrosis, cats developed mild f£ibrosis but no

-

agbestos hodies and raoblts showed no responce., Thexciore,

legically the most sultable animal to use when atbtempting
t0 mimic human asbesbosis would be the guinea-pig
c. Specific Pathogen-Free (SPT) Status of Animals

It is well knowvn that the lung response tc various in-
fective agents may be considerably altered by the prior
colonization of the animals with various specific pathogens
(e.g. mycoplasma), Although it is difficult to find well
attested evidence of such circumstances unequivocally affect-
ing the outcome of fibrogenetic insults, there is a general
consensus that they do. However, the problems encountered
in maintaining animals in +this state for long term experi-

ments are considerable,
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do Priox Non-Specific Stimuliation of the Immune Svstem

Richerson et al (19738) have shown that repeated intra-
venous injections of heat killed BCG into rabbits, previously
sensitized with Freund's complete adjuvant {(FCA), resvlted
in interstitial pulmonary fibrosisi whereas animals not so
sensitized failed to develop fibrosis., The reacilon pro-
duced was an accelerated granulomatbtous response which could
not be produced’ by other soluble or particulate antigen
(i.e, ovalbumin and kevhole limpet haemocyaninj. IMoore and
Hyrvik (1974) obtained similar resulis; both studies demon=-
strated that the lesions progressed for a period but sub-
sequently resolved, A further exemple of the provective
effect of non~specific host stimulation was The demounstiraiion
by Butler (1975) that FCA treated hamsters were protected

against the fibrosis induced by paraguat poisoning.

The ovposite effect to prior FCA stimulation was ob-
served in experiments by GSthe and Swensson {(1970). Intre-
venous BCG followed by intratracheal instillation of fibro-~
genic dusts produccd lung lesions that were more pronounced

than those produced by eilther treatment alone.

e, HManipulation of Flements of the Immune Svsiem

One way of defining the possible role of various elements
of the immune system in fibrogenesis is to selectively

abrogate such elements in animals and/or to passively re-



store such elements to animals totally deprived of their
immune system, Examples of this procedure are the use of
T-lymphocyte depleted, Bslymphocyte depleted, macrophage

depleted and decomplemented mice.

5, Interpretation of Iodels

Every mechanism obsexved by in vivo or in vitrog ex-—
perimentation requirés evaluation and coﬁfirmation by human
studles to be certain of its practical significance in hu~
man pulmonary fibrosis. Since all non-human studies have
this limitation, the methods of studying and anslysing the

disease process in vivo are being continually improved.

Animal species differ widely in their susceptibility and
pattern of response tc the same disease preducing agent and,
even in those species in which the histopathological resuits
most closely mimic man, different mechanisms might be oper-
ating to produvce this disease, The comparison with human
disease, if it is to be useful to research in therapeutics,
should preferably be similar at every stage of the disease,
Again, a reliable dose~related response in animals does
not necessarily imply that the same will be observed in man.
The pattern of human disease always involves important modi-
fications resulting from host factors both genetically

determined and acquired, such as smoking and co-existent

infections or disease. However, it is not essential that
4

o



48

animal models be an exact replica of the human situation,.
Rather, they shoula be 1oéked upon as nodel systems that
are being used To develop methods to distinguish abnormal
from norial., In this manner they may be helpful in under—
standing the inability of the human lung to return the fi-

brotic lung ©o normal.
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Sectionn I : Aim of Thesis .

Sections I and IIT have reviewed the literature
reievanl to mechanisms of pulmonary fibrogenesis with

special attention to in vitro and in vivo experimental

models, Ixlensive experimental work has been carried out
in both model systems but interpretation of mechanisms

occurring in vitro must eventually be confirmed by ex-~

periments using in vivo models. However, it emerges that:

1. The majority of in vivo models have assessed the
fibrogenicity of agents or reproduced particular disease
entities, concentrating on histopathological chainges
rather than mechanisms of fibrogenesis.

5. Where mechenisms have been examined, insufficient
parameters have been used to enable understanding of the

events that occur in complicated in vivo models.

3« liany studies have not examined events occuring in vivo
shortly after insult before obvious pathology occurs;
‘generally, too few time points have been included in many

studies.

4. Many of the insulting agents have been administered
in high concentration ("unphysiological doses") preventing
the assessment of host factors upon which fibrogenesis

may partly depend.
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The aim of this thesis was to develop an animal
model which would overcome as many of these criticisms
as possible. DirectAinsult to the lung was achieved by
exposing guinea-pigs to an asbestos dust cloud (5,000
fibres/cc air) for a short period of time (16 hours).

Both Freund's complete adjuvant and Mycobacterium tuber-

culosis (strain H37Ra) were used to modify the host's
- response to this direct insult and were administered

parenterally at a remote site from the lung.

The guinea-pig was chosen as host for twd main
reasons. First, its response to ashestos is similar *to
that seen in man {(asbestos body formation occurs as well
as lung fibrosis). Second, the mononuclear cclls of the
guinea-pig lung have many characteristics similar tc those
of man. The alveolar macrophage has surface recepbors for
the Fe fragment of IgG, surface immunoglobulins, it
attaches to and spreads on glass and is a first line lung
defense mechanism. It is also capable of secreting en-
zymes that are found in the hwman alveolar macrophage.
Guinea~pig lung contains a significant number of both B
and T lymphocvites in proportions similar to those reported

for lymphocytes obtained by bronchopulmonary lavage in man.

Technigues used to assess the effect of the insult
to the guinea-pig lung included light and electron micros-
copy, morphological studies of live glass~adherent pulmonary

mononuclear cells, cytological studies of pulmonary mono=



nuclear cells, iung hydroxyprojine determinations, enzyme
analysis of glass~adherent mononuclear cells and peripheral
blood iymphocyte blast transformation studies. A variety |
of data necessary for interpretation of,the data obtained
by these techniques was alsc determined - lung tissue DHA
levels, wet lung weight, dry lung weight, body weight and

a nistological index of inflammation.

These experimental techniques were carried out shortly
after administration of the lung insult and at frequent
intervals during the evolution of the host's reaction to

ite
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Section ITT : Pulmonary Fibrogenesls

Structural and uanctional Aspects

At least six cell types within the distal respiratoxry
unit (that area beyond the respiratory bronchioles in-
cluding the alveolar duct, space and interstitium) are
thought to be involved in the pathogenesis of fibrosis,

Tt is vnderstandable therefore that there are a multiplicity
of.celiular and bicchemical events taking place at any one
time during fibrogencsis. Fiﬁrosis should be cousidered

to be the end result of a reaction vhich creates om im-
balance in the cellular and biochemical homeostatic mechan-
isms of the lung. Ixanination of human bhiopsy material
(Crystal et _al, 1976) and stﬁdy of animals models of pul-
monary fibrosis (Tetley et_al, 1976; Ryan, 1972: Gross and de
Pfreville, 1967) have clearly shown that the lung response
preceeding the developmént of fihrosis includes chronic
inflammatory cellular infiltration,; alteration iﬁ the
parenchymal cell population and derangement of inter-
stitial collagen. It is necessary to define the non-
cellular and cellular matrices of the distal respiratory
unit which are involved, or thought to be involved, in the
pathogenesis of pulmonary fibrosis and to consider the
alterations which occur to these constituents as fibrosis

develops.
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Te NON-CELLULAR CONSTIHURNTS

There are fhree connective tissue elements that pro-
| vide the structural support of the distal respiratory unit.
These are collagen, elastic fibres and the proteoglycans.
Of these collagen is the most plentiful, comprising 60%

to 70% of total interstitial connective tissue of human
lung (Hance and Crystal,1976). Elastic fibres make up 20%
td 30% of the conmnective tissue, the remaining small per-
centage consisting of proteoglycans (Pierce and Ibert,
1965). Although elastic fibres and proteoglycans play an
important role in maintenance of lung structure and func=-
tion, their role in pathogenesis of pulmonary fibrosis has

nct been fully determined.
A. COLLAGEN
a. Structure

The primary structure of collagen, referred to as
tropocoilagen, is composed of three polypeptide chains
called « chains each containing approximately 1,100
amino acids, which are coiled in such a manner as to form

a triple helix (Fig.1 ).

The major amino acids of the polypeptide chains that

constitute the tropocollagen molecule are glycine, proline
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and lysine. The glycine moiety occurs at every thirdb
position of the peptide, except for a short sequence at

the ends of the chains. The two amino acids hydroxyproline
and hydroxylysine are important constituents of the collagen
molecule and until recently were specific tq collagen. I%
has been demonstrated that elastin (Grant and Prockop,
1972), the Clg component of complement (Porter and Reid,
1978) and the tail structure of acetylcholinesterase (Rosen,
Gerry and Richardson, 1977) not only all contain hydroxy-
proline but have a molecular structure of (x~y-glycine)n.
That is to say when the polypeptide is formed it usually
consists of 1,100 amino acids ;epeating themselvesy as tri-
peptide wits of (x-y-glycine). The amino acidg in <the

x~y position are most commonly preoline-~hydroxyprciine and
lysine-hydroxylysine (Piet, 1976).

De vpes, Ratios and Distribution

=]

Although collagen molecules in the lung are similer in
structure, it musf be pointed out that collagen is hetero~
geneous. At present there is strong evidence for the
existence of five types of collagen within the lung (Ta-

ble 6 ).

c. Synthesis

i. Transcription and Translation
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The initial event of synthesis is ‘transcription éf
the genetic code for collagen 1o messenger RVWA (mREA)
within the nucleus of the fibroblast. This mRNA diffuses
into the cytoplasm, attaches to ribosomes and translates
the message. The newly formed protein (pro « chain)
undergoes a number of important post translational modi~
fications: hydroxylation, glycosylation and trinle-helix
formation. The triple-~helical protein formed in this way
is procollagen which has peptide extensions at terninal
‘ainino and carboxyl groups (Fig. 1 ). It was originally

id

w

thought that the function of these extensions was *to
the formation of triple—helical_structure but other impeortant
functions are now proposed for these extensions including
inhibition of formation of premature fibril formation

(Grant and Prockop, 1972), a helper role in the assembly

of pro « chains and fibrils (Vies et al, 1973%) and, follow-
ing cleavage from the procollagen molecule, their action as

a feed=back control of synthesis of new collagen (Iichten-

stein et al, 1973).

il. Hydroxylation

Hydroxylation of proline is essential for the formation
" of a stable triple-~helix. Hydroxylation (Fig.1 ) of pro-
line and lysine commences as the amino-terminal end of a

pro « chain enters cisternae of the cell's endoplasmic re-

ticulum and continues along the polypeptide., Hydroxylation



of these amino acids requires not only specific enzymes

but also presence of ferrous ions, ascorbic acid, a =

ketoglutsrate and oxygen as co-factors in the reaction

(Grant and Prockop, 1972). Other requirements for hydroxy-~

lation to take place are:

bo

de

The substrate to be hydroxylated must be part of

a peptide linkage.

The substrate must occupy the correct position in
the (x~y-glycine)n sequence, since e specific
hydroxylase will only react with its corresponding
substrate when in the correct sequence in the vep-
tide chain. An exsmple of this, is the fact that

prolyl—-4—-hydiroxyiase will only act on proline vhen

it is in the v position of the x-y-glycine sequence.

The pro a chains or procollagen molecule must be

in non-helical configuration; and

Tiong peptides are more easily hydroxylated than

short peptides.

The enzymes prolyl-hydroxylase and lysyl-hydroxylase

have been the subject of considerable study and many details

of their requirements are known (Cardinale and Udenfriend,

19743 Myllyla et al, 1977; Popence and Aromnson, 1972).



They exexrt important infracellulbr control orn rate of.
collagen synthesis, although it is not known whether they
do so together or by independent mechanisms (Prockop et al,
1979). The levels of Tthese enzymes have been observed to
change in disease, A three to ten fold increase in prolyl-
hydroxylase has been noted in experimentel fibrosis and

granulomata (Grant and Prockop, 1972).

in anoxic states the incorporation of amino acids into
a chains is unaltered but the amount of procollagen
hydroxylated is less. Hvdroxvlation of fhis procollagen can
be. completed when the required oxygen tension for hydroxyla-

ting enzyme activity is reached (Grant and Frockop, 1972).

Deficiency of vitamin C (ascorbic acid), the cause of
scurvy, also results in reduced hydroxylation of « chains
and procollagen and uvltimately in cessation of procollagen

synthesis (Grant and Prockop, 1972).

iii. Glycosvlation

The next post—ﬁranslatioﬁal step, glycosylation, takes
place within the cisternae of the rough endbplasmic reticulum,
It involves the addition of galactose and glucose to hydrox-—
lysine residues and requires activation of specific enzymes
(galactosyl transferase and glucosyl transferase), that the
pro a« chains be in a non helical conformation and presence

of a bivalent cation (Prockop et al, 1979).
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iv. Triple-Helix Formation

The formation of a triple-helix reguires insertion of
disulphide bonds within and between the peptide extensions
of the pro a chains (Fig.1 ), presence of hydroxyvroline
within the chains and correct association of the latter

(Prockop et al, 1976).
v. Secretion

Control of secretion rate depends upon formatvion cf
triple-helical procollagen, If the latter is prevented by
arrest of hydroxylation or disulphide boud Fformation syn-
thesis of pro a chains continues for a short iime bui then
slows, while accumulated pro o chains are secreted slowly

as a non-helical functionless protein (Prockop et al, 1976).

vi. Tropocollagen and lMicrofibril Formabion

Specific proteases cleave the amino and carboxyl ter-
minai groups of the procollagen molecule in the extracell-
ular space forming tropocollagen., Molecules of tropo-
collagen have propensity to form microfibrils in the extra-
cellular milieu. Such microfibrils form as a left handed
supéf—helix, comprising five molecules of tropocollagen
(Piez, 1976) each overlapping its nearest neighﬂour by 234

amino acid residues. Microfibrils are microscopically



FIG. SIMPLIFIED SCHEME OF COLLAGEN BIOSYNTHESIS
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indistinguishable from mature collagen fibres, but they
lack the tensile strength achieved by stable covalent cross-
links within and between tropoccllagen molecules (Tanzer,

a76).

d., Degradation

v haé been shown by Bfadley et al (1974) that there
ig continvous gynthesis of collagen in normal adulit rabbit
lung, yet net concentration of collagen does nct change.
Thewefore; degradation of collagen must dccurq Coenpared
with other proteins, collagen has a relatively low mate of
turnover, possibly because the triple~helical form is ex~
trenely resistent te proteclytic enzyme degradation at

physiclogical pH.

Four neutral proteinsses are capable of degrading the
tiiple-helical structeore of collagen: bacterial collagenase
(seifter and Harper, 1971), vertebrate collagenase (Harris
and Krame, 1974), cathepsin B1 and collagenolytic cathepsin
(Etheringion, 1977). Vertebrate collagenase cleaves collagen
at & glycine~leucine or glycine~isoleucine bond situated one-~
quarter the length of the molecule from the C-terminal por-
tion (Harris and Krane, 1974). This yields two helical

A fragmentv and a smaller C-

fresents, an li-terminal TC
terminal TCB fragment, which unlike their parent tropo-

collagen are denatured under physiological conditions.
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- Catebholism of collagen can be considered to occﬁr in
three separate stages. First. the fibroblast is capable of
controlling the amouvnt of collagen that leaves the cell.
This is achieved by rapid degradation of newviy synthesized

pro « cheins within the fibroblast itself (Bienkowski et al,

-t

978). Because pro a chains nave & non-helical config-
uration they are a suliable substrate for a variety of lysoso-
mal enzymes which reduce them to small oepbides or émino
acids., Thils mechanism iz important because the razpid degra-

S dation is of sufficient or

e to he able to infiuence the

s

total gquantity of cellagern in an organ (Bienkowski et al,

w

1978). It is of interest slso because intracellular degra-

daticn 1s not a ucual mechanisn for the regulati

Second, the extracellular catabelism of collagen can
occur in two ways. Helical tropocollagen molecules are
split by collasgenases as described above., Insoluble fibrils,
composed of multiple crosslinked tropocollagen molecules

are sviit into L£ibril fragments (TCA

and TCB linked by
inter~moliecular crosslinks) by collagenase. This collagenase
activity on intact fibres occurs when the enzyme is secreted
on the fibre by macrophagés, polymorpnonuclear leucocyves

and ven bacteria (Harris and Krane, 1974).



Several factors have an influence on collagen degradation:

1. Conditions which stimulate production and release

of collagenase, For example, mechanisms have been described
in vitro whereby inflammatory cells (macrophages and lympho-
cytes) can be induced tc reclease soluble factors which
stimulate productidn and release of collagenase'from PMNs

and macrophages (Wahl and Wahl, 1975).

2. Conditions which reduce the local concentration of, or
compete for binding sitegs on, serun inhibitors. Serum
alpha~2-mecroglobulin is the major inhibitor for almost
all known proteases acting at neutral pil and blocks nearly
511l animal collagenases by an almost irreversible binding

vnder physiological conditions(Werb et _al, 1974).

%2, The susceptibility of collagen to collagenase degrada~
tion has been shown to be influenced by anatomical location,
age of the tissue, degree of crosslinkage and tissue com-
plexity. The latter refers to the effects of ground-
substznce componenfs, such as proteoglycans, vhich may
reduce the rate of collagenolysis by their close association
with collagen fibres (Harfis and Krane, 1974). As a re-
sult facitors and engymes unrelated to collagenases (e.g.
hyaivronidases) which regulate the rates and types of pro-
teoglycan accumulation also influence collagen degradation.

'In addition, rates of collagenolysis depend upon collagen
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type -~ types I, IT and I1X being degraded at markedly'

different rates by collagenases (Harris and Xrane, 1974).

4, Raised tissue temperature as cccurs in inflammation

also increases the rate of collagenolysis (Harris and Krane,

1974).

Third, the mc®, 7¢F

and fibril fragments produced by
collagenase activity are phagocytosed by the macrophage

and digested in its phagolysosome by the action of collagen-
olytic cathepsins, such as cathepsin Bi,:which act at acid

pH, and by other proteoiytic enszymes (Etherington, 1977).

B. ELASTIC FIBRES

Flastic fibre is the term applied to a mixture of two
biochemically distinct connective tissue elements, micro~-
fibrils and elastin, which were once thought to have a
precursor-product relationship. Several differences be-
tween the composition and propérties of these constitutents
have»been defined (Ross, 1973). Elastin appears amorphous
at the limits of electron microscopic resolution, whereas
the microfibril is composed of tubular fibrils 10 to 12 nm
in diameter. Flastin stains with anionic stains (e.g.
phosphotﬁngstic acid), is rich in non-~polar amino acids
(alzi:ine, valine, leucine and isoleucine), contains no

cysteine or methionine but possesses small amounts of



hydroxyproline énd croé:linfs of desmosine, isodesmosine

and lysinonorleucine. It is derived from tropoelastin
which is synthesized in fibroblasts and smooth muscle

cells, In contrast, the microfibril stains with cationic
stains (e.g. uranyl acetate or lead citrate), is rich in
polar amino acids (e.gf aspartic and glutamic acids),
contains cysteine and methlionine but no hydroxyproline nor
crosslinks. The susceptibility of microfibrils to a variety
of proteolytic engymes including trypsin, chymotrypsin and

. pepsin, contrasts with the resistance of elastvin to all
excepl elastase, Hydrozylysine is absenf from both components
and this distinguishes them from collagen. The ratio of
amorphous to microfibrillar components in tissues increases
with age and, whereas mature elastin hés a very siow turn-—
over rate, newly synthesized elastin can be degraded more

rapidly.

- Most methods used for quantitation of elastic fibres
are based on their relative insolubility. However, un-
crosslinked iropoelastin is more soluble and some is lost
during extraction. Changes in elastin content of tissues
which occur in the course of human disease have not been
studied very much, but its concentration, like that of pro-
teoglcens and collagen, has been shown to increase in some

anivsl models of pulmonary fibrosis (Starcher, 1978).



¢. PROTEQGLYCANS

Proteoglycans form part of the amorphous matrix
(ground substance) composing the interstitium of the lung.
Seven types of proteoglycans have been described and all
comprise a protein linked covalently to glycosaminoglycans
(GAG), a complex polysaccharide. The proteogljcans in the
interstitium of the lung are hyaluronic acid, chondroitin-
4—-gulphate and herparan sulphate. There are no stains which
- ave specific for GAG but they may be demonstrated by the
periodic acid-Schiff reaction and tcluidine blue for light
nmicroscopy, end by rutheniuvm red for electron microscopye.
Fibroblasts, endothelial cellé, chondrocytes and possibly:
epithelial cells synthesize GAG. Proteoglyearas may have an
important influence on rate of collagen degracasion but
their other functions in the lung in health and disease

are not understood (Silbert, 1973; Buonassisi, 1973}.

2. CELLULAR CONSTITULNTS

Porty different types of cells have been identified
so far in the respiratory system (Sorokin, 1970), reflecting
an extrenely ccmplicated‘network of cellular and biochemical
interactions. Consequently it is necessary to describe
the specific cell types which make up the particular ana-

tomical area of lung to be investigated in the thesis.

o
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This section reviews cells in the normal distal
respiratory unit, emphasising +their role in formation and

maintenance of the gas exchanging area of lung and outlining

their possible function during fibrogenesis,

The cells which constitute the distal respiratory
unit can be aivided into four identifiable populaticons:
1., epithelial, 2, endothelial, 3. interstitial ana 4. Bblood
derived mononuclear cells. These can be further subdivided

as discussed later,

A. ALVIOLI AND CAPTLLARY LINING

The function of the interalveolar septws is to bring
air and blood into as close contact as possible for the
rarpose of gas exchange over a'large surface area. The
air space side of the septum is lined by a continuous
sheet of cells denoted as epithelium. The epithelial cells
lie on a basemenﬁ membrane which is separated by the inter-
stitial space from the capillary basement membrane which
abutts the endothelial cells lining the capillaries. It
was with the use of the electron microscope that Low and
Daniels (1952) first demonstrated the existence of the con-
tinuous epithelial lining and their results_were confirmed

a year later by Macklin (1954).

La%er Policard (1954) distinguished two types of cells

in the epithelial 1ining which have been termed the Type I
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Type II pneumonocyte (Meyrich and Reid, 1968).

a, Type I Bpithelial Cell (Pneumonocvte)

Type I cells are simple squamous cells which form a
thin layer over most of the alveolar wall, covering 25
times as much surface as Type II cells (Meyrick and Reid,
1970). It has an elongated nucleus with cyvoplasm that ex- |
tends over an area several times the diameter of the nucleus.
The cell confains the usual cytoplasmic orgaenelles., The
prime function of the Type I cell is to form the blood/

gas barrier (Mevrick and Reid, 1970; Kuhn, 1976).

Type I epithelial cells meke up approximately 8% of
the total cell population of the distal respiraltory unit
(Weibel et _al,1976), are capable of collagen synthesis
(Howard et _al, 1976) and following various insults to the
lung are significantly reduced in numbers (Adamson and
Bowden, 1974). They are replaced by proliferation'and
differentiation of Type II cells (OCkada and Genka, 1964 ).
Consequently a shift of epithelial cell numbers following

injury probably affects the relative amount .and location

of collagen.

b. Type IT Epithelial Cell (Pneumonocyte)

The Type II cell is more spherical or cuboidal in

shape than the Type I ceil. It has a rounded nucleus and
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abundant cellular organelies. The wcst characteristic

0}

morphological featvres of these cells are the prcjection
of micro--villi invo the alveolus ana the presecnce of

osmiovhilic lamellar bodies (Fig.2 ).

The main functions of the Type II c¢ell are producticon

and secretion of surfacisnt, a surface-~tension lowewing

substance lining the alveoli. and replacecment of Type I

<

cells. S8tudies have shown that when dsmage occurs o the

<

Type T cells they are replaced by the maszive proiiferation

o

of the Type II cell (Okada and Genka, 19643 Hapanel el al.

be prageeytic (Corwin, 1969; Baterly and Faullmer 1970)
~ . 1. A e - . ~ \
or become macropnages {CGosaretlt and Milley, 1864 tui the

for this is scanty,.
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c. ZIndothelial Cells

The lung contains at least four histologically distinet
types of endotheiial cells (Fig.2 ) as well as the endo-
thelium lining the lymphatic circulation of vhe lung. It
has been shovmn by Reid (1967) that the alveolar wall cone
tazins muscular, partially muscular and non-muscular arteries
along with the capillary network. All these vessels are
lined by a thin endothelial membrane containing large num-
bers of vesicles which are thought to be engaged in trans-

endothelial transport.



Tig. 2

Electron micrograph of guinesa pig lung

showing Type I epithelial cell (TPI),
Type II epithelial cell (TPII), micro-

villie (1MV), endethnelium (L), inter—

stitium {{1), collagen fibres (CF) and
an alvcolar mononuclear phagocyte (M)

X T450. |
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The main function of the endothelium in conjunctién
with the Type I epithelial cells is gas exchange. Al-
though their role in fibrogenesis is unknown, it has been
established that they are capable of synthesising hasgement

membrane collagen (Howard et al, 1976).

B, INTERSTITIAL COLI.S

r——

The interstitial cells are located in the interstitial

h
o
H
B
e
:._
+

gspace within the connective tissuvue of the alvece
The cells are extravascular and bounded by the bagenen
membrane of the epithelium and endothelium,

A e
et

3

m

It has been calculated from studying rat lung

[

ot

the interstitiuwa occupiss 47% of the tissue bharrier of the
lung; of this three-qusriters are cells and one-guarter is
connective tissue (Weibel et _al, 1976).

o
L

a. TFibroblasit-Fericvie

The prominent fixed cells of the interstitiuwm are
the fibroblast and pericyte. Although they can be distin~
guished from one another by morphological criteria using
electron microscopy, they are indistinguishable from each
other following their separation from lung tissue. For
this reason some investigators prefer to use the term

mesenchymal cell, which encompasses both pericyte and



fibroblast., DBoth cell types hgv@ contractile properties
Yapenci et al, 1974) and cytoplasmic extensions that
entwine capillaries in some insbtances. The fibroblast is
more often seen in the centre of the interstitium, being
associated with fhe connective tissue fibres (collagen

and elastin).

It is well established that the main funciion of the

s synithesgig of Type I and Type IIT collagen.

p

lung fibroblast
Recent studies have algoc demonstrated that the Libreblast
is capable of degrading pro-collagen as previously discussed

(Bienkowski et al, 1978).

Tncreasingly, fibtreblaste ere recognized as having

biological activities beside their main function of collagen

}

synthesis. Appreciation of these other properties is
necessary to vnderstand fibrogenesis (e.g. accumulation of
fibroblasts and the elaboration of collasgen, elsstin and

proteoglycans).

Fibroblagts are motile and migrate in vivo and in vitro

under the influence of chemotactic factors (Abercrombie

et al, 1971; Herris aznd Dunn, 1972; Kang, 1978). In vitro
asseys quantitating fibroblast chemotaxis suggest three

dif~ yrent factors to be chemotactic for fibroblasts

1. A 22,000 molecular weight protein released from antigen

or mitogen~-stimulated T-lymphocytes; called lymphocyte-



derived chemotactic factor for fibroblasts (LDCFE)

(Postlethwait et al, 1976).

2. Human dermal fibroblasts are strongly attracted by

Type I, II, and III collagen, peptides from degraded
collagen {including o chains and small peptides split

off by bacterial collagenase) and synthetic tripeptides and
dipeptides (Postlethwaite et al, 1978). In the course of
inflammation, when new collagen is being laid down, these

- products afe generated and might be cxpected 'to provide

chemobactic stimulus for fibroblasts from adjacent areas.

%« A cleavage fragment of theififth cocmponent ¢of the comple-
‘ment system, generated by activation of the clagsical and
alternative pathways, has been shown to be chemotactic for
fibroblasts (Postlethwaite et al, 1977). C5a is The most
potent complement-derived peptide for neutrophil and monocyte
cheﬁotaxis (tuller-Eberhard, 1975) but the fibroblast chemo-
tactic fragment is larger and thus distinct. Because many
events in the inflammatory response to inhaled insults are
capable of activating the complement system, some degree of

fibroblast chemotaxis is likely to occur.

A second property of the fibroblast is its phagocytic
function, Phagocytosis of collagen fragments by human
gingival fibroblasts has been observed in vitro (Yajima,

1977). This implicatés the fibroblast in the process of



collagen resorpihion and remodelling which occurs in both
normal and pathological states. It also provides a mechan-
ism whereby the fibroblast itself, by producing collagen

degradation producits, can generate chemotactic fragments.,

C. BLOOD DERIVED MOMNONUOLIAR CELLS

“wo cells cof bhone marrow origin are the mecrophage
and lymphocyte. 1Inn the normal lung they are relavively few
in number compared with the increase scen following insult
to the lung. ilumerous jn vitro experiments have confirmed
that the macrophage, and possibly also the lywmphocyte, are

engible o Tibrogenesis.

o e
2. HMacrenhage

ie Origin

Although it is fairly well established that the bone

marrow is the origin of the pulmonary macrophage (Brain

2

et al, 1977; Van Oud Alblas and Ven Furth, 1979) it

b4

relationship te the blocd monocyte-is poorly understood.
Also, the mechanism by which the monocyte and immature
macrophages tranverse the interstitial space to gain access

%o +he zlveoler space is unknown Bowden and Adamson, (1972).
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ii. Silica -~ Macrophage - Fibroblast Interaction

The interaction of sgilica and macrophages forms the
first part of the "two stage" thecry of silica-induced
fibrogénesis (Fig. 3 ), svggested by Allison gi_gg-(1968),
in which silica affects the macrophage in such a way that a
factor or Tactors are released which stimulate collagen

biosynthesis by fibroblosts.

Several lines of evidence have been put forward to
support this theory dut it has proved difficult to isolate
the macrophage factor(s) which stimulates fibroblasis.

Support’for the two-stage theory came from the work of

peritoneun. In theory cells and particles with diameters
greater than the diameter of the pores cannot escape from
intact chambers but soluble factors can diffuse into and

ovt of the chamber, Their observations included the follow-
ing: unstinulated mouse peritoneal cells alone and silica
alone within the chamber prcduced only a "slight reaction®
whicn was no different from that elicited by chambers con-
tairing saline. By contrast, the combination of small
amounts of silica and peritoneal cells prodﬁced fibrosis of
‘pari:ztal end visceral peritoneum. TLarger amounts ( > 50 ngm)
of silica which resulted in cell death of most of the macro-

phages in the chamber produced a lesser reaction.



Fig. 2 Schenatic Representation of the Two-Stage

Theory of Fibrogenesis

Toxic Particle (e.g. Silica, Asbestos)
. Particle -~ lMacrophage Interaction

T’Wx

Of

Macrophage

Eﬁz. Macrophage -~ Fibroblast Interaction
Eg

FPibrosis
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Sizing of this grade ¢f quartz was perforined by Brown
et _al (1978) using electron microscopy. VWhereas more than
75% of particles was leas than 0.8 um in diameter (the
pore size used in Allison's experiments) only 10.7% were

less than 0.2 um.

Tehtonen et al (1973) have chown that IMillipore
nitrocellulose membrancs which. because of theiil spongy
three-dimensicnal structure, permit cytoplasmic ingrowths
and direct cell contact through tvhe membrane. The ex-
clusion of this cell conivaect is important when confiznaiion

of diffusible macrophage products or factors is sought.

Dateman and colleaguecs (1979) have chtained differcnt
results using a modified diffusicn chamber limited by
Wuclepore membrane of pore diameter 0.05 pum. The smaller

,
pore size was used to prevent cscape from the chamber cf
the particulate Dorentrup Ho., 12 quertz used in these
experiments and tc prevent cell contact by cytoplasmic

rocesses through the membrane filter pores.
D _ P

The diffusion chamber represents a finite source of
macrophages so that any fibrosis observed is the result
of particle ox fibre interaction with only one generation

of nmicrophages.



They made three observations:

1. Silica alone in the chamber produced no significant

fibrosis.

2. Unstimulated mouse peritoneal macrophages alone caused
a mild but significant fibrotic response on the outer

surface of the diffusion chamber filter.

3, 'The combination of silica and peritoneal macrophages
failed %o produce Fibrosis over a range of silica Ifrom

20 pgm/106 macrophages to as little as 5 ngm/106. The
presence of lymphocytes did not appear te influence this
result, The reason for this result was suggested by vexry
low vieble cell counts in the chamber at two weeks compared
with those seen in identical experiments performed with
zsbestos where viable cell counts of up Lo 25% were observed
at this time and fibrosis was produced. This rapid cyto-
toxic effect of silica, even at this low concentration, is
such that insufficient numbers of macrophages_survive for
long enocugh to produce fibrogenetic factor(s) in sufficient

amounts and/or for adequate duration to produce fibrosis.

Asbestos is less cytotoxic allowing more prolonged
stimulation of viable macrophages which in turn can produce

or release fibrogenetic factor(s) for a longer period.
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Silica appears to require & lange continuvous recruitmént of
macrophages for its effect (Heppleston, 1978). In addition,
the fibrosis produced in this model by asbestos was maximal
at two to four weeks and then resolved completely over the
next two months, suggesting that a sustained preduction of
Tibrogenctic factor(s) is required for chronic and pro-

gressive fibrosis.

Another direction which investigation of Librogenetic

factor(s) from macrophages has taken arvose from the work

Q

£ Heppleston and Styles (1967) who observed that homogen=—

&)

tes of ratl peritoneal macrophages which had ingested

silica were able to increase collagen biosynthesis in
chick~tibia fibroblast cultures. Many similar cxperimente
have been performed since (Heppleston, 1978; Harington el al.
197%: and Burrell and Anderson, 1973) but apparently con-
flicting results may be due to the inherent problems of

in vitro systems and the many noﬁnspecific factors which can
influence collagen biosynthesis in fibroblast cultures
(Allison et a1,1977; Harington et al, 1973). In addition,
the range of species from which effector and target cells
were obtained may explain some differences, Burrell and
Anderson (1973), using rabbit alveolar macrophage and human
fibroblasts, achieved similar results to Heppleston and
Styles (1967) whereas Harington et _al (1973) showed an in-
hibitory effect of suspensions of hamster macrophage ex—

tracts on collagen synthesis in hamster fibroblast cultures.
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talto et al (1976, 1979) have extended this area of
research by enploying a variety of varget fibroblast systens
and by fractionating silica-treated macrophages and medium
from such macrophage cultures tb isolate macrophage fibro-

genetic factor(s). The fibroblast systems include:

1. Granulation btissue slices vhich contain cells in normal
relationship to their neighbours but which have protlens
of restricted access Tox substances in the medium and a

Limited cell Llifcespan.

2. Tibroblasts cultured from granulation slices which are
thought to represent celis involved in the repair nrocess

Yat

with all the synthetic activity which that invelves.

3., Preparations of polysomes isolated from granulation

tissue which are capabie of protein synthesis.

In experiments involving fractionation ofithe homog=
enate of silica-stimulated macrophages by differential
centrifugation, these workers were able to demonstrate
that the active fraction resided in the 20,000 g super-
natant. TFurthermore, the 700 - 5,000 g sediment of the
homogenate from normal macrophages could be induced to pro-
duce stimulatory factor by incubating it with silica and
this factor could then be separated by repeated centri-

fugation when it appeared in the 20,000 g supernatant.



Isolabted in this way it stimulated collagen synthesis-in
tissve slices, as measured by ratio of radiolabelled pro-
line to hydroxyproline incorporated into pro%ein, as well

as some DA synthesis. Since the majority of lysosomes

are disrupted duriﬁg the‘process of freezing and thawing
involved in cell fractiomation, the macrophage factor was
thought not to be liberxated hydrolytic enzyme. Another
macrophage factor, found in the 100,000 g supernatant of
homogenate derived from the cytosol fraction, was of interest
because it caused an inhibition of collagen synthesis in

tissue slices.,

The medium from macrophage cultures has more recenlly
been found 1o be a "cleaner!, wore convenient source of the
stimuvlatory macrophage fsctor, as has alsc the medium from
human peripheral blood monocytes and malignant histiocytes

cultured in the presence of silica,

Repeated gel filtration chromatography of this medium
yielded a homogeneous provein with a»mblecular weight of
14,300 which increased the incorporation of tritiated
proline and tritreted thymidine into cultured granuloma

cells (Aalto, 1979).

The effect of silica on the macrophage is thought by
these authors to involve a reduction in macrophage ribo-

nuclease (RNase) activity (Aho and Kulonen, 1977). This
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effect is the opposite of its influence on most other
hydrolytic enzymes during the process of macrophage stimu-~
lation. It is of inverest that a similar decrease in acid
ribonuclease cccurs during phytohaemagglutinin (PHA) stim-
ulation of lymphocytes, when RNA accumulstes (Green, 1977).
This macrophage RHA could be the fibroblast stimulating
factor, which stabilizes polysomes of fibroblasts and in--

.

collagen and non--collagen protein synthesis, ine-

.
creage

0

cluding DNA (Ako and Kulowen, 1977).

Purther support for these theories was obbtained in
granilomas produced by sponge coﬁtaining gilica particles
and macrophages. Decrease in R¥ase activity occuried in
the develeping granulaticn tissue and also increase in bthe
nunbher of polyzomes and in collagen synthesis (Kuilomen, 1979).
The exact relationships and relative importance of the RNase
changes, nucleic acid production and collagen synthesis

have yel to be determined.

jiii. Asbestos - Hacrophage -- Mibroblagt Interaction

The results of experiments with asbestos in diffusion
chambers, which have already been mentioned, confirmed that
macrophages are reguired for fibrosis and provided evidence
that asbestos fibrogenicity, like that of silica, operates
via a twoéstage mechanism, The firstv is the fibre-macro-

phage interaction and the second a macrophage~fibroblast



interaction. It is thought that duriong the first phaée
prolonged stimulation of macrophages in relation to or
containing asbestos fibres results in chronic lysosomal
enzyme release. The second stage is thought to involve
secretion of macrophage substances, probably lysosomal
enzymes and a fibrogeneic factor which cause fibroblast
preliferate or increase their collagen synthetic rate or a
combination of both. However it has not been established
what the direct effecl of lysosomal enzymes i on Fibre~

-~

blast nor has a fibrogenecic factor been identified (Allison,

iv. Asbestos = Macrvovhagze Cell Membrane Interacgiion

The mechanism of interachtion of asbestos with cyto~
plaémic and lysosomal membranes is diffevent from that of
gilica (Richards & Wasteman, 1574; Allisom, 1977) &and is
thovught to be the wesult of surface megnesium groups on the
fibres which interact elesctrostatically with sialic acid
groups on glycoproteins in the membrane. These glyco-
proteins, which are usually able to migrate within the mem~
brane, are immobilized in the area of contact with the fibie,
This aggregation of proteins forms ion-conducting channels
which permit the efflux of potassium and influx of sodium
ions and water, resulting in osmotic 1lvsis of the cell.
This theory is supported by the observation that prior

treatment of +the cell membranes with neuraminidase (which
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removes sialic acid residues) or treatment of the asbestos
with agents which preferentially chelate magnesium inhibits
haemolysis (Harington et al, 1971). There is still some
doubt however whether presence of surface magnesium ions

is the correct explanation for the observed effects of
asbestos; an alternative is the surface charge (zeta po-~
tential) which results from several components of the fibre,
Dispersion of fibre in water containing surface-active
agénts, e.g. acid, (lartinez and Tucker, 1960), and coat-
ing the fibreé with the lung surfactant component dipaimitoyl
lecithin affects this potential. Iight and Wei (1S79)
demonstrated a closes correlation between zZeta potentials of
several asbestos types and their in VitEo haemolytic active

1

ity. 1In another area of research on asbestos=-ccll membrane
interactions following asbestos exposure the observation
has been made that changes in membrane glycolipids and
glycoproteins occur (Wewman et al, 1979). Since these
effects were not immediate but occurred several hours after
exposure to asbestos, they were probably the result of an
inhibition 5f the metabolism of these components. The glyco-
'1ipid changes, which included a decrease in longer and a
concomitant increase in shorter glycolipids, were different
for each of the three types of asbestos tested, and corre-
lated with the relative cytotoxicity of the different types.
Allison (1971) showed by electron microscopy that fibres

ol asbestos were phagocytosed by macrophages and remained

in phagocytic vesicles and secondary lysosomes for several



hours. Only after 6ne cr more daya were some fibres seen
free within the cytoplasm, presumably as a result of
lysosomal membrane lysis. This corresponds to the delayed
cytotoxicity of silica but is a slower process with as-
bestos. A much more rapid cytolysis occurs if protein is
absent from the culture medium and this early cytotoxicity
is greatest with chrysotile and less with amosite and
anthophyllite (Allison, 1977) However, this form of cyto-
lysis is unlikely to have relevance in vivo. Often fibre
shape and size allow only incomplete ingestion by macro-
pnages and this allows-a nore prolonged interacticn with
plasma membranes of one or more cells (Allison, 1977).
Fibres of lesgs than 5 nm are completely ingested, inher—
mediate fibres (5-20 pm) are conly occasionally takan up by
one macrophage but large fibres (greater than 30 pm) are
never totally ingested., Cells may envelop such long Fibres
at each end but some of the fibre remains in an extra-
cellular position. Ixperimental evidence regarding fibre
length and fibrosis can be summarized as follows: long
fibres are probably more effective than short fibres in
causing fibrosis. Asbestos also differs from silica in
that it induces selective release of lysosomal hydrolases
without cell death (Davies et al,1974), This enzyme re-
lease is dose-related in the range of 1 pg/ml to 100
pg/ml, commences within five hours of cxposure (Allison,

1977) and increases for more than 24 hours.
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v, Macrophage Replenishment

A1l the fibrogenetic mechanisms discussed have re-
guired continuous local replacement of macrophages,
Heppleston (1978) has studied the mechanism of macrophage
replenishment in silica-treated experimental animals, and
has proposed that this process depends on stimulation of
the marrow by a lipid component, probably derived f£3om
Type II epithelial cells or from silica-~bearing macrophages.

or both., In support of this hypothesis, lipids of cellular

alveolar macrophage migration (Tainer et al, 1975) and

phagocytosis as measured by clearance of an intravenously
(i.v.) administered carbon suspension (Conning znd Hepple-
ston, 1966). Heppleston (1978) examined the kinetics of
the rat mononuclear phagocytic éystem (MPS) by injecting
tritiated thymidine in vivo and examining cell sucpensions
of marrow from these animals. It was shown that the intra-
venous administration of the lipid fraction of lungs with
silica~induced lipoproteinosis gréatly reduced the cell
cycle time of the promonocytes, suggesting increased pro-
liferation. In separate experiments in mice comparing cell
irinetics of interstitial monocytes from areas of lung con-
taining silica with those of cells from parts which did
not, decreased mitotic activity was found in thé silica-

containing parts. This was considered to be the result of

nigration of these cells into alveoli at a rate too raplid



to allow cell division ©wo occur. It was concluded that the
response to silica is an acceleration of monccyte emigra-
tion from blood vessels to alveoli rather than local pro-
liferation, and therefore that the most important source

of incoming macrovhages is the bone marrow (Heppleston,

1978).

vi. Complement

Chirysotile asbesics fibres in microgram amounts have
recently been shown te be capable of activating the alter-
native pathway of complement in vitrc (Saint-Remy, 1979).
Since macrophages cen synthesize some of the protein com—
ponents of the complement eystem, this represents a possible

additional mechanism of asbestos-induced fibrogenesis.,

b. ILymphocyvtes

The lymphocyte plays a key role in pathogenesis of
granulomata, chronic inflammation and fibrosis associated

with delaved hyversensitivity to an antigen. Stimulation p

of T~lymphocytes results from direct contact with the antigen
or from presentation of antigen on macrophage membrane.
Secretion of lvmphokines initiates a hypersensitivity
reactioh or granuloma al the site of the antigenic stimulus,
Iymphocytes migrate into established areas of ghronic in-

flammation (Smith et al, 1970). T-lymphocytes are present
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at the height of the granulomatous recaction, while in the
chronic stage an equal nwaber of B and T cells are noted

(Boros, 1978).

Antigenic stimulation of lymphoeytes has been shown
to result in the releasge of lymphokines which cause fibro-
blasts to proliferate and produce collagen (Wahl et 21,
1978). Cell-free supernatants from non-stimulated lympho-
cytes do not have this effect. THowever, Johasomn and Ziff
(1976) in similar experiments demonstrated thal cell-
free cuiture supernatants from mitogen-stimuloted lympho--
ecytes contained a lymphotoxin which inhibited proliferaticn

of WI-38 fibroblasts and caused thelr death. FHowever; the

R}

mounhe of

remaining viable cells synthesised increased
collagen., The discrepancy between these experiments may
be explained by the difference in fibroblast lines and
different culture conditions employed. Wahlet 2l

(1975) observed that treatment of macrophages with lympho-
kine results in secretion of collagenase-like enzyme, In
this way lymphocytes may play a role in the regulation of

collagen resorption.
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Section IV: Haterisls and liethods

1. Ixperimental Grouns and liodel Design

Guinea pigs were divided into eight groups with 45

animals in each group. The following lettered designations

are retained throughout this thesis for the eight groups:

Group ¥ -

Grovp A -

Group I

Group I -

Group FM -

Animals receiving no treatment.

Animals exposed to asbestos by inhalation on

day Q.
Animals treated with ¥Freund's complete adjuvant
on day O {(C.1 ml in each of two sites: right

and left hind footpad ). .

Animals treated with M. tuberculosis (strain

H37Ra) on day 0 (0.1 ml subcutaneously of a
suspension of 1 x 107 viable organisms per ml
in each of two sites: right and left inguinal

regions).

Animals treated with Freund's complete adjuvant

on day O and treated with M. tuberculosis

(H37Ra) on day 21.



Group AT - Animals treated with Preund's complete adjuvant
onn day O and exposed to asbestous by inhalation

on day 14.

Group A .- Animals exposed to asbestos by inhalation on

day 0 and treated with M. tuberculosis (H37Ra)

on day 21.

cGroup AN - Animals treated with Freund's complete adjuvant
on day O were cxposed to asbestos by inholation
on day 14 for +two periods of eight hours ecsch

and treated with M. fuberculosis (strain H37Ra)

on day 21.

PMve animals were sacrificed two weeks after a given
treatment, thereafter every two weeks for a period of three
months and then every three months until cne year had elapsed.
Two animals were used for light and electron microscopy

studies and the remaining three were used for other parameters

(Table 7 ).
- 2. Animals

Female, specific pathogen free (SPF) Dunkin Hartley |
guinea pigs, 3%00~350 grams initial weight were used through-
out the study (Redfern Animals Breeders Ltd., Tunbridge Wells,

England). All animals not treated with H37Ra were housed
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————s

Parameters Studied in Thesis

Light microscopy of lung tissue

Electroﬁ microscopy of pulmonary alveolar macrophages
Cytology of pulmonary mononuclear cells

Morphology of glass adherent cells

Macrophage lcucine ahmincpeptidase activity
Lymphocyte blast transformation to PPD

' Hydrcxyproline determinations

Miscellaneous
Deoxyribonucleic acid
Skin test to PPD
Iung wet and dry weigni
Body weight
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in a SPF room for guinea pigs. Animals treated with living
H37Ra were housed in the pathogen suite of the Institute,
The animals were accredited by Redfern as being catagory

#%% (defined as free from all evidence on clinical and post-
mortun examination of ihfectious diseases communicable to
man and other animals). HMicrobiological examination by the
breeder revealed no evidence of specific pathogenic organ~
isms (Table 8 ), Animals were allowed water and standard

guinea pig pelieted food 28 1libitum,

3. Treatnents

A. Asbestos

UICC Rhodesian chrysotile A was kindly supplied by
Dr. V. Timbrell of the MRC Pneumoconiosis Unit, Ilandough
Hospital, Penarth, South Glamorgan. The revelant physical
and chemical properties of the asbestos sample are listed

in Appendix 1,

B. Asbestos Inhalation

The exposure apparatus and facilities for asbestos
fibre inhalation were provided by Professor P.F. Holt,
Department of Chemistry, University of Reading. The ex~
posure chamber as shown in Figure 4 , accomodated two groups

of nins animals each in the front and rear cages. A total
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FIG. 4



Table 8.

et e .

Pathogens Not Demonstrable in SPF Guinea-~Pigs

Lymphocytio choriomeningitis virus
411 species of Salmenella

Mycobacterium tuberculosis

Yersinia pseudotuberculosis
Leptospira

Listeria monocytogenes

Streptobacillus moniiiformis dermatophytes

A11 Cestods

Pazteurella multocida

Bordetella bronchiseptvica

All speecies of coccidia

All VWematodes except Paraspidodera uncinata

All arthropods



of %6 animals per weék Qere exposed to asbestos by placing
two groups of nine animels each in the inhalstion chamber
for a period of 8 hours on two successive days, with the
dust generator operating and dust concentration continuvally
recorded. The animals remained in the inhalation chamber
overnight and their own movements generated a further dust
clond during this pericd. However, no measurcmecnt of the
asbestos fibre concentration in the atmosphere was ‘teken
during this overnight time period. On the third day the
dust gencrator was maintained and on the 4th aund 5th day
+two more groups of nine animals each were exposed For another
two eight hour periods. After the exposure period of 48
hours the arimals were removed from the exposure chembers
and hcused in SPF fecilitiegs at the University cf Reading
for one week. This procedure was necessary in order to
prevent the asbestos exposed animals from contaminating

the colony at the Carcdiothoracic Institute on their return.
This pattern of exposure was carried out for all asbestos

exposed groupsSe.

Since the physical characteristics of the asbestos
(length and thickness) are extremely heterogeneous there is
no method available to express the dust concentration within
the chamber in absolute terms. However the dust concen-
tration was adjusted to give a constant reading of 15 amps
on a recording tyndellometer and it has been shown by Holt

et al (1964) that this procedure produces a dust concentration
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of approximately 5,000 fibres per cc of air,

C. TIreund's Complete Adjuvant

Freund's complete adjuvant - HI37Ra (Difco 3113 -
Detroit, Michigan) contained 1,5 ml of Arlacel A ( Manuide
monooleate), 8.5 ml Bayol F (paraffin oil) ard 10 ng

Iycobacterium tuberculosis strain H37Ra (killed and dried),

Priocw %o injection, an adjuvant emulsion was preparved by
mixing an equal volume of sterile distilled water with an
equal volume of complete adjuvant. Thorough emulsification
wvas cffzcted by drawing‘the mixture intec 2 glass syringe .
through a 26 gauge needle and forceably ejecting the mixture
a nwaber of times into a sterile bhealker until_a smooth
white emulsion was obtained. The emulsion was congsidered

to be satisfactory for injection when a drop placed on the

surface of water did not spread.

2. @, Sensitization of lMononuclear Cells 3

Mononuclear cells (lymphocytes and macrophages) were
nonspecifically sensitized by injecting 0.10 ml of a 0.50
mg/ml emulsion of TFreunds completevadjuvant - H37Ra, into

each hind footpad of the respective groups of guinea pigs.
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D. Mycobacterial Culture

A strain of M. tuberculosis, H37Ra (TMC 201) which

is highly attenuated for the guinea pig was obtained from
the Trudeau Mycobacterial Culture Collectiocon, Trudeau

Institute, Saranac Lake, MNew York and maintained by serial
passage in Middlebrook TH~9 broth containing 10% Tween-80

(Difco Taboratories).

a. Ile tuberculosis Incculation

A 7 - 8 day H37Ra (M. tuberculosgis) culture meinteined

by serial passage in Middlebrook TH~9 broth containing

Teen --80 (Difco ILaboratories) was washed 3 times in sterile
saline, briefly sonicated and diluted to contain spproxi-
mately 1 x 107 viable organisms per milliliter, A sample of
this suspension was used for the determination of viable
organisms/ml when plated on TH-10 media (Table 9 ). The
remainder of the suspension was used for the inoculation.

The specified experimental groups given the inoculation were
injected subcutaneously in the right and left inguinal regions

. with 0.1 ml of H37Ra suspension respectively.

4, Preparation of Pulmonary Mononuclear Cells

Guinea pigs were anesthetized by an intraperitoneal

injection of sodium pentobarbitone (May and Barker Litd.,



Table C.

AT

103

Viable M. tuberculosis (H37Ra)
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Dagenham, ¥ngland) at a coanceniration of 30 mg per kilogram
of hody weight, and.cxsenguiﬁatea by invracardiac puncture
into syringes conteining 250 i.u. of preservative Lree
heparin (Painer and Byrne Ltd., Greenford, inglend). The
thoracic cavity was then opened aud its entire contents
removed en blee and placed in colid phosphate buffered saline
(PBS). The lungs were then trimmed free cif the heart,
trachea and najor broachi and blovted with sterile gauze,
The Letel wet weight of the lungs wag measured, the laft

lower 1obe being weighed separately and Kept cold vntil Dio-

chemical analysis comnenced,

The remaining lcbes were k"nely minced in 2 small
quantity of cold PBS using small pointed svi53043= AT this
stage The lunge of three animals were pocled. Fellowing
mincing, the tissue was further dispersed to cell suspension
by paseing the minced tissue through a fine sterile metal
sieve with the aid of a plunger Ffrom a 10 ml disposable
syringe. Tie tissue was periodically rinsed with a total
of 80 ml of cold PBS during this procedure. This was con-
tinued vntil only the comnective tissue elements of the
airwvays remained on top of the sieve. The cell suspension
wags then pipetted vigorously and passed through four layers
of sterile surgical gauze to remove large clumps <that were
still present. The suspension was then centrifuged at 100 g

at 4° for 10 minutes. The supernatant was discarded and

the pellet resuspended in 10 ml of fresh PBS. This suspension
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was gently lavered om a ITicoll=triosil gradiant (Boyuu,
1968) and centrifuged at 500 g atb 4° for 15 minutes.
Following the ficoll-triosil separation the band of mono-
nuclear cells was carefully collected after first removing
the layer above it with a pasture pipet. The bhand of mono-
miclear cells was carefully removed, washed twice in TC

199 (Flow laboratories, Scotland) and resuspended in TC

199 containing 103 heat inactivated fetal calf serum, at

6 cells/ml. A sample of this

a concentration of 1.5 x 10
cell suspension (1.0 ml) was taken for cytocentrifuge
preparations, cell counts and viability. The remaining
cells were allowed to adhere to glass cover slips and used

for enzyme measurements and morphological evaluaiion of

living mononuclear phagocytes.

5. Cytological Txamination

Cytological preparations of pulmonary mononuclear cells
were prepared by spinning 100 ml gquantities of cell sus~-
pension in a Shandon cytecentrifuge (Shandon Southern
Products Itd,, Cheshire, England) at room temperature, for
10 minutes at 300 R.P,M, Following centrifugation the air
dried smears were fixed in 100% methanol for 15 minutes at
roon temperature, stained with May-Grunwald Giemsa and
moud:ed. Differential counts were made by counting at least
200 cells per slide using four slides for each group at
each time point, Morphological characteristics were also

recorded.



6. Cell Viability

Equal volumes of 6,4% trypan blue (Gibeo Bio-~cult,
Glasgow, Scotland) were mixed with equal volumes of celil
suspension and incubated alt room temperature for a minimun
of 5 minutes but no more than 10. At least two hundred
cells were ccunted in a standard haemocytometer. Those
cells not taking up trypan blue were scored as viable

(Tennant, 1964),

7. Cell Counts

A volume of Turk'is diiuting fluid (Appendix 2 ) was
added to an equal volume of cell suspensién, mixed therough-
ly for a few minﬁtes and the cells counted on an improved
Neubauer haemocytometer, The number of cells/ml was calcu-

lated according to the formuwla in Appendix 3,

8, Morphology of Glass Adherent Cells

The final cell suspension was remixed and 0.70 ml

6 cells) was carefully placed on each of seven

(1.05 x 10
number 3, 22 x 22 mm sterile glass cover slips (Chance
Propper Ltd. Warley, England) which had been previously
placed in sterile 3.0'cm petri dishes (Sterilin, Ltd.,.

¢/

Teddington, Ingland). The cells were incubated in a 5,0%

CO, humidified atmosphere at 37°, After incubation for
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three hours, the original medium was removed and the éover
slips vigorously washed with sterils PBS at 37%. TFresh
medium (1.0 ml) containing serum was added to each dish
and the morphological characteristics were observed beiore
incubating the cells for a further 21 hours, The cells
were examined using a Nikon inverted microscope. AT 24
hours the medium was removed and the cover slips waéhed
with warm PBS. After washing, 1.0 ml of PBS was added to

cach dish and the morphological characteristics observed.

Q. Macrophage ILcucine Aminopeptidase Assay

Glass adherent macroﬁhages vere harvested in 1.0 ml
of 0.1% Triton X-100 (BDH Chemicals Ltd., Poole, England)
by scraping them off the cover slips with a rubber polide~
man. The samples were distributed into plastic bijoux and
stored at -70° until & batch assay was performed in dupli-

cate for each group at each time pointe.

Enzyme activity was measured using leucine 4-nitro-
anilide as substrate (Sigma London Chemical CO, Ltd.,
Dorset, England). Incubation mixtures contained 0.5 ml
of cell suspension (enzyme), 0.5 ml of 0.1 M sodium phos-—
phate buffer, pH 7.5 and 0.1 ml of 10 I substrate solution
(26.8 mg leucine 4£nitrognilide_/10 ml dimethylsulfoxide).
After incubation for 30 minutes at 370, the assay was

terminated by addition of 1.0 ml glycine buffer (Appendix 4 )



108

and the optical density read at 405 nli, A blank contbtaining
enzyme was prepared for the assay by adding the substrate
after addition of the glycine buffer stopping solution,
Absolute enzyme activity was calculated by reference to the

extincetion cocfficient of p-nitroaniline (Wachsmuth, 1975),

10. Skin Test

Forty—eight hours before sacrifice, guinea pigs were
CAinjected intradermaliy onn the shaved right doxsal flank
with 10 pg of PPD in 0.1 ml stewile saline. [The shaved
left dorsal flank served as a control and was injected with

0.1 ml sterile salinc. The skin test was resd immediately

)

prior to exsanguination. Cutaneous reactivity was assessed

by measuring the mean diameter of induration.

11. JTymphocyte Blast Transformetion

A. Preparation of Peripheral Blood Lymphocytes

Iymphocytes used for in vitro (SH) thymidine assay
were obtained from heparinized peripheral blood according
to the method of Boyum (1968), following exsanguiﬁation
of guinea nigs by cardiac puncture. Whole blocd was layered
over a ficoll-triosil mixture gﬂppendix 5 ) in sterile
universal tubes and centrifuged at 500 g for 15 minutes at

40. The band of mononuclear cells was recovered from the
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ficoll-triosil plasmé interfzce @nd washed four times in
RPMI~1640 (Flow laboratories, Irvine, Ayrshire, Scotlend).
This procedure yielded a viability 90% as determined by

{rypen blue exclusion.

B. (BH) Thimidine Assay

Purified lymphocvtes were diluted to a concentration of

1 x 10°

cells/ml in REMI 1640 containing 100 w penicillin
per ml, 1CO ﬁg of streptomycin per ml and 10% autologovs
serume The cells were dispensed jn 0,2 ml aliduots in Linbro
microfilter plates (Ilow Laboratories; Irvine, Scotland).
Purified protein derivative (PPD) (Evans Medical Ltd.,
Iiverpool, England) was added to.the wells in C.7 mi aliquots
with a final well concentration of 150 pg. Parallel control
samples were included in each assay and coneisted of incu-

bated cells without PPD.

Plates were incubated at 37° in a humidified atmosphere
of 5% CO, for six days before adding 1 nCi of (BH) thymidine
(Specific activity 2.0 Ci/mmole, Radiochemical Centre,
Amersham, England), in a volume of 0.05 ml of RPMI 1640
containing penicillin and streptomycin. Cultures were in-
cubated for a further 24 hours and harvested on glass fibre
filters (Reeve Angel, Clifton, NWew Jersey) after a tap water

lysis using a Dynatech miniwash cell harvester (Dynatech
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Taboratories Ihd, Billingshurst, Svssex). Tilter strips
were air-dried fcor 24 hours znd individual filtcr disks
were placed in scintilliation vials (Packard, Caversham,
Berks., U.K.) with 1.0 nl of scintillation fluid (NE 233,
Nueclear Enterprises ILTD, Bdinburgh,. Scotland) and counﬁed
for one minute each in a Huclear Interprises scintillation
counter. values are expressed as the mean stimulation 1~
.

dex of % animals for each group atv each time point, and
: P j! ’

were calculated according to the formula in Appendix 6 .

12, Hydroxyprolinc, Deoxyribonucleic Acid (DHA) and Dy

ry e

Weight Determinztious

The left lower lobhe of each guinea pig ﬁas minced
with scissors, and homogenized in 1.5 ml of 0.5 M acetic
acid. The homogenate was made up to 3.0 wml with 0.5 M
acetic acid, and C.5 ml was taken for collagen determination,

1,0 ml Ffor DHA determination, C.5 ml fox dry weight and

the remainder stored at -70°.

A. Hyvdrcxvproline Determination

Hydroxyproline was determined by measuring its content
on 0,5 nl aliquets of left lower lobe homogenates by the
method of Prockop and Udenfriend (1960). The detailed pro-

tococl iz listed in Appendix 7 .
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Be Deoxyribonucleic iAcid (DHA) Determination

The extraction of DNA was based on the method of Giles
and Myers (1965). Proteins, including DWA was precipitated
by adding 14.0 ml of 10% cold trichleroacetic acid (TCA)
to 1.0 ml of left lower lobe homogenate in glass screw top
tubes, The precipitate was washed once in cold TCA by
centrifugation at 100 g for 15 minutes at 40 and resuspended
in 5.0 ml of 5% TCA a@nd placed in a 20° water bath for one
hour. TFollowing the hot TCA exitraction, the suspension was
centrifuged at 1,000 for 15 minutes ané the supernatant
transfered to a clean tube for DNA estimation, DNA was
agsayed using diphenylamine, according to the method of

Giles and Fyers (1965),

Co Dry Weight Determinations

Dry weight aliquots (0.5 ml) were added to tared 2.5 ml

freeze drying ampoules, lyophilized and reweighed,

13« Histology

Immediately after exsanguination as previously described,
the thoracic cavity was opened and the trachea was exposed
and cannulated with a stainless steel tube attached to a
20 ml syringe containing 10% buffered formalin (Appendix 8 ).

The lung was slowly inTflated with approximately 10-12 ml of
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fixative, Tthe trachea ligalted and the thoracic contents
removed en bloc, and placed in a gless jar containing 10%

buffered formalin for at least three days,
Y

Tollowing Tixation fhe lung was first dissected into
ite respective lobes, right and left upper (apical), right
and left lower (dianhragmatic) and the small right and lefd
middle (accessory). The lobes were dehydrated in graded |
alcohols, cleared in xylene and embedded in paraffin wax,
The embedded tissues were sectioned at 5 m thickness
using a rotary microtome. Staining techniques were per-
formed according to Culling (1974) and arc listed in Table 10..
A grading system based on visual comparative standards was
used te provide a rouch aspessment of the degree of inflame
mation from grade O {(no inflammation) to grade 4+ (severe

inflamnation).

14, Tlectron Microscopy

Following inflation of the lung with cold (4%) 5%
cacodylate buffered glutaraldehyde pH T.4 (Appendix 9 )
it was removed as described under histology and tissue
blocks (1 mma) were cut from the left lower lobe, using a
fresh razor blade. The blocks were fiied for one hour in
cold fixative and then rinsed and stored in buflfered su-

crose until final preparation for electron microscopy.
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Table 10.

S e s e o7 Zenrs

Histological Stains Used in Thesis

Haematoxylin and Fosin (HE)

Perl's prussian blue (Asbestos bodies)_-
Ziehl~Neelsen (Mycobacteria)
Congo red | (Amyloid)

Gorden and Sweet's

silver impregnation (Reticulin)
Masson's trichrome (Collagen)

Veigert—-van@ieson's (Collagén)
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The small biocks were post fixed in cold (40) 19
osmium tetroxide~veronal acetate buffer solution (pH T.4)
containing 1% sucrose, for one hour, dehydrated in graded
alcohols and embedded in Epon. The sections were cut on a
LKB microtome using glass Imives and examined in a Philips
201 {ransmission electron microscope after staining with

lead citrate and uwranyl acetate.

<

The sections of 1lung not used for electron microscopy

were processed for light nicroscopny as described above.

15 Gross Obgervations

Macroscopic observation of lung was made as soon as
¢
the thoracic cavity was exposed, and following the removal
of the lung at which timec a saggital section was made to
allowv examination of the internal surface, Particular note
was made for the presence of lesions, pleural changes,

colour changes and size of the lung.

16, Index of Pulmonzry Response to Insult

The intensity of the inflammatory response was also

assessed by using the following formula (Kawata et al, 1964

and Bhuyan 1974).

Tung weight/body weight (experimental)

Indices of Inflammation =
Iung weight/body weight (control)



17 Statistical lMethods

A vrogramme for the two-way analysis of variance with
a fractional factlorial design was used to analyse biochemi~
cal,.lymphocyte blast transformation and weight relatiocn-
ships, Details of the analysis are included in Section IV.
Data was processed with a Hewlett-Packard programnable

calculator (Model 9810CA).
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Section V : Results

1. Gross Fathology

‘Wnite macroscopic nodules visible as pin-point to 3,0
mn subpleural foci were characteristic of the seven treated
groups. These lesions were most prominant from four to 12
weeks after treatment. At six weeks Group AFM had a hob-
nailed appearance dué tc the numerous large nodules and
showed some gray-blaclk discoloration (Fig. b ). This was
the most severe gress pathological change seen for any group
at sny time. Occasionally lungs from treated groups did not
deflate when thie thoracic cévity was opened, particularly
belween eight and 12 wecks and at 26 weeks. At 38 and 52
weeks there were very few visible changes evident in any

ETroup.

There were no gross pathologic changes demonstrable

in untreated controls.

2. Microscopv

A, Histology

In general, cellular changes as seen by the light
microscope examination of lung tissue were not helpful in
distinguishing the various éxperimental groups frcm each

other, However, all treated groups were distinguishable
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from the unﬁreaﬁed‘controls during the evolution of the
inflzmmatory process and the treated groups could be dis-
tinguished from one another by assessment of the severity

of the lesicns, especially at twe and four weeks following
insul{ (Table 11 ). Ixrespective of treatment, the hisgto-
logical changes differed only quantitatively at a given time.
The inflammatory process ranged Ifrom widespresd focel lesions
consisting of interstitial and intra-alveolar mononucleanr
cell infiltrates which beéamé diffuse, to areas which were
consolidated with mononuclear cells caﬁsing obliteration of
the lung architecture, Also, it weas not uncommon to find

normal lung adjacent to the lesions. The peak of the in-

;

Fflammatory reaction for any given group was followed by

A

complete resolution. Asbestos bedies were demonstrated
after four weeks but myéobacteria were not seen, nor were
amyloid deposits nor increases in collagen, Iarge jncreases
in reticulin werc evident, particularly in animalils with sen-

sitized mononuclear cells and exposed to asbestos.

a. Group Asbestos + TFreund's Complete Adjuvent + Mycobacteria

-g A.. I‘T’T 2

Tvio VWeeks

Variable changes were seen in all sections exemined.
These ranged from : 1. normal areas, (Fig. 7 ), 2. areas
of interstitial inflammatory reactions made up of mono-

nuclear cells {Fig, 6 ) and 3. exteansive areas of mono=

LN



Summary of Histepathology Following Tneaitment

Table 11,
Group 2 wWeeks 4 weeks 6 weeks 8 _weeks 10 weeks 12 _weeks 26_weeks 38 weeks D2 _vieexs
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M. g 1.17 (3.253 R g.R R (1.%0) (1.58)
(1.62) (1.34) (1.27) (1.03)
+ ++ At +4+ b +4 ++ O
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AM IM M IM,M. Jul I4 i) _
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(1.,04) (1.05) (1.03%) (1.05) (0.95) (0.99) (1.26) (1.62)
+ + b ++ ' 4 ++ + - 0
A M M M,g,R M,z,R M,g,R M,g,R M Mo (0, 92\
(1.09) (1.11) (1.38) (1.11) (1 03) (1.03) (1,08) (1.11) o
+ ++ +*+ ++ + 0 0 O
F m,M,g,R:  IM,M,g,R M,g,R M,g.R s R R
103) (1. % (1.26) (1.25) fo.99) (1.21) (0,95) (0.93) (1.07)
: ++ +++ ++ s ++ S 0 0
M IM M, Iv,M, IM,HM, I, M,R M M,g,R
(1.18) (1.04) (1.07) (0.93) \a.os) (0.96) (1.23) (1.58) (1e43)
#1, Severity of lesions graded from O (no reaction) Ho ++++ (severe reaction)
2, B = Iosinophil 5., g = granulonats
.3, IM = Immature mononuclear phagocyte 6. R = Reviculin o i
4, 1M = Mature mononuclear phagocyte 7. ¢ ) = Index of pulmonary response %o insult

LéL
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~nuelear cells arreauged in sheets and packed closely to-
gether causing oblifteration of the alveolar architecture

(Figse 8,9).

Mononuclear cell infiltration consisted chiefly of
mononuclear phagocytes with occasional monocytes, lympho-
cytes &nd eosinophils. The moronuclear phagocyte popula-
tion comprising these lesions was heterogeneous. There were
small rounded cells with centrally placed gperical nuclei
whickh had densely stained wniformly distributed chiromatin.
The cytoplasnm was foamy in some instances, pale, basophilic
and sparse. The plasma membrane cf this cell was usually
cistinguishable at this stage and this cell type was seldem
obgerved in lesions where lthe cells had become ciosely
packed together to form large sheets (Fig. 10). The sheetls
of mononuclear cells cousisted of large cells with round-
oval sccentric nuclei that had hecome vesiculated. The
chromatin was clumped and marginated toward the nuclear
membrane and distinct nuclecli were present. These cells

were almost confluent causing their plasma membranes to be

indistinguishable.

There was no evidence of giant cell formation at this

time,

Many bronchi and bronchioles had become narrowed and

contained cellulor exudate (Fige. 11)e
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A few lympliocytic nodnlen. without germinal centres
were also developed at this stage. however there was no

lymphocytic perivascular cuvffing,

Stains'for reticulin demonstraved that the disruplive
changes were due to organization of the cel7ular infiltrate
among which were new fine reticulin fibres, otherwise re-

ticulin appeared noxmal { Figs. 12, 13).

Stains for collagen, mycobacteria, amyloid and asbestos

A

hodies were negative at this tine.

Tour

Thexre was 1ittle change in the histology present at

this time except for an increase in the sheets of mono-

nuclear cells obliterating lung architecture. Reticulin
was.increased in the inverstitium with loose strands pro-
jecting into many alveoli,
Perl's stain demonstrated asbestos bodies either lying
free in the 2lveolar lumen, phagocytosed by mononuclear
phagoeytes or penetrating the intverstitial space. Electron
microsdopy chowved that asbestos fibres which had penetrated

the intergtit lal spaces were contained within the Type I

ep-‘ trielial cell (Flg‘ 15 )



Stains for collagen, mycovacieria and amyloid were

negative.
Six VWeeks :

There was no diffeirence from the histology seen av

four weeks.,

Eight Veecks

The inflammatory reccponse had waned with a less cell-
ular appearance and a reduction in the size of the compact

sheets of mononuclear cells.

10 - 52 VWeeks

TLesions secen during this period eventually disappeared.
They became smaller and the compact sheets of mononuclear
cells reverted to the less differentiated inversvitial
reaction secen at two weelis, the lung eventually returning
to an almost normal eppearance. AL 52 weeks there was minor
perivascular lymphocytic cuffing (Fig. 16, 17) and a few
small granulomata were présent; \1though asbestos bodies
were still present there was no reaction to them at this

tim~, All other stains were negative,. .
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Two Veeks

The lungs of these guinea pigs developed mild inter—
gtitial ocdema and denonstrated discrete peribronchial
idflumm ory reactions (Fig.11 ). There were areas of
granvlonata. organizatici with increased reticulin in sone
cases (Figs. 18,19). Rounded holes lined by mononuclear
phagocytbes were alse present. Reticulin fibres could also

be seen branching into alveolar spaces.

Lesiong similar to those described for group A¥M were
also preseni, buf were never as severe or as exteunsive asg
in that groups. They consisted of small Lo moderate siucd
loose sheets of mononuclear cells, the majority of which
were moncnuclear phagocytes, amongst which could be found
a few lymphocytbtes., The mononuclear phagocytes forming
these sheels showed varying degree of differentiation as

previously described with the plasma membranes ¢ifficul®

quish in many instances.

Stains for asbestos bodies, collagen, mycobacteria and

anyloid were negative at this time,

Fouxr -~ Bipht Weeks

Between four to eight weeks there was progressive
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increase in severity and extoent of the earlier reactions,
This was most noticable in peribronchial reglons. Two

additional features that developed during this time were

intra—-alveolar cellular exudate and minor pleural thickening.

Asbestos bodies were demonstrated freom four weeks

onwards,

Steins for mycobacteria and amyloid were neguotive.
Stains for collagen were negative except in one oxr Two
cases where granulomata had developed bul this woas the ex-
ception rather than the rule in the majority of granulomate

SeeNe
Ten Vleecks

There was slight waning of the inflarmatory response

l—J
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with a less cellular appearance but there was 1itt
difference in the lesions from those seen at eight weeks

after treatment.

Twelve Veeks

The diffuse cellular reaction was beginning to resolve
however the loose sheets of mononuclear phagocytes had

coalesced to form well developed granulomata.
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Tn areas where the cellular response was resolving
there was extensive proliferation of xeticuiin fibres which
resulted in thiclkening of alveolar walls and frequent
obliteration, or near obliteration, of the alveolar space
(Pige14 ). The reticulin fibres were fragmented in some
instances and condenced in others., CGranulomatous arecas

also showed an extensive reticulin meshwork:

There was no evidence of increased collagen and sivains

for mycobacteria and amyloid were negative.

26 VWeeks

Bad

There were numercus well developed granulomata of vary-
ing size (Figs, 18,19) with abundant reticulin mesh work,. = The
more generalized inflammalbory response was resolving how-
ever, increased lymphocytic infiltration was evident. The

stains for collagen, mycobacteria and amyloid were negative.

38 Weeks - 52 VYeeks

Between these times there was almost total resolution
of all the previous lesions and the lung appeared normal
except for the occasional mononuclear phagocyte containing

material which stained positively with Perl's stain,



¢. Group Asbestos -+ lMycobacteria (Aji)

™o to Mwelve Veeks

Changes in the lung appeared slowly during the first
eight weeks., Little difference except for a slight in-
crease in the initial changes seen alt two weeks could be
discerned between the appearances at each of the four +time

points.

Initially, there was minor interstitial oedens with
nenonuclezar cell infiltration and intra-alveclar mono-

nuclear cell exudates (Fig. 11 ).

The mononuclear cellis resembled either monocytes or
immature mononuclear phagocytes. The monocytes were small
round to oval cells with densely staining nuclei. HNucleo-
1i, if present, were inconspicuous. The cytoplasm was sparse
and slightly basophilic in character, The immature mono=-
nuclear phagocytes were small round cells with centrally
placed nuclei that had become slightly vesiculated. The
cytoplasm was eosinophilic and foamy. In some cases the
cytoplasm was sparse and in others it was more abundant.
There was continuel increase in the amount of intra-alveolar
cellular exudate and further maturation of mononuclear cells
occured as described in group AFM. Generally the cells were
larger with oval nuclei, marginated chromatin, distinct

nucleoli and abundant cytopiasm.’



Stains for collagen, myco

bacteria and amyloid were
negatvive throughout the first 12 weeks. Perlis svain

~ demonstrated asbestos bodiesg from four weeks onvards,
Stains for feticulin demonstrated that the alveolar archie
tecture remained intact, the majox reaction heing a mono-
nucléar cell infiltration with no granulcmata forma-~

tion.

56 and 38 VWeeks

Histology at these tinmes was charactverissd mainly by
lymphoid hyperplasiz with lymphocytic cuffing of the vegsels,

otherwise the lung was normal.
52 Weeks

Lymphocytic cuffing of vessels was still evident but
regression of the lesions had taken place without residual

fibrogis,

d. Group Freund's Complete Adjuvant + Mycobacteria (T1)

Two and Four Weeks

There was a diffuse interstitial cellular infiltration
of immature mononuclear phagocytes and lymphocytes. Scatlered
foci of bundles of inflammatory cells (predominently lympho-

cytes) were present} Reticulin was not increased to any
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great extent and stains for colliagen, mycobacterisa and amy-

loid were negative, Asbestos bodies were not demonstrable.
Six VWeeks

.

Moderate to severe axtensive les

-

ons were'present,
obliterating the lung architecture. This response was
similar o that of group AT at two and four weeks, al-
though lymphocytes were more preminent in this group.
Lerge lymphocytic nodules were formed in the centre of

meny of the lesions. There were extensive increases in

H

eticulin, which had become thickened and branched, causing

bhli

Q
<t

eration of the alveclar spaces. Mononuclear phagc:-
cytes containing argyrophilic material were slsc present

(Fige 14 ) All other stains were negative.

@ighﬁ -~ Twelve Veeks

There was waning of the inflammatory response as
judged by reduction in the distribution of the lesions.
The reticulin mesh work was still abundant but all other

stains were negative.

26 Vesks

[

There was a further waning of the inflammatory re-

sponse as demonstrated by the presence of only a few small
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diffusce intra-2lveolar celluler exudate of moderate pro-
portion. This was never severs e¢ncugh vo cause votal
obliteration of the air spaces. The reticulin content

P

appeared less than at 12 weclks.

é@ ~ B2 Viecks

The retucning to
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a normal appearance, Most granulomata had resolved and
there vias only a mincr intre-slveclar ceilular oxndate.
Many of the blood vessels were surrounded By lymphocytes
which were densely packed tcge ﬁzcﬁ in some casecs, All

other stains wvere negative 2t these times.

e. OGroup Ashestos (A

Two ~ Eight Veeks

As in group AM, the lesions in this group developed

slowly but progressively during the first two to elgnt weeks.

Initially there was a peribronchial and interstitial
inflsmuasory response. The lesions consisted of mononuclear
phagocytes among which were found a few lymphocytes and eo~

sinophils. A majority of the mononuclear phagecytes had
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round or oval nuclei with marginaﬂed chromatin and diétinct
nucleoli (Fig, 10 )ul There was ebundant eosinophilic cyto-
plasn. Aggregates of mononuclear phagocytes were also
beginning to form looge sheets of cells as_ previously
described., Stain for weticulin, ccllagen, mycobacteria

and amyloid were negative. Ashbestos bodies were demon-

strable at four weeks (Pig. 20).

FO - 12 Weeks

The legions had slightly regressed. Reticulin wvas

moderately increased but all other stains were negative,

26 ~ 52 Veeks

There was progressive regression of the lesioans unvil

the lung appeared normal,

f. Group : Freund's Complebe Adjuvant

Initially, guinea pigs in this group developed scattered
small patchy aréas of interstitial mononuclear cell infil-
trasion. This reaction gradually increased in severity until
extensive aress of cellular infilitration caused obliteration
of s~iveolar gpaces in some cases. Also, by six weeks bun-
dles oX célls containing many lymphocytes were evident, as
were numerous eosinophils, In some areas of inflammation

rounded holes lined by mononuclear cells were seen (Pigs.

18,19) .



AT two and four veels the ononuclear phagocytesb
were more heterogenéous in appearance than at six weeks.
Initially there were both immature and mature cells but by
six weeks a shift toward predominately mature cells had

taken place.

Retviculin progressively increased, particularly where

bundles of celle nad become orgenized.

AlL other stains were negative throughout these tine

Eight Weeks

The inflammatory reaction was conslderably resolved
by this time as judged by the less cellular appearance.
However, there were still increased numbers of Lyuiphocytes
present in the interstitium and reticulin had increased

from that seen at six weeks., ALl other stains were negative,

10 -~ 52 Veeks

There was complete resolution of the inflammatory
response, including the previouvsly noted increase in lympho-

cytes. The lung appeared to be normal,
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Tvio Veeks

The lung appeaved virtuselly normal at this time ex-
cept for small scattered foci of intra-alveolar cellular

exudate containing moncmuclesr cells,

Stains for reticulin, collagen, mycobacteria and amy-

loid were negative.

Four to. 8ix Veeks

loderate interstitial oedema and cellular infiltration
was seen with an increase in intra-~alveolar cellular exudate.
The cells of these lesions were mainly mononuclear phagocytes
which varied in maturity -~ more immature than mature cells
being seen. Numerous fine strands of reticulin were found

projecting into alveclar spaces and all other stains were

negative,

Eight to Telve Veeks

There was resolulion of the reaction previously de-
serined although one animal showed severe cellular infil-

tration with increased reticulin at ten weeks.



Perivascular lymphoecytic cuffing and organization of
granulonata were features at this time. One animal demon~
strated severe cellular infiltration causing obliteration
of alveoli and there was a general inecreasc in lymphocytes
and lymphoid nodules. HNumerous areas of normai lung were
also demonstrable. Reticulin wes increased only in arecas
of severe cellular infiltration and all other stains re-

mained negative.

28 - 52 Vleeks

At both these times the lung appeared virtually normal

with only a minor perivascular lymphoid reaction.

h. Group Untreated Controi (N)

Control guinea~pigs usually had completely clean lungs
throughout the experiment. The occasional lung contained
small foci of intra-alveclar cells and scattered small foci
of increased interstitial cells. However, this was rare
and the alveolar walls were usually thin and devoid of cells

that represent an inflammatory process. o

B. HIlectron Microscopy

Ultrastructurally, a number of features were demon-
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strated in the alveolar region of +treated guinea pigs.

In animals exposed to asbestos, fibres were demonstrated in
mononuclear phagocytes and occa31ona1 Ly in Mype I epithelial
cells (Pigs. 15,21), vhereas mycobacteria could not be demon=—
strated at any time in animals that wére treated with H3TRa
or Freund's complete adjuvant. Aggregates of mononuclear
phagocytes in the alveolar space were cormoru (Plg. 22),
irrespective of treatment and the presence of increased
aggregates correlated with the increased severivy of the in-

flammatory reaction as seen with the light microscope.

Variation in morphology of monenuclear phageeyies was

q =
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apparent at all times but Little difference coul
cerned between these cells in the various experimential groups.
It was difficult to f£ind mononuclear ceils in the untlreated
control group and when the occasional mononuclear pha Gocyte

was located it was uvsually seen lying in close proximity to

the alveolar wall.

Based on morphological criteria (Table 12 ), monocytes,
immature macrophages and mature macrophages were demon-
strated in the alveolar spaces. The majority of these cells
appear to be mature macrophages and the occasional mononuclear
phagocyte seen in untreated controls was always mature in

appearance s

Monocytes were round or oval shaped cells with an
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Monocyte

Inmature
Macrophage

Mature
Macrophage

Morphological Criteria Used to Identi

counspicuous nucleoli,

immature Macrophag

Light Microscepic Appearance

Small round cell, with daxk
4

staining nuclei and little

cytoplasm

Hucleus centrally plaued
u__.Lghu vesiculation of chrematin
Oamy -

cytoplasm, distinct plasma membrane
. ?

Large polygonal cell with
2ccentric oval nuclei and
marginased chromatia, iawge
prominent nuclecli, cells

touching causing plasma nemnbranes
te be indistinguisnable

Tlectron Microscopic Appesrance

Lobated nuclei, dense hetero=
chromating inconspicuous nuc-
leoli, 1little oytopl%sy contain.
ing Ffew mitochondria, faw '
saorﬁ psaudopoas.

Wucl 2ar euchromatin, clumylag
1d margination of 3

chkomat¢n towvard nucleasr wmenhrane

increase cyioplaamic owpanelles

Terge eccentric nuclei,
euchreomatic chromatin, fine
netercchromatin marginated at
nuclear membrane, extensive
cytoplasm filled with many
organelles



irregular outline (Fig. 23 ). They had round lobulated cen-—
trally placed nuciei with densely clumped heterochromatin
and an incomnspicuous nucleolus. The cytoplasm was sparse

and contained oﬁly a few oval or round mitochondria. The
cell borders were irregular with numerous small short pseudo-
pods. Small pinosomes were frequently seen in the cytoplasm.
These cells were distingnished from the occasional lympho-
cytes that were present because the latter had less CYCO~
plasm, very round nuclel containing homogeneous helerochro-

matin and absent pseudopcds and pinosomes.

Immature macrophages wereAlarger than monocytes (Fig.
24 ), round to oval in shape with cell horders that were
even except for a few swall pseudopods. The nuclei were
larger than those seen in monocytes, lobulated, eccentric
in some instances,.and the heterochromatin was beginning
to marginate toward the nuclear membrane. Nucleoli were
easily distinguishable in these cells. The cytoplasm was
more abundant than that secen in monocytes and contained
dense todies, phagosomes and pinosomes. Except for a few
mitochondria other organelles could not be easily distin-

guished.

Masure macrophages were the largest mononuclear phago-
cytes seen. These cells had large eccentric round to oval

nuclei, which in some instances were elongated and slender
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(Pig. 25). Heterochromatin had become completely marginated
along the nuclear membraue and nucleoli were prominent in
many insvances. The ratio of cytoplasm to nucleus was
greatly increascd znd the former was filled with a lqcne
array of organelles. MNwnerous mitochondria and lysosomes
were present. Ihagocytic vacuoles, extensive pseudonocd

ytic vesicles were also a prominent

Q

formation and pino
feature of these cells. 3IBndoplasmic reticulun and Golgi

apparaitus were nov a dominant feature,

Co Glags Adherent lMononuclear Cells

A diffevence in sigze, fteadency %o spread and content
ol cytoplasmic organelles wags apparent in the pulonsry mono-
nuclear phagocytes obtained &

with wntreated controla (Fig. 26). These differemnces vere

mostv appavent between two and twelve weclks after a given

o
+ als)

treatment. There was no distinguishable morphologlcal

diffe between the wvarious treatumsnts and this was true

Tenact

W

whether the cclis were examined thres or 24 hours following

adherence,

De Cytolopgy

LS g TP W mr

Throvghout this study 88% or more of the cells collected
from untreated controls (Group N) were of macrophage like
morphology. The remaining population consisted of lympho-

cytes and an occesional monocyte. There were no binucleate
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or multinucleate cells, ‘'he mononuclear phagocytes were
large cells with abundent cytoplasm that stained a uniform
blue~gray. There vas little evidence of vacuolation or
phagoeytosed particles, The nucleus was round to oval with
a coarse chromatin that was marginated toward the periohery
of the nuclear membrane in some cases.' Nucleoli were often
demonstrable. Lymphocytes were smaller cells with very
sparse cytoplasm and a large dark staining nucleus.

In conirast., although the initial number of moncnuclear

phagoceytes and lymphocytes in treated groups were similar o
untreated controls, there was an eventual change in numbers

68T Droncunced din
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of the cell types harvested. This was i
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animels that had received H37Ra and/ow FUA
decrease in the percentage of mononuclear phagocytes and
increase in ‘the percentage of lymphocytves, giant cells and
gosinophils. Another feature of the treated groups wvas the
heterogencous appearance of the mononuclear phagocytes.

There were both small and very large cells which exhibited
either densely stained cr vacwolated cytoplasm. In all groups
exposed to asbestos a small percentage of the cells contained

asbestos bodies (Tabie 13) and many of the cells had ruffled

plasme membranes and pseundopods (Fig.27 ).

3., Statistical Procedures

The most appropriate statistical amnalysis technique for

comparison of several treatments is by methods called



Table 13A.

2 weeks
4 weeks
6 weeks
8 weeks
10 weeks
12 weeks
26 weeks
38 weeks

52 weeks

Differential Count of Harvested Pulmonary Cells (%) Group Control (N)

Macrophages with Total Lymphocytes Giant Monocytes Eosino- Polymorphonuclear
Asbestos Bodies Macrophages Cells phils Leukocytes

88 12

92 8

96 4

=

88 11 1 =

92 6 2

92 8

90 10

87 12 1

94 6



Table 13B Differential Count of H@;vesﬁed Pulmonary Cells — Group Asbestos (4)

N,

Macrciu2ges with Total Lymphocytes Gient - lonocytes Eosino~ Polymorphonuclear

4

10
12
26
38

52

Asbestos Bodies liacrophages Cells phils Leuvkocytes

weeks 4. 86 11 1 2

weeks 6 90 7 3

weeks 5 81 10 1 5 3 =
NS

weeks 4 86 8 4 2

weeks 3 91 7 2

weeks 4 84 . 8 1 6 1

weeks 3 82 5 6 1 6

weeks 4 84 16

weeks 1 89 3 8



Table 13C., 2_ Differential Count of Harvested Pulmonary Cells - CGroup Mycobacteria (i)

Macrophages with Total Lymphocytes Giant Monocytes Eosino- Polymorphonuclear
Asbestos bodies Macroghages ‘ Cells ‘phils Leukocvtes
.“2 weeks 9% 6 1
4 weeks 90 | 10
6 weeks , 95 2 . , 3 53:
8 weeks : 81 | 14 1 3 1
10 weeks 85 9 - 5
12 weeks , | 91 8 1
26 weeks 87 12 [
38 weeks 3 86 12 | 2
52 weeks ’ .87 Q 4



Table 13D, Differential Count of Harvested Fulmonary Cells ~ Group Freund's Complete Adjuvant (F)

Macrophages with Total Lymphocytes Giant Monocytes Fosino~ Polymorphonuclear
Asbestos bodiles Macrophages Cells vhils Leukocytes
. 2 weeks 94 4 | )
- 4 weeks 91 8 | 1
6 weeks o 87 17 2
8 weeks : 90 | 7 3
10 weeks 93 i 6 1
12 weeks 89 11
26 weeks . 84 ' 8 3 5
38 weeks | 90 3 3 4

52 weeks | 66 33 1

124



Table 13BE. Differential Count of Harvested Pulmonary Cells - Group Freund's Complete Adjuvant +

Iycobacteria (FM)

Macrophages with  Total Lymphocytes Giant Monocytes Ensino~ Polymorphonuclear
Asbestos bodiesg Macrophages Cells ph_ils Levkocvtes
-2 weeks 91 5 3
4 weeks | 95 4 1
6 weeks 85. 11 o ) 5:
8 weeks ‘ 86 12 2
16 weeks 84 12 4
12 weeks 78 16 5 ' 1
26 weeks g2 & 4
38 weeks | | 93 7

52 weeks ' 93 T



Table 13F Differential Count of Harvested Pulmonary Cells - Group Asbegstos «+

Freunds_Complete Adjuvent (AF)

Macrophages with Total Lymphocytes Giant Monocytes Eosino- Polymorphonuclear
Asbestos Bodies Macrophages Cells phils Leukocytes .
2 weeks 3 91 7 d 1
4 weeks 1 ‘91 3 2 3 1
6 weeks 4 92 8 R
&
8 weeks 8 82 11 2 ‘ 4 1
10 weeks T 84. .10 5 | 1
12 weeks 4 | 81 12 4 1 1 1
26 weeks 5 7 ° 7 5 2
38 weeks 3 o 86 13 ' 1

52 weeks 5 | 83 g 3
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12

26

38

52

Table 13G

weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks

weeks

Differential Count of Harvested Zalmonaxy ”ello

Group Asbestos + Mycobac

Macrophages with Total Lymphocytes Monocytes Eogino- Poiymorphonuclear
Asbestos Bodies Macrophages phils neukocytes
84 10 1 1
1 89 5 2
2 84 8 =
1 91 7 R
5 99 1
87 11
3 86 10
82 18
2 81 18



10

12

26

52

Table 13H

weeks

weeks

weeks

weeks

weeks

weeks

weeks

weeks

weeks

Differential Count of Harvested Pulmonary Cells

Group Asbestos + Freund'!s Complete Adjuvant + M, tuberculosis

Rosino-

Macrophages with Total Lymphocytes Giant Monocytes Polymorphonuclear
Asbestos Bodies Macrophages Cells phils Leukocyvtes

3 93 7

2 85 12 2 1

3 88 8 P) [

4 70 24 3 3

8 86 13 1

9 89 6 2 3

90 4 6
2 89 8 [ 2
2 86 11 3
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analyses of variance. In this study two-way analysis of

variance with fractional factorial de >sign weas used to ex-
amine the biochemical, lymphocyve blast transformation and

weight relationships (parameters).

The two-way enalysis of variance enabled comparisocon
of 1. one parameter to be made with itsels at othexr time
po j 1hs within the seme treatment group; 7. cach parameter
with the others at each time point within the same treat-
ment grvoup; 3. each parameter with itself in other treal-

ment groups at the some time point. The fractional fac-

l..l

torial design was used to show any potentiation of an in-
dividual component of treatment upon another within a single
treatment group or belween two treatment groups. This
analysis assumed that the main treatments were asbestos

(Group A), M. tubercvlosis (Group M) and Freund's complete

adjuvant (Group F). Combined treatment was considered to
differ in order of interaction according to the number of
components present (i.e. Groups AP, AM and FM were second
order interactions and Group A¥M was a third order inter-
action). The analysis was made by comparing resulis at

two levels ~ "treatment present" and "treatment absent".

4, Biochemistry

A. Hydroxyproline Determinations




a. Total Hydroxyproline

Mean values for Hotal hydroxyproline (Table 14) increased
significently with time; the p value between the following
times being 0.001: two weeks, four weeks, six to twelve
weeks, 26 to 38 weeks and 52 weeks, Two-way analysis of
variance showed that mecans of treatment groups fell into
two populations; groups mycobacteria (I1), asbestos (4),
asbestos + Freund's complete adjuvant (AF) and asbestos +
Freund's complete adjuvant + mycobacteria (AFM) were
significantly lower in value (p = 0.0S) than groups Freund's
complete adjuvant (F), asbestos + mycobacteria (AM) and un-

treated controls (I).
Fractional factorial analysis did not indicate any
significant potentiation effect of any component of treat-

ment upon another,

b. Hydroxyproline ver gram of JTung (wet weight)

Hydroxyproline as a concentration per gram of lung
(wet weight) followed the pattern described for total
hydroxyproline values with respect to time (Table 15 ).
A steady increase with time was observed in all groups.
There was no significant difference between the values av
two weeks and 52 weeks for groups AF, AM, FM, F, and un-

treated controls. Group M showed significantly lower



Table 14, o Mean Total Hydroxyproline Conktent of Iung (ng)

2 weeks 1497.85 3544 ,52 283%0.21 2866.44 887.34 2852.07 822.57
4 weeks 2482,28 2953.99 5528.93 1908,57  1564.85  3815.53  1072.26
6 weeks 2432.67 3875.78 3745.08 5720.41  3431.31 5300.81  2329.54
8 weeks 4660.17 358902 4385.17 5017.28  3739.01 3533.87  2359.93
10 weeks 3325.95 » 4225,50 4097 .61 4155.08 4408,81 | 4210.09 3866.8%
12 weeks | 3257.89 2169.6%2 4367,79 4215.88- 4076,98 4268,69 2352.3%5
26 weeks 6292.59 4260.27 6726.50 6058.89 5156;76 5336.15  5884.78
58 weeks 5627.52 5822 .41 5764,.05 772,07 65294,57 5565.23 6178.88

52 weeks 6734.83 5295.59 8802.45 8034 .29 6605.74 6412.10  8462.37

I



Table 15,

Time

AFM

2 weeks
4 weeks
6 weeks
8 weeks
© weeks
12 weeks
% weeks
= weeks

2 weeks

448,79
964 .64
1208,.69
1421.52
1125.07
1110411
1489.37
1143.42

Mesn Hydroxyproline Content of Iumg (ng/gram wet weight)

AT
1310.92
889.59

1316,29

1175445

1398.71

745.62

1225.87

1671.12

. 1508.45

Al

1158.31
2369.89
1427 .71
1705,25
1639.84
1303 .46
1980.36

1217456

1676.34

m

1375.99

2024.64

2153.66

1736.54

1330455

1323451

1736.88

1364..21

1827.78

A

P

366.25

1C06.23

1206,02

1507.88

1207.87

16635436

1644 .68

1783.39

Z

 1365.02

1725.35
1378.23
1123.52
1536,81

1502.35

1682.39

1616.78

1641.,08

351.85

425.17

816.68

846.69

1251.99

1755.54

4425.88

1682.58

Control

1380.51

1838.87

1596.97

1836.16

1565.44

1670.84

1929.33

—

U1
(A



values (p = 0.001) at itwo, four, gix, eight and 12 weeks
conpared to the 26 to 52 weeks valuss and Group A and AR
had significantly lower values (p = 0.,001) at two and four

weels comparea to thelr respecitive 52 week values,
Means ol treated groums fell into two mopulations:
groups i, £, AF, and AT were sipnificantly lower in value

(p = 0.0%) than groups ¥, AM, ¥, and untreated conircls.

analysis showed thalt group &

j-1

oria

—

Fractioual fac
potentiated the othex component or compenents of the
treatmsnt groups AM {p = 0.05), AT {p = 0.01) and AFM

{p = 0.001) in their effect,

¢. Hydroxyproline per miliigram Tung (dry weight)

The use of dry lung weight as a standard against which
to express hydroxyproline demonstrated a s1m11ar pattern
against time as was described for values exzpressed per
lung (wet weight) and values expressed per gram of lung
(wet weight) (Table 16). There was & faiily steady increase
in hydroxyproline from two-weeks onwards. The difference
between the values at two and 52 weeks was significant
(p = 0.01), however it was not possible to find a statistically
significant difference betweén treatment groups. Means of
treatment groups fell into itwo populationssy Group M had

0.05) amount of hydroxyproline

a significantly lower (p

per mg lung (dry weight) than all other groups.



TIME

2

10
12
26
58

52

weeks

weeks

weeks

weeks

weeks

weeks

weeks

weeks

weeks

Table

16.

Mean Hydroxyproline Content

ATM

= s oy

5.25

T.59

T.52

10.04

9.46

7 9‘80

9,87

T.24

7.68

AF
10,90
6.44
10,53
9.23
10,23
5.63
9.09

10.66

9.10

Al
7.02

8.23

8.61 -

10.42

92.79

6.94

10.44

7.69

- 9.25

of Tung gug/milligram dry weight lung)

™ .
8.91
10,08
12.40
9.98
8,02
8.22
10.41

7.64

10.79

A

3.79

5.80

9.09

11.55

T.80

10.38

9.39

10,50

[

11.34

8.25

9.10

o

o

5072

10.24‘

9.00

4.28

Control
7.70

10,45
8.60
6.66
7.68
8.46
9.65

9.57

143



B. Deoxyribonucleic Acid (D¥A) ver milligram Tung (duy weight)

There was a steady decrease in the amount of DHA per
milligram lung (dry weight) from two to 52 weeks (Table 17).
The first six time points (two, fouxr, siﬁ, eight, ten and
twelve weeks) formed one population which had significantly
higher (p = 0,001) amounts of DA than the sscond pepulation
(26,38, and 52 wecks)., There was no significani difference

between values within each of those time povulations,

Analysis of the treatment effects showed tha’t the une
treated controls and animals receiving only one itrecatment
(i.e. groups A, ¥, and M formed a population that had sig-
nificantly lower levelsg of DNA then group AV and A¥ (p =
0.05) and group FM and ATM (p = 0.001). However, grouvs
AM, AT, TM and AV were not significantly different from
each other, The fractioual factorial analysis demonstratgd
significant synergistic cffects for the asbestos component
of ‘treatment in groﬁps AV (p = 0.05) and AR (p = 0.01).

The p value for the effect of asbestos as compared'with no

treatment was p = 0.01).

C. Teucine Aminopeptidase Activity

The activity of the enzyme, leucine aminopeptidase

showed significant differences with regard to both time

and treatment.



Table 17. . Mean DNA Content of ILung ggg/milligram dry weight lung)

TINE AP AT A1 3l A 5 i

2 weeks 4.03 3,57  2.83 2.5 2,78  2.60  4.51
4 weeks 3.81 4,15 | 1.53 1.59 3.57 2.1 3,04
6 weeks 3.05 | 2.80 1.79 2.12  4.00 2.32  3.20
8 weeks 4.78 4.55 1.81 2.13 5,57 0.91 3,00
10 weeks 3.67 2,75  3.04  2.57.  3.79 1.82 3,07
12 weeks 3.99 4.91 2.51 2.76 2.32 - 1.86 2.44
26 weeks 2.05  2.05 1,34 1.66 2.05 1.45 2.58
38 weeks | 1.92 1.70 1,63 1,85 1,50 1.20 2.25
52 weeks 2.3 2.12 2.%9 2,81 1460 2,02 .07

Control

330

2.84

-
\a
o
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Table 18. Leucine Aminopeptidase Activity (mmole/min/10” cells substraie hydrolyzed

A. Effect of Time on Activity

Group T
Weelk Mean Activity
4 1.208
6 ’ 1.257 P - 0005
8 ' 1.199
10 1.198

B. Effect of Treatment on Activity

Group IT

group IT

Week Mean Activity
2 1.113

12 1.148

26 ' 1.139

58 1.138

52 1.081

Group TIT

e ot

Mean Acvivity Treatment

Group I
Treatment Mean Activity Ireatment
AM 1.282 AR
AFM 14245 }P = 0.01{ ®

M 1.235

Mean Activity

1.156 i1

Nil

1'190} ? = 0.001 { A

1.089
1.064
1.052

-t

~1



Comparison of enzyme activity of all treatment groups
al different time points showed two significantly different
populations (p = 0.,05)., A high enzyme activity population
existed at four to 10 weeks while a low enzyme activity

population was evident at two and 12~52 wecks (Table 18 A).

Mean values for engyme activity hetween the treated
groups formed three significantly distinct populstions,.
Gfoups AM, ATM and M formed a population that had the
highest enzyme activity and was sipgnificant at the 1% level
compared with groups Al and F which formed the sccond popu-
lation. This second population in turn, had enz
ties that were significantly higher (p = 0.001)

third population whiclh was made up of groups A, I aud un—

treated controls (Table 18B).

5, Sensitigation cf Iiymphocvies

The stimulation indices of lymphocytes obtained from
groups treated with adjuvant and/or mycobacteria increased
with time, usually reaching a peak at 26 weeks and subse-
quently declining. However, these declining values remained
higher than the values at four weeks (Table 19). The means
for four, eight, twelve, 38 and 52 wecks were not significantly
different from one another; as a group they are lower than

the 26 week values (p = 0.05).



Table 19 Peripheral Blood ILymphocyte Blagt Transformation te PFD

rmoet—

Stimulation Index

g;eated Groqps Intreated Groups
4 weeks 3.41 5.02 11.73 15.06 13,11 1.81 0,93 1.19
8 weeks 6.55 . 3.14 16.61 88.00 7.27 9.26 1,40 0.95 =
. 0O
12 weeks 10.73 16.61 42,58 »64.10 ' 11,51 3.94 1.03 1.06
26 weeks "38.84 52.39 63.43 44,85 29.92 7.63 1.84 1.12
38 weeks 1,84 46.93 9.65 5..04 2.84  19.02 1.14 2.73

52 weeks 14,73 2.79 9.67 26,82 10.82 2.80 1.85 2.48
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Analysis of trestments showed three distinct groﬁps;
AFM, A, M, ¥, and controlis formed one population which had
significantly lower stimulation indices than the population
AF and AM (p= 0.01), which in turn was significantly lower

than the stimulation index for FM (p=0.001).

Cutaneous reactivity (measured between iwc to twelve
weeks) to PPD present 48 hours after skin testing (Table 20)
also demonstrate that lymphocytes were sensitised following

treatment with FCA and/or H37Ra.

6. Weight Relationships

Two-~way analysis of variance denonstrated that there
was a general pattern for all weight measurements with re-
spect to time which was independent of the treatment given.
The weights between two and twelve weeks did not significantly
differ, but there was a significant difference between the
weights between two and itwelve weeks compared with those
between 26 and 52 weeks., The 52 week weights were significantly

higher than those between 26 and 38 weeks.

This pattern of a low, middle and high range applied
consistently throughout the study to body weight, total
lung wet weight, left lower lobe wet weight and lung dfy
weight. Treatment effects became evident when the total
lung wet weight and left lower lobe wet weight were ana-

lyzed, however no significant change could be atiributed to



Table 20. Cutaneous Skin Test Measurement tc PPD  Meen Diametver of Induration {(mm)

Time  AFM AT A 1 A r i I_(Control)
"2 weeks  20.0 15.0 8.0 12,0 0 12.0 5.0 0

4 weeks  20.0 12,0  15.0 12.0 0 18.C  18.0° 0

6 weeks  25.0 12.0  17.0 19.0 0 " 45.0  20.0 0

8 weeks  25.0 12.0 15,0 18.0 0 10.0  22.0 0

10 weeks 27.0 18.0 18,0 22.0 0 15.0  25.0 0

12 weeks 26.0 15.0  24.0 15,0 0 40,0 28,0 0
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treatment with respect to lung dry weight or body weight.

A. Body Weight

Analysis of body weights demonstrated a steady pro-
gression with time and no difference between treated and

untreated controls (Table 21).

B, Total Lung Wet Weight-

In untreated controls, lung wet weights increased
steadily from two toc 52 weeks, with three distinct populations
being formed (Table 22). The first population consisted of
weights falling between twe to twelve weeks (with no sig-
nificant difference between them). The éecond population at
26 weeks was significantly increased in weight (p = 0.05)
compared with the firsil population, while the third population
(38 and 52 weeks) had an even greater increase in weight
(p = 0.001) compared with the first population. Mean values
for treated groups were dependent on the treatment given and
progressively increased as the number of components in the

treatment increased.

C. Left Lower Lobe Wet Weight

The analysis of left lower lobe wet weight closely
paralleled the toftal lung wet weight. With respect to time

the untreated control values increased steadily from two to



Table 21. Mean Body Welght (g)

Time AT AT AN 1 A E iy Control
2 weeks 394 ,6 579.8 390.4 37641 414.8 %169 366.6 349,2

4 weeks 421,0 449,17 | 3845 439.6 413.6 375.5 457.1 408.6

6 wesks  448.5 579.1 529.2 501 .1 47941 369.7 517.9 464.,0

8 weels 516.0 628.2 488.1 563.0 524 .4 5242 600.,2 409.2
10 weeks  530.0 594.3  495.2 6763  557.3 579 .1 606.2 518.1
12 weelks | 611.3 652.5 658.3 690.0 641.0 504,53 728.1 552.8
26 weeks 769.9 7933 666,17 640.9 67742 788,0 C643.7 758.2
38 weeks 758.3 906.3 724.8 787 .6 914.8 855.6 684.6 828. 1

52 weeks 1002.4 939.3 902.2 910.6 1091.7 1050.0 1019.1 1043.3

291



Table 22. Mean Total Iung Wes Weight (g)

weeks 3445 2.53 2.45 2.10 2.43 | 2.09 2.52 1.88
weeks  2.64 5.33 . 2.35 2.47 2.45  2.27  2.54  2.19
weeks 2.89 2.98 2.62 2,66 3,42 2,40  2.87  2.37
weeks 5.34 3,04 2.57 2.94 2,90 3,25  2.79  2.44
weeks 2.99 3.02 2.50 3,11 2,92 2.77  3.17 2,65
weeks 2.94 2.92 3.39 3.20 3.10 2.86  3.29  2.59
weeks 4.24 3.48 3,43 5,43 3.09 3.18  3.36 3.21
weeks 4.92 3.49 4.70 5.25 4.16 5,28 4,44 3.65

weeks 4.84 3,55 5.4% 4.48 3,69 3,95 5,08  3.64

ol



'Table 23 .

Time

2 weeks

4 weeks

6 weeks

8 weeks

10 weeks

12 weeks

26 weeks

38 weeks

52 weeks

ATM

0.82

0062

0.70

0.78

Mean Teft Tower Tobe Tmmg Wet Weight (g5)

AF AT Al A )

0.61 0.55 | 0.49 0.63 O.54
0.79 0.55 0.59 0.59 0.53
0,72 0.59 0.63 0.76 C.55
0,72 C.63 0.71 0.71 0.7€
0,70 0.59 - 0.75 0,68 0.67
C.70 0.84 0.76 0.71 0.68
0,87 0.80 0.85 077 0.80
0.34 11T 1,28 4,00 0.79
0.87 1433 1,16 0,98 0.96

0.56

0.66

0,61

0.74

0,76

0,73

1.08

Control

0.41

-
L&Y
AOh]



Table 24.

Time

2

10
12
26
38

52

Weeks

Weeks

Weeks

Weeks

Weeks

Vieeks

Weeks"

Weeks

YWeeks

ATH
68,48
76.72

112,44

107,81
81.45

10%,96

154,00

199.00

229,78

AE

73.48

110.52

88.32

91.96

97.16

91,20

117.20

139.60

147,00

Mean Tupg Dry VWeight (ms)

AN

90.60
155,20
101,00
102.60

98.20
155.33
150.80
186,00

246,20

3

il

|

74 .60

117.60

113.80

122.80

124,00

124,80

141.20

[N
N
=]
°

[0)Y
e

193.80

A

60.72

64.20

81.16

101.00

89.22

124.36

122,50

160,20

166.20

F
99.00
92.04
90.60

172,61

112.80
95,20

118,80

155.01

171.88

59.78
66.80
79.24
101,00
108.80
115,52
127.80
167,80

668,00

Control

74,08

84 .40

104 .21

137.40

133.30 .

128,60

118,27

149,80

150,00

991
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52 weeks (Table 23%). There was no significant difference
between the weights a2t 38 and 52 weeks, however both these
values were significantly greater (p = 0.001) than the weights

at time points before %8 weeks.,

As with total lung wet weights, the mean values for
group AFM were significantly higher than all cther groups
(p = 0.01) and ‘the mean weights progressively increased as
the number of 'treatment.components.ihcreased°

D. ILung Dry veights

As with both wet weight determinations, the untrcated
centrol dry weight velucs increased steadily from twe to
52 wecks (Table 24). The weights between %two weeks and
26 weeks were not significantly different from ons another
but the weighte at %8 and 52 weeks were significantly greater
than those at earlier time points (p = 0.05). The means of
all treated groups showed no significant difference and
fractional analysis did not demonstrate a treatment component

effect,

7. Summary of Results

A. Iymphocyte blast transformation to PPD showed mononuclear
cells had become sensitized by treatment with Freund's com-

plete adjuvant and /or M. tuberculosis.




B. The in vitro blast transformation response of peripheral
blood lymphocytes to PPD was significantly reduced in ani-

mals that inhaled asbestos.

C. Asbhestos bodies were demonstrable by light and electron
microscopy four weeks alfter treatment and remained visible

until completion of the study.

D. Histologically, the inflammatory process ranged from
widespread focal lesions of interstitial and intra-alveolar
mononuclear cell infiliration to consolidation with mono-
nuclear cells causing obliteration of the lung architecture.
The celis making up these leslons were mainly macrophages
and lymphocytes. Granulomata and giaunt cells were demon-—

strable but not widespread.

The peak of the inflammatory reaction was followed

by complete resolution.

Mycobacteria were not seen, nor were there amyloid
deposits nor increases in collagen. Large increases in
reticulin were evident, particularly in animals both sensi-

tized to PPD and exposed to asbestos.

L. liononuclear phagocytes were shown to be activated by
their: 1. increased ability to spread on glass, 2. electron

microscopic appearance and 3. increased enzyme activity.
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re A heterogeneoué population ci mononuclear phagocyfes was
demonstrable in the alveolar spacee of treated animals.
These included monocytes, immature mononuclear phagocytes
and mature mononuclear phagocytes. In untrezlted controls

only mature mononuclear phagocyles were found,

G. Biochemically, there was no evidence cf significant

increase of hydroxyproline above normal levels,

H, BHydroxyproline levels were reduced during the carly
~time points in groups ATH, A and M. however they gradually

returned to control levels.
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FIG. 6

FIG. 7



NB

Large sheet ol mononuclear cells Orw
ganized ipnto grenuvlomata, cavsing ohlit-~
ration of aiveoli. HE. X 100,

Large area of focal grsnulation tissue in-
filteated with mononuclear cells causing
complete obliteration of lung architecture.
HE. ¥ 100,

Comparigeon of figurce 6~9 show typical
development of inflammatory lesions be-
ginning with mild interstitial cellular
infiltration and ending with severe lesions
obliterating lung architecture. These
lesions were found in all treated groups.
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FIG.8

9

FIG.



)

Sheet cf menonvelearn cells showing
marginated chromatin and nucleoli.
FMsny cells have become confluvent
causing their'plasma nemuvraines vo be

indigtinguishiable. HE. X 400.
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Intre~alveciar and intre-~bronchiolar
cellular exuvdate. HWote interstitial

0 ole mononuclezr cell
intiltration. HE. X 200.






Fig. 12. HNormal weticulin Tibres of guinca pig
lung interstitivm. Gordon and Sweetis

sllver impregnation. X 200.






Fig.

14.

Severe mononucelear coll infiltrstion
among which new Iine revicvliin fibres
have develored. Gordon snd Sweel's

silver impregnation. I 1CC.

Obliteration of lung architeciture by
massive increases in reticulin fibres
which has become thickened and branched,
Note argyrophilic material. in remaining
alveolar spaces (arrow). Gordon and
Sweet's silver impregnation. X 200,
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FIG.13

FIG. 14



4

Fig. 15. Nlectron micrograph showing asbestes
in a Type T epithelial cell.
X 60,000 sppiox.
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Fig. 15
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FIG. 16

FIG. 17
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Gronuioms cavsed by combination
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0il wag contained within the clear
spaces {(zrrows) surrounded by giaant
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Higher power view of Fig. 18 showing
giant cell (arrow). HE. X 660,
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Fig., 21



Tvpical aggregate of alveclar mono-

-~ ~ea s Py e ~ - -am o .
wiclear phagocyves seen in lungs of

L]

Tole numerous
poeudupods, representitive of actie
vated cells ard the immature celil

. =T e » +
(arrow) among the group of maiture

EY

mononuelear vhagocytes. X 4875,
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Fig, 22



Flectron micrograph of monocyte with-

n the alveolar space.
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21,900 ¢



195

Fig., 23
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Electron micropgraph of matvre mono-

nuelear phagoevie within alveolar
X 3] .

gpace. HNote asbestes fibre (arrow).

X 91,200.
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Fig. 25
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Cyteocentrifuge preparation showing binuclieate

cell anmong mononuveleax ;kﬂqooytés with vacuo--

L5

)

lated cytoplesm., Hay-Grunwald-CGieoma X 200,

~, -

Cyvoveniniiuge preparation shoving linucleate

celilss snd mononuelear phagocyies associated

with achestos bedien (arrows). Cytoplasm of
these ¢ells ip legs vacuoleslted compared to
elis ceen in Pig, 27a. May-Grunvald-CGiesma

s G
N
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Cylocentrofuge preparation showing mononuclear
cell in mitosis. May-Grunwald-Giesma X 1000,
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Section VI : Discusgion of the Results of Treatment
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Segction VI : Discusgiocn of the Results of Treatment

1. Histology

$2rras et st et T

Group M s Mycobacterium tuberculosis

These results raise the question ~ why does live

attenuated M. tuberculosis (strain H37Ra) injected sub--
cutaneously at a remcte site from the lung cause chronic
inflaimmation in the lung?

first, following subcutaneous injeciion of mycobacteria
the majority of organisms will be trapped by the regional
lymph nodes, and an influx of mononuclear phagocytes will
destroy most of them. However, it is possible that mono--
nuclear phagocytes containing living bacilli may leave the
iymph nodes and enter the circulation via the lymphatics;
snd they might then enter lung tissue., If such a mononuc-

lear phagocyte died in the lung the mycobacteria would be

released and could provoke an inflammatory Tresponse.

_ Second, the fate of relatively small numbers of H37Ra
in the lung of guinea pigs must be considered. Alsaadi and
Smith (1973) have shown in guinea pigs that infection by
H37Ra occurs in three stages in the lung when as few as

60 mycdbacteria are retained., A logarithmic growth phase
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is evident during the favst thres weeks following pulmonary
challenge., This is followed by two weeks in stationary
phase and then a decline in the number of recoverable myco-

bacteria occurs until wvirtually no organisms are present at

shological lesions in the

Hh

12 weeks. Developmeni, of pa’

<

M. tuberculosis (Group 1) treated guinea pigs in these

experiments followed & similar time course to that of the
thrée growth phases of HIZ7Ra. Although the guinea pigs in
Al saadi and Smith's experiment inbaled H37Ra, a route of
administration very different from that used in these ex-
periments, it is possible that following the subcutancous
injection of H37Ra a small number of organisms entered the
Jung and multiplied in the manﬁer described by them. A
gingle organism may cause some inflammation, but there must
be oxe million bacilli per milliliter of bacterial suspension
before microscopic examination reveals more than one organ-
ism per ten oil immersion fields (Millard, 1966)., There-
fore, although in these experiments no mycecbacteria could
be detected in the lung using Ziehl-Neelsen stain, it does
not discount the fact that there may have been sufficient
numbers of mycobacteria within the lung to provoke the

inflammatory response.

Third, mycobacferia have been shown to be a potent
stimnlus for generation of a number of soluble factors which
alter the function of lymphocytes and mononuclear phagocytes.
These factors, also called mediators of delayed hypersensi-

tivity or lymphokines, are elaborated by T-lymphocytes in
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draining lymph nodes. The factors provide s means by which
the triggering of a very few lymphocytes specifically re—~
sponsive to a given antigen can be amplified to involve a
large number of mononuclear cells. Ward et al, (1971)
demonstrated chemotactic factor for monocytes and lympho-
cytes to be relecased by sensiiized guinea pig lymphocytes
follewing culture of them in the presence of specific
‘antigen. Nelson and RBovden (1963) obsexrved that the intra~
peritoneal injection of mycobacterial antigen into sensitized
guinea pigs, in which peritoneal exudates had been induced,
caused macrophages to agpregate and adhere to the mego-
thelial lining of the peritoneal cavity. The resulting dis~
appearance of mononuclear cells from the peritcneal exudate
vas enalogous to that occcuring from the circulation fellowing
perenteral administratioﬁ of antigen to a sensitized animal.
Migretion inhibition factor (MIF) has been demonstrated to be
released from sensitized lymphocytes following their inter-
action with antigen (David, 1966; Bloom and Bennett, 1966).
This factor inhibits the migration of normal macrophages

following their entry into an inflammatory lesion.

Ouce mononuclear phagocytes become stimulated they
secrete factors that are capable of perpetuating inflam-
matory rezctiong both locally and systemically. These include

a group of neutral proteinases, such as plasminogen activator,
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collagenace and elsagvase, proovets influencing the pro-
liferation of stem cells in thes bone marrow and products
that regulate the proliferation of lymphocytes in the immune

response {Unanuve, 1976).

It iz likely that the developuent of inflammatory
lesiocas in the lung, following the subcutaneous injection
of live H%7Ra at a remove site, involves'both a systemically
medisted response via soluble factors produced by stimulated
lymphocvtes and mononucliear phagocytes, and a local tissue
response.in the lung due to the presence of small numbers

of mycebacteria,

Groun ¥ : Treund's Complafe Adjuvant

and an extensive proliferation of cells of the reticulo-
endothelial system (Iaufer, Tal and Bchar, 1959; Rupp,

Moore and Schoenberpg 1960; Steiner, Langex and Schatz, 1960).
In these experiments, injection of ¥CA in the hini foqﬁpad
produced an inflammatory response in the lung which re-
sembled the lung response following an intravenous injection
of FCA. The inflammatory response in the lung following

FCA treatment was similar to but more extensive than that

seen in the group given Mycobacterium tuberculosis,.cespecially

at two and four weeks. A histological featﬁre that distin-

guished FCA from mycobacteria-itreated animals was the



occurence of occasional gharp-cdged rounded holes in fhe
middle of granulomas, These holes were lined by flattened
mononucl.ear phagocyhes and occasional gient célls. The:r
represent areas of oil deposits which have been dissolved

out in processing the tissue (Spencer, 1%8) (Fig. 18).

The studies of FCA by Freund (1956) established that
both o0il and mydobacteria remain at.the injection site for
months and that oil droplets and organisme become widely
disseminéted to sites in the lung and other tissues. He
z2lso demonstrated thet the cellular reaction to FCA is

gimilar to that caused by living M., tuberculosis. In more

recent studies it has also been shown that FCA is a potent
stimulant for Llymphocvites (B and T cells) and mononuclear

£ .

phagocytes (Weksman, 1979 ).

.

Grouwn IMi: Freund‘®s Complete Adjuvant and M. tuberculosis

As might be expected combined treatment with Freund's
complete adjuvant and living mycobacteria produced a more
extensive cellular reaction which persisted for longer
than was seen in the groups of animals given either treat-
ment alone. Again, the explanation for this result occuring
in the lung is probably simiiar to that hypothesised for
either treatment alone. However, in the case of combined
treatment, FCA adjuvants the cellular response in the lung

following the subcutaneous inoculation of mycobadteria.



Group A : Acbestos
Animals which inhale-chrysotile asbestos for long
periods of time develop lung pathology which has few features
to distinguish it from interstitial fibrosis of other aeti-
ology, inecluding cryprtogenic fibrosing alveolitis. ‘fhe
only pathological finding which distinguishes late asbestosis
from other fibrotic lung diseases is the presence of asbestos
fibres and hodies. However9 this does not necessarily mean
the pathology is asbestos~related, although the 1likliihood

of it being o is increased (Selikoff and Tee, 19275),

Informetion concerning the early response of the lung

tc anbestos has come wmainly from animal experiments {VWa

»

ner,
196%; Holt, 1964; Botham and Holt,1972). Despite the fact
that in man the initial histdlogical reaction of the lung

to the presence of zsbestos fibres is seldom seen, several
animal models have provided a picture which gives an accurate
déscription of the pathological events leading to fibrosis
following exposure tec asbestos (Vorwald et al, 1951; VWagner,
1963; Holt et al, 1964, 19665 Gross and deTreville, 1967;
Botham and Holt, 1972). Initially inflammatory lesions
occur.'following deposition of asbestos fibres in peribronchial
regions and in the'interstitiﬁm and alveolar spaces arising
directly from the respiratory bronchioles. The lesions are
characterized by oedema, increased numbers of macrophages

and lymphocytes and granuloma formation in some instances.



Bventually a nehwork‘of reticulin is developed which is
1ater replaced by dense collagen causing obliteration of
the alvecli. This response is not unique to asbestos but
has been described for a variety of lesions causing chronic

interstitial pneumonia (Spencer, 1958).

In this study {the initial cellular and connective
tissue changes in the lung of gulinea pigs exposed to chryso-
tile asbestos for oniy two eight hour periods were similar
to the pathological changes reported by‘other investigators
who cxposed animals for periods of weeks to years (Taeble 25).
However, there was resclution of the response without fi-

brosis.

Based on clinical (Selikoff and Lee, 1978) and ex-
perimental (Wegner, 197%) data, a-dose-response relation-
ship appears to exist between asbestos exposure and pulmon-

ary fibrosis.

The physical form (i.e. size and shape) of the fibres
must be taken into comsideration when considering their
fibrogenic potential. Fof example, deposition of asbestos
fibres at the level of respiratory bronchioles and alveoli
is dependent on the zize and Shape of the fibres, Also, as
discussed earlier; interaction of mononuclear phagocytes
with fibres appears to be necessary for fibrogenesis.

Fibres which are not completely phagocytosed are able to
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Table 25.

Iixanples ¢f Tonpg Time

Periods Used

For Asbhestos Fibre Inhzlavion

Botham & Holt, (1972)
Gross & deTrevilie (1957)
Holt et _al (1964)

CHolt et al (1966)

[uie Ny e

Mebermott et al (1977}

Miller el &l (1978)

Tetley et al {(1975)

-——— T2 ¢

Vagrner (1963%)

400 hours
0.25-8 months
100 hours
3-40 days
80~130C days
5T months

15 weeks

B T o . -
1 month=-2vaanrs
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interact with macrcplage plasma wecubranes over a long.
period and this may be relevent to thelr biological effect;
A1lison (9973) has shown that short fibres (< 5um) are
readily and completely phagocytosed where as long fibres

( >30 ym) were never completely ingested. TPFibres of inter-
mediate size (5 = Zo‘ym) were sometimes completely ingested.
but not at other times. It is widely believed by most
investigators that short fibres (< 5um) are not fibrogenic.
However, interstitial pulmonary fibrosis in rats has been
produced following the inhalation of asbestos in which 84%

of the fibres were 5 pm or less (Holt ¢t _al, 1964).

Asbestos Dodies
Asbestos bodies are ashestos fibres which have become
coated with ferroprotein and have been described since the

ariy part of the century. Their appearance has been re-

o

ported with increasing frequency in both the clinical and
. experimental situation. Originally they were given the
name Y“asbestosis bodies®™ but because bf the incorrect im~-
plication that fibrosis was alsc present, their name was

later changed to asbestos bodies (Selikoff and Lee, 1978).

The conclusions from a number of studies attempting
to relate asbestos body content of the lung to fibre con-
tent and degree of fibrosis has proved unsuccessful., TIess

than one fibre in 1,000 that have been phagocytosed by the



macrophage is converted to an asbestos body (Seliloff and

Lee, 1978).

In this study. all groups of animals exposed t0 a5«
bestos showed development of asbestos bodies from 4 weeks
as indicated by Perlfs stain. Decause of the difficulty
of accurately counting the bodies, no attempt ﬁas made to
relate their concentravion in lung of exposed guinea pigs
to the degrec of fibresis or inflammation. Alse. as with the
fibres themselves, ashbestog bodies are notl necessarily
acconpanied by any fibrotic process. Their presence simply
indicates exposure (Elmes ot _al, 1965; Selikoff et al, 1963).

Group AFil: Asbestes + Freund's Complele Adjuvant +

M. ovbﬁ“ﬂhlosgg

Injury preduced following combined treatment with as-
bestos, FCA and H27Ra resembled the histological changes
seep in all other groups but lesions were more extensive,
appeared zariier and were slower to resolve. As discussed
above, treatment with FCA is capable of eliciting an in-
flamnstory response in the lung following injection in the
hind. fooipad and, when given 21 days prior to a subcutaneous
ineculaticn of live H37Ra, 1t potentiates the pulmonary
infiammatory reaction to the subcutaneous inoculation of
mycobacteria. The pulmonary reaction to these subcutaneously

injected antigens resembles the delayed hyper sensivivity



reaction seen in the lung following inhalation of purified
protein derivative {PFD) in guinea pigs sensitizsed intra-
muscularly with FCA (Miyamoto et _al, 1971). This together
with the fact that skin test and lymphocyte blast transfor-
mation to PPD were positive in animals treated with FCA
and/or H3TRa, suggests that the reaction seen in the lung
following treatment with these agenits is immunologically

medisted,

In coabtrast, asbestos is an inorganic fibre that elicits
an infiammatory reaction by physical interaction with mono-

nuclear phagocyte cell membranes.
Consequently, the lesions seen in the lung following
combined treatment with asbestes, FCA and H37Ra are probably

additive.

Maturation of Pulmonary Mononuclear Phagocytes

The origin and maturation of pulmonary alveolar mono-
nuclear phagocytes has been a controversial issue over the
past several decades. Current evidence suggests two possible

origins for these cells,

One view is that they are derived from blood monocytes
and are end cells incapable of cell division under normal

circumstances (Godleski and Brain, 1972). A second view



held by Bewden end Adamson (1272, 19756) is that a bone

merrew-derived cell peoopulation in the interstitium of the
lung produces pulmonary elveolar nononuclear phagocytaes by

»

local divigiocn and wmatvration. Vijeyaratnam and Coxwin
(1972) who treated rats with Iprindole, an anti-depressant
druvg vhich increases the number of alveolzr meononuclear
thagocyles demonstrated that interstitisl cells wepresent

T slveclar macrophsges. They

o

the immediate »rscurson

found that increases of intra-alveolar macrophages is pre-

ied by interstitial cell accumulation which was accompanied

by proliferation of these cells. During the carly siages
ol iﬂtramalveolar cell accumvlation there was a cloge ulir
gtimetural resemblance betﬁeen these cells znd the inteprm
stitial cells. At loter times the intrs—al
were identificd as menonucleor phagecytes by thelir ulilra
structural characteristics, the fact that they hzd phazo-
cytosed thorium particles and high content of cwidative
(i.e. nicotinamide-adenine dinuclecotide) and hydrolytic
(i.e. acid phosphatase) enzymes which are characieristic
of normal rat pulmenary mononuclear phagocyves, Although
thig experiment did not demonsitrate the origin of prelif.-

-

erating interstitial cells, their findings are compatable

with there being intrapulmonary proliferation of extra

pulmonary tisgue derived cells.,

Recently Van Oud Alblas and Ven Purth (1979), by

labelling mouse monocytes in vive wivh 5H—-thymidine
feoudo H
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demonstrated that influx of blood wmeonoeeytes is the source
of cell renewal for pulmonary meononuclear phagocytes in the

normal steady state,

Many of the studies of the origin of the pulmonary
alveolar macrophage have been done on animals under normal
conditions or in animals where inflammetion has veen in-
duced directly into the lung. Tew studies have been performed
in systemically infected animals. Consequern®tly the macro-
phage population in the lung of systemically infected ani-
mals may be composed of cells from origins which depend
upon the particular treatment administered. For example,
in this study some mononuclear phagocytes responding o
the subcutaneous injection of myceohacteris and or Freund's
complete adjuvant may be able to reach the lung via the
circulatory and lymphatic system. Howere, there is no
direct evidence for this because no labelling experiments

were performed,

It has been shown in a mouse model that monocytes are
able to migrate from capillaries to the alveolar surface
(Murphy; Brody, and Craighead, 1975; Brody and Craighead,
1974). The resﬁlts reported in this thesis demonstrate
that there is a heterogeneous population of pulmonary mono«
nuclear phagocytes within the alveolar spaces, Ultra-

structural morphology indicates that there are monocytic
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cells, immature macrophages and maiure macroephages prezent.
These results indicate that macrophagelprecursors depend
upon monocyles, 1f the histological and ulirastructural
descriptions of the monocyte, immature mononxcle ar phegocyte
and mature moncnuclear phagocyte represent scgquential

alterations of the same cell.

Maintenance of Grsnulomas and Chronic Inflamuation

5

A histological result of this study in 2ll freated
groups was the complete resolution of the inftlabmsiory
respense including the reg:ession of granuiomas. Work from
several laboratories has suggested a number c¢f rezsons
vhy this may occur. It has been demonstrated that a2 re-
gquired property for granuloma development is persistence of
The insulting agent (Spector et al, 1968), Also, it has been

own that micro-organisms vhich are degraled by macrophages
in tissue culture evoke only a transient acute inflammatory
regponse in vivo; only those organisms resistant to degra-~
dation produce granulomas (Spector et _al, 1970). Adems
(1975) has shown in studies of mononuclear vhagocyte differ—
entiation in vivo following the subcutaneous injection of

Mvcobacterium tuberculecsis, that granulomas only persist

as long as the mycobacteria remain within the granuloms
itself. In this study FCA and H37Ra, agents which are known
to be potent in promoting granulocma developnent, were not

placed directly into the lung and consequently sgevere or
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continued chrenic inflammatory resuonse or granuloma Lfor-

ation would not ve expected (Spector and Mariano, 1975).

J

Spector gt _al, (1968) has shown that pereistence of an intra-
cellular irritan® is required for the cause or maintenance
of chronic inflemmation. Vhen the intracelluler irritant
disappears the reaction resolves. The intrscellular per-
sistence of agentlz capable of causing chronic inilammation
jig due either to survivael of living owganisms {(i.e, H77Ra), or

Tailure of mononuclear phagocytes to degrade dead orpgeliismus

or inert material (i.s. asbestos) (Adewsz, 1976).

Although asbestbos persisted in the Lung throvghout
the study. three feclors may be wespoensible lor Lt 4¢v

eliciting a continuing inflemmstory response Leading To

ais, First, the doss may not have been

D
G
I
Loy
f..l
f—h
0]
5
o]
ot
[
i_:
o
=
o]

for induction of a rapid massive oud selective
release of lysoscmal enzymes from moncnuclear phagocytes

975). Iyscsomal engymes such as B-glucuron—

-

(Davies gt al,
idase and galactosidase may be responsible for Dart of

tissue damage seen in chronic Lpflqmmavmoﬂ gDav1euoﬂ& Aliison
1976). Second, the formation of asbestos bodies (as seen by
light microscopy) may be a protective mechanism of the lung
against asbestos fibres (Selikoff and Lee, 1878), reducing
the already low number of fibres able to interact with mono-

nuclear phagocytes in a detrimental way. Third, asbestos

fibres, particularly chrysotile, fragment and componenvs ace
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leached and eppear in ceil and Lissue fluids (Selikoff and
Lee, 1978) again reducing +the number of fibres with patho-

genetic potential.

In a similar manner, disappearance of FCA znd H37Ra
would be accompanied by resolufion of the inflammatory

lesions (Spector ci_al, 1568).

Moy iclear Cells

Sl - v

It is well established that nonspecific activatica of
mononucle z1ls (lymphocytes and mononuclear phagocytes)
can take place following sensitization of the host with
Freundis complete adjuvant or living mycobacteria. The
response preducsd by living mycobhacteria can be adjuvanted
by treatment with FCA, Activation of mononuclear phagocytes
igs mediated by specifically sensitized lymphocytes at the
infective foci in the tissve of the host (Adno, 1973;

Truitt and Mackaness, 1971). If entigen or the sensitized
lymphocytes become widely disseminated, the mediators of
delaved type hypersensitivity (D) appear in the blood
(Saivin et al, 1973) and phagocytic elements become activated

throughout the reticuloendothelial system (Blanden et al,

1969) .

in this study, the results of peripheral blood lympho-

cyte blast {transformation to PPD, an in vitro marker for
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lymphocvte sensitizetici, conilimed thab the circulating
lympheeytes had become sensgitized following the injection
of I"CA or U%7Ra alone and that the response was potentiated
by combined PFCA -~ H37Ra treatment. EHowever, as measured by

blast transformevion, systemic DTH response was depressed

v

rd

following the inhelatvion of ashestos. Kagen and co-workers
(1977) have demonstrated a significant depression in mitogen-
induced lymphocyte blast transformation in patients suffer-
ing from asbestosis, These results have also been confirmed
by Haslem et al, (1978). At present it is not understoecd
vhether this depressicn is due to a quantitative alteration
in lymphoeyte subpopulations or due to a combination of beth

quantitative and gqualitative changes.

Activation of Momenuclczr FPhazccoytes

In its resting state, the mononuclear phagocyte ié a
mobile cell of relative simple structure,.but is capable of
responding to a variety of stimuli which provoke it into a
state of inlteonse physiological activity. This is accompanied
by changes in function end morphology which have been collec—
tively »eferred to as 'activation. Mackaness introduced
this term in the 1960's to describe the enhanced microbicidal
activity of mzerophages from animals who had acquired'immun—
ity *to fzculative, intracellular bacterial infection (e.g.
Listueria, Brucella). Mackaness also demonstrated that such
an actvivated macrophage displayed pronounced ruffling of

the plasma membrane, increased capacity for adhering to and
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spreading on glass, increéssed vheogocytic ability and ine
creased numbers of phagolysosomes and endocytic vesicles.
Mere recently, biochemical criteria have been used as mar-—
kers for moncnuclear phageceyte activation (Karnovsky and
Tazdins, 1978). In this thesis pulmonary mononuclear phago—
eyte sctivation was assessed by the morphological ap?earance
of glass adherent cells. electron microscopic appearance

of monomuclear phagocytes within alveolar spaces and by
activity of the plasma membrane-bound enzyme leucine amino-

peptidase.

Glass adherent mononuclear phagocytes from all treated

grou

o £

ns appeared larger, tended bto spread more and contained
increaged numbers ¢f cytoplasmic organelles. Inese morpho-
logical changes were prominent at the same time that leﬁcine
aminocpeptidase activity increased at the sunface of the same
cells, This increase in enzyme activity supports the hypoth-
esis that glass adherent monconuclear phagocytes from treated
groups were activated, especially between two and twelve
weeks. Using the morphological criterion of glass adherence
it was not possible to distinguicsh whether one of the ex—
perimental trestments was more effective than another in
activating the cells; but using measurement of leucine amino-
pepbidase activity this appeared possible. FElectron micro-
scopic otservetions indicated that the cells of controls
appear to be in a continuous state of activation. The

alveolar surface of the lung is normally sterile (Laurenzi
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et al, 1961), even fﬁough the lung is continuously exposed
to atmcspheric and blood-born irritants; Clearance of
irritants that reach the alveoli depends almost entirely on
resident pulmonary mononuclear phagocytes. The mononuclear
phagocytes could therefore be in a state of activation due
to their continuved phagocytic activity needed to maintain
sterility of the luug under normal conditions. All treat-
ments caused an increase in the number of activated mono-
nuclear phagocytes within-the alveolar spaces, These were
large cells with an eccentric nucleus and marginated helero-
chromatin, a conspicuous nucleolus, increased cytoplasnic
organelles and numerous large pseudopods. However, FCA,
H37Ra and asbestos, either alone or in combination increased
the number of less activated cells of the mononuclear phago-
cyte system., These cells included the previously described

monocyte and immature macrophage.

The most sensitive marker for mononuclear phagocyte
activation in this study was activity of the enzyme leucine
aminopeptidase for the substrate leucine p-nitroanilide.
This enzyme is specific for mononuclear phagocytes and is

located on the plasma membrane (Wachsmuth, 1968).

The results show that a minor increase in enzyme ac-
tivity occured two weeks after all treatments, with greatest
activity occuring between four and ten weeks. It was during

this time that the greatest cellular accumulation was seen



inAany group. As the inflammatory response waned ithe engyme
activity also decreased until at 52 weeks values for treated
groups were no different than for wtreated conitrols.
Treatment groups asbestos-mycobacteria (AM), asbestos-
Freund's complete adjuvént_mycobacteria (ATI) and mvco-
bacteria (M) showed the greatest engzyme activity. This was
followed by groups aébestOSnFreund‘s complete adjuvanl (AR

and Freund's complete adjuvant (I). Group asbestos (A) and

0]

Treund's complete adjuvant - mycobacteria (Fi) had activitie
that were not significantly different from those oi untreated

controls (I).

It can be concluded from these results that pulmonary
mononuclear phagocytes were activated. This proeens may
have cccurred either because of trafficing of systemically
activated mononuclear cells into the lung or vy activation
of resident pulmonary mononuclesr phagocytes. The éata also
suggests that inhalation of asbestos alone for a short
period of time is incapable of caﬁsing monbnuclear phagocyte

activation as judged by enzyme activity.

Histological Estimation of Collagen

In this model, histological evidence of increased
collagen was not demonstrable with Masson's trichrome or
Weigert-van Gieson stains. However, large diffuse increases

" of reticulin fibres were present, especially in those groups



with sensitized mononuclear cells and exposca to asbestos.

Higstochemical staining of tissuve sections is a rapid
and simple screening method. for studying collegen. It gives
only an approximate indicaticn of guantity and cannot dis~
tinguish collagen types. Several connective tissue stains
have been described and e=ch has its own sensifivity and
specificity for connective tissue componentc. The basis for
the tissue affinity of each is an often ill-understood
physico—~chemical reacticn. Thess methods arce fully described
in such texts as Pearse (1968). Howevef; a few poiﬁts are
particularly pertinent to the study of fibrosis. The methods
in common usage are Weigert-van Giescn's (and other modi-
fications of the resorcinol-fuchsin technique which are use-
ful in distinguishing collagen from elastic fibres and other
tigssue constituents), Masson's trichrome, Gomori's aldehyde-
fuchsin trichrome, and silver impregnation. None of these
detects all the collagen present in tissue which can be
found on immunofluorescence and electron microscopy, there-
fore this cen result in an under-estimation of collagen,
particularly in the early stages in experimental models. The
silver impregnation method is the most useful in the later
circungtance as it appears to have a particular affinity for
newly formed immature collagen. None of these methods stain
coilngen alonc. Thus Masson's~trichrome is useful for de-
tection of early fibrosis because of its sensitivity, but

also stains other free proteins such as cell debris and in-
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Llemmatory exudate. Finally, little is known of the changes

in staining affinity of collagen which occur in disease.

Reticulin is a histopathological term applying to fibres
of connective tissue which are argyrophiiié (i.e. stain
black with silver impregnation), usually appear delicate and
branching, stain only faintly red with vanLGieéon's stain
and are isotropic under polarised Light (Pearse, 1968). It
is sometimes implied thatl reticulin is noncollagenous but,
while this might be true in respeect of its higtological and
gtaining characteristics, biochemicaily and on electron
microscopy it appears to be collagen (Huang, 1977). There
are extractable components of reticulin which are non-col-
lagenous (Pras and Glynn, 1973) but their exact nature has
not been determined. Some fibres adopt the staining char-
acteristics of collagen after a time, possibly because of
changes in the chemical characteristics of the fibres., Until
this occurs, however, an increase of argyrophilic fibres may

be the only light microscopic feature of developing fibrosis.

Biochemical FTstimalion of Collagen

A unique property of vertabrate collagen is the presence
of lewge amounts of the amino acid hydroxyproline, which
unti? recently was thought fo be specific for collagen. It
has been established that elastin (Grant and Prockop, 1972),
the Clq component of complement (Porter and Reid, 1978) and
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the tail sitructure of acetvylcholinesterase (Rosenberrv and
icherdsor, 1977) aise contain this amino acid. However,
the amounts detectable in these proteins is small compared
to that in ceollagen and dozs not negate the measurement of
hydroxyproline ag a simple method of determining lung
collagen. A possible critism of this method is that 1t does
not a2llow analysis of changes in type or molecular structure

of collagen.

Hydroxyproline determinations coniirmed the histolog-
ical obhservetion that there was no aﬁp rent increase in
lung collogen following any given treatment. Although there
wag g gteady rise in hydroxyproline values with time, this
general pattern of incressed levels was also dewonstrated in
the wntreated controls and is undoubtedly due to the normal

growth of the animal, cince a steady rise was demonstratsed

for hody weights and lung weights throughout this study.

The mogst noteable change in hydroxyproline levels was
the decreae in amounts in group A (asbestos), M (mycobacteria)
and ATY (asbestos-Freundts complete adjuvant-mycobacteria)
Vat two weeks, which was fcllowed by a steady rise back to
control values over a period of several weeks., Although
éynthesis and degradation was not measured in this model,
it zzems likely that the degradative rate was increased
following insult in groups A (asbestos), M (mycobacteria)

and AT (asbestos—-Freund's complete adjuvant-mycobacteria).
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It is also possible that the synthetic rate could have de-

ased and the degradation rave remaincd uncheunged.

¢
3

It may be that zsbesvos and mycopacteria are capable of
activating the mononuclear phagocyte in such a way as %o
cause them to greatly imcrease their producticn end secretion
of collagenase, Werb and Cohn (1976) have demonsirated that
thioglyeolate-stimulated mouse peritoneal mecrophuges ro-

lease considerable amounts of collagenase in 3 The

retum to untrezted control valuss cver 2 period of spveﬂ“;
weelrs gould be expleined by the fact that there is trafiic

to the lung of moncnuclear phagocytes that are ne longer
activated with regard to collisgenase produveiion. Consequently,

if synthetic rates remairned vnchanged then the hydroxyproline

values could eventually return to normal.

Using weasurements of hydroxyproline or collagen con=
centrations in biopsies, it has beea difficult to document
that morphologic‘pulmonary fibrosis invelves biochemical
fibrosis. Crystal et al (1976) have recently discussed
pogcible explanations for this, There may be no net increase
in collagen, but only a change in the organization of the
connective tissuwe or a shift in the ratio of types of
collagen molecules. Rvidence for a shift in the ratio of
Type I to Type III collagen has been found (Seyer et 21,
1976)., It is also possible that a net increase in any given
connective tissue protein may remain undetectable when ex-—

pressed as a change in protein concentration becauge diseased



tissue samples may also have a proportional increcase in cells

and other tissue protein components.
In this study it was not possible to address this
problem since at no time was there significant increase in

coliagen either histologically or biochemically.

Weight Reletionships

As with hydroxyproline values, a Dbasic paitern of in-
creasing weight with time was demonstrated for body weight,
left lower lobe wet wev, total lung wet weight and lung dry
weights. Since untreated controls demonstrated a similar
pattern, this increase may be partly due o normal. growth.
The mean weights in the treatment groups also established
that significant increases in left lower lobe and total
lung wet weight had taken place, These increases were
highest in the AFM group followed by the groups receiving
two treatments (i.e. AF, AM, and FM) which in turn were
followed by two of the groups receiving only one treatment
(i.e. A; F)., The data for wet weights correlate with the
histological severity of lesions. Also, the percent change
in total lung wet weight and left'lower lobe wet weight
were closely correlated for each treatment group. It could
therefore be concluded that it is possible to obtain infor-

mation of the disease process by examining a defined anatomical



“portion of the total lung (e.g. left lower lobe) since the
datsa for this portion is closely correléted with the in-
formation obtained from the entire lung. ITung dry weights
followed s similar patitern with time as previously described
for wet weights, although the changes are not as pronounced
and ther is no difference hetween the treated group and
untreated controls. Since dry weights are a crude measure
of total lung connective tissuec components only (in not
taking intc account éells-and fluid) these resulits are in
agreement with the evidence from the hydroxyproline measure~

ments and histological assessment, that in this model there

were no increases in collagen above normal values.

Decreases in dry weight of the asbestos (A) and My C O~
bacteria (M) treated groups, at times when hydroxyproline
values were decreased for these groups, supports the
supposition that these insults have infact caused a decrease

in lung collagen during the first few weeks following insult.
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Section VIT : Summary and Conclusions
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Section VIT : Summary and Conclusions

The aim of this thesis'was to develop an animal
model which would overcome some of the criticisms of other
investigations into mechanisms of pulmonéry fibrogsnegis
which has been mentioned in the Introduction., The uo“*
serious criticisms of these arce: assgessment of fibwro.
genicity of agent rather then mcchenisms of Librogencois,
too few time points-and insvfficient paranciecrs included
in study, insulting agent administered in high concentration
preventing asscssment ¢f host factors upon whic
genesis may partly depend, Thig aim was pavtially achieved.
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Asseosmnent ¢©

oot facters was achicved by exposin
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the lungs of SPI guinea-pigs whese systvemic umononucleaX
cells had been senzitized and whose mononuclear phagocytes

had been activaled, to esbestos, a known fibrogenic agent

which appear to require interaction with cells in order
to produce fibrosis, at a dose that by itself did not

cause fibrecgis,

Asbestos fibres and asbestos body formation were
prominent throughout the entire study even though the
animals were only exposed for two eight hour periods.
Histologically the reaction to asbestos began as'a minox
peribronchiole monoruclear cell inflammatory reaction at
a few scalttered individuval respiratory bronohioies, but

gradually more and more bronchioles became affected with
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the reaction spreading to the surrounding alveolar septa.
The minor increase in reliculin Fibres never developed
into collagen fibres and the reaction wes short-Llived with
complete resolution occuring even though asbestos bodies

were continually present.

Sensitization of lymphoscytes with FCA and/or H37Ra was
achieved as demonstrated by lymphocyte blast tranzformation
to PPD., The pulmonary reaction to these agents was a
diffuse mononuclear cell infilitration of the interstitium
and air space. The severity of the reacticns to the various
inéults was dependent on the treatmenv given. Although
there was no histological c¢vidence of increased collageﬁ,
there were diffuse increases in retleculin, particulaxrly
in animals with sensitized monconuclear cells which were
exvosed to ashestos. fowever, even in the case where
severe pulmonary inflammatory changes occured, complete

resolution of the response took place within one year.

Immunological activation of the mononuclear phagocytes
was confirmed by criteria based on electron microscopy
observation of the alveolar lumen cells, morphology of
glass adherent mononuclear cells and measurement of enzyme
activity of pulmonary ﬁononuclear phagocytes, It was con-
clvded from these criteria that 1. +there was a hetero-
geneous population of mononuclear phagocytes in the alveolar

lumens, a majority of which were mature and appeared
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ctivated, however mornocytes sud immature mononuclear
phagocytes were also present in much smaller numbers;
2. The morphological studies of guinea-pig pulmonary glass
adherent mononuclear celis gave snconclusive results as to

the state of activation possibly due to the inability
of the cells to spread on a glass substrate compared to
activated peritoneal macrophages; 3. enzvme activity
off Tthe puvimonary nmononuclear pi agocyte previded the most
sensitive method for demonstrating activation of the cells.

The results chow that systemic monoauclear coll

activation does not enhance establishment of fibrosis in
guinea pigs that have inhaled asbestos for a short tine,
Although in this model the results indicats sha
nuclear cell activation‘may not be an important hosi
factor in fibrogenesis, one smust consider that the amount
of asbestos capable of interacting with activated cells
may be too small to cause fibrosis no matter how much or
how the cells were activated. Dose/response studies in a

gsimilar model would be needed to answer this question.

Based on observations of human pulmonary fibrosis,
Carrington (1968) proposed a set of anatomic criteria that
should be met by the ideal experimental model. These in-
cluded a mixed cellular exudate in the interstitium, pro-
tein exudate in air spaces with or without leukocytes,
proliferation of epithelial cells, gradual progression to

fibrosis and homeycombing, continuing cellular activity
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widespread focal lesions,.

even when partly fibirotic., and
1 are the presence of hyaline membranes, smooth

Among the criteria thal are comsidered favourable but not
Features

essentia
muscle cell proliferation, multiple species for the same
agent and multiple agents for the same species,
show are abund(}t poly-
after the first few

not
at lezs

L

s

~

that the ideal model must

morphonueclear leukocytes,

days, rrolonged state cf extensive cedema, early respir-
ordinary bhacterial

atory Tailure and contanmination by

sxacth

S

dlsease.
Although these criteria may meet the idezal animal
model
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that the model be an
Rather thea

to

model, 1V is
repiica of hwwan pue y fibrosise. 2}
a able investigators
i In this manner a
tanding the inability of the

~
4

system to er

should he usged ag
distinguish abnormal from the normal,
erste
Also,

model is helpful in w
humen lung to return the fivbrotic to normal.
animel. models have the advantage over human studies of

1e pairing control and fibrotic animals; 2. enabling
esponse studies of +the insulting agent, 3. studying

03
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drug tnerapy and 4. oblaining the entire lung for com-

dos 3
o
parative morphological, physiological and biochemical

studies.
Perhaps it is not surprising that the present model
nolt meet all the requiremenvs discussed by Carrington.

2

dia



™
A2
[

In men aad emperimental animals, the progression of
interetitial fibrosis from ocdema, mononuclear cell ine-
filtration through crgenization to honeycombing is not

alwair een after diffuse alveolar damage., Thus it is

m
]

]

nossible that pulmcnexry injuries sometimes organize and
sometimes resolve. The question of what tips the balance

in fovour of organigation or resolubion is yet unanswered.

This study vas partizlly based on the premise that
an accumalation of mononuclear cslls in the lung is oz

L presude to nulnmonary fibrosis, Therefore,
kecling the asbestos exposed lung packed with stimulated

monenvelear cells, pzriticulerly mononuclear phagocyies,

~ -

should eventually lead to fibwesis. Richerson gt 2l (1878)
have taken a similar azpproach by immunizing rabbils sys-
temically with Freundis complete adjuvant vie the foot~
pads and followed this with repeeated intravenous injections
of killed BCG. Their study as with these experiments
produced large accumulations of interstitial and intra-
slveolar moronuclear phagocytes. However, resolution of
lesions occured unless BCG was given continuously and in
either case, fibrosis was scanty., Butler (1975) also
thought that the macrophage-laden lung would produce a
more inbtense fibrosis. TFollowing systemic sensitization
of mononuclear cells, hémsters were given paraquat intra-

tracheally. Results indicated that the macrophage-laden

lungs were protected against paraguat injury, since the
b



degree of Tibrosis was lese in animals given BCG plus

paraguat compared to paraguat treatment slone.

It appears that unless there is a conltinucus adminis-
tration of irritant Lo the lung resolution of The lesions
withont fibroesis occurs. It should also be noted that al-

thovgh nmononuclear phsgocytes way appear to be a prelude

to fibrosis thelr presence alone, even in activated states
is insufficient as a stimulus for progressive fibrogenesis,

Inceed, the influx-of large nuvmbers of mononuclear phago--
cytes To the lvng following insulit is neuelly considered

S0 be a protechive mechanism and the presence of concurrent
or subseguent fibrosis nay be eilther due to a functional

defeet of the cell or continucsd persistence of irritaut at

-3.

cencendrations so large that the mononucclear- phagocyte

The common problem of complete resolution of the in-
flammatory and fibrotic response occurring in animal
nodels apnazve to be overcome only by continual adminise

tration of ineulting agents throughout a situdy. This is

)

in direct opposition to what occurs in humans, pariicularly
fellowing exposure to fibrogenic inorganic dusts since

once fibrosis has occured, progression will conbtinve after
removal from exposure. It is not known whether this pro-
gression is due to continual. activity either by the pexr-
sisvting fibrogenic agent or to some unknown self-per-

petuating host reaction (i.e. virus). In the case of
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inorganic duét, persistence of cytotoxic dust in the lung
may in itself be enough to cause continuing fibrosis but
in the case of soluble agents such as avian protein, the

persistence of antigen is more difficult ‘o accept.

In all cases where exposure to fibrogenic agents
occurs (human and animal) there is the guestion of indi-
vidual host susceptibility. It has beén shown that even
. émong heavily exposed asbestos workers only a proportion
.developed clinical asbestosis and of those affected the
- extent of lung involvement varied greatly (Selikoff and

 Iee, 1978).

Although the results of this thesis are far from
satisfactory in answering the questions as to how far
fibrosis is occuring as the result of persisting activity
of initiating agent (due either to persistent exposure
or to persisting activity of retained particles in the
lung) and as to how far the perpetuating fibrosis depends
oﬁ host factors and no longer on the initiating agent,

they show enough promise to justify further investigations.

The pulmonary response to insult; preceeding fibrosis
is similar to that seen in man and other experimental
animal models of fibhrogenesis, However; +o obtain full
benefit from +this model dose/response relationships and

other methods of macrophage activation should be studied.
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Appendix 1,

Rhodesian Chrysotile A Asbestos UICC Standard Reference Sample

Physical and Chemical Properties

1. Overall % of Length Distribution (Size in microns)

0.2-0.5  0.5-1.0  1.0-2.0  2.0-5.0  5,0-10.0  10.0-25,0  25.0-50:0  50.0-100.C  102.0-200.
20,70 34,90 23,10 15.20 2.8% 2,49 . 0,62 0.16 0.00

Lpe

2. Chemical Formula and Composgition gExcluding Trace Elements

a. Molecular formula
Mg381205(OH)4v

b, Composition

810, - 41.8 - 42.0% Fe,04 0.2 = 1.3% K50 0u= 0.1
MgO0 41.8 - 42.8% FeO 0.1 = 1.6% H,0 13.6 - 14.0

Source: Pneumoconiosis Research Unit, Cardiff and Johannesburg
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Appendix 2

Turk's Diiuting Fluid

Glacial acetic acid 2.0 ml
Gentian violet 1.0 mi

Distilled water 7 96,0 ml
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Appendix 3

Formula for Calculation of Cell Concentration per ml

Using a Neubauer Haemnocytometer

~

No. of Cells Counted X 10% z dilution = Cells/ml
No. of large corner - factor

squares used to count - ‘

celis (e.g. 2 or 4)
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Appendix 4

Leucine Aminopeptidase Assay

Reference: Wachsmuth, E., Expt. Cell Res. 96:409,1975

Substrate: leucine 4-nitroanilide
Reagents: 10 mM leucine 4-nitroanilide in DMSO MW 268
(26.8 mg/10 ml) Buffer: 0.1 M phosphate pH 7.5

Stopping Solution: 250 ml each of:
0.8 M glycine )
) adjust to pH 10.4
make to 1 liter

0.8 M NaOH
0.8 M NaCl )

Harvest cells in O.1$ Priton . X-100 in saline

Assay: 0.5 ml cell suspension
0.5 ml buffer:
0.1 ml substrate

Incubate at 37°C for 30 minutes. Stop with 1 ml of glyeine
buffer, ) ’

*¥Blank is assay solutions without substrate - add substrate
after adding glycine. » '

Read OD at 405 nM. Absolute activity calculated by reference

to extinction coefficient of p-nitroaniline (see reference).
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Appendix 5

Ficoll-Triosil Preparation

Ficoll 9% solution in sterile distilled water

Triosil -34% solution (9.6 ml sterile distilled

water + 30 ml of 50% Triosil)
Solutions are kept separate at 4° until use. Just prior
to use mix 10 parts of 34% Triosil with 24 parts 9% Ficoll,

Layer 12 ml blood onto 9 ml Ficoll-Triosil mixture.
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"Appendix 6 -

Formuia Ffor Calculation of Lymphocyte Blast Transformation

Stimulation Index

CPM of PPD stimulated cells

Stimulation Index =
.CPM of nonstimulated cells
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Appendix 7

STANDARD HYDROXYPROLINE PROTOCOIL

Begin with 0.5 ml samples in 13 x 100 hydrolysis tubes.

Xeep frozen at ~20°%C until ready to begin assaye.

Thaw samples; add 0.5 ml 12 N HCL to each sample and
cap tightly (teflon-lined caps); vortex each sample,

Hydrolyze samples in autoclave (120°G) for 16 hours.

Add small amount (75-100 mg) carbon decolorizing neutral
"Norit" (Fisher Scientific) to each sample; mix and
transfer quantitatively through a no. 2 Whatman 4.25 cm
filter paper under vacuum to large (25 x 200 mm)

eculture tubes (with teflon-lined caps). {Use 9"

pasteur pipette).

Wash hydroiysis tubes with 1.0 ml deionized water and

transfer to culture tube as in step no. 4.
Repeat step no. 5 two times.

Make up chloramine-T solution: 5.634 grams chloramine~T
per 100 ml ethylene glycol; Need 2 ml per sample.

Adjust pH of all samples to 8.3 - 8.9 using phenol-
phthalein indicator. :
a. Add 1-2 drops phenolphthalein solution.
b. Add 10-20 drops 10 N KOH until sample turns pink,
c. Add 6 N HCl drop-by-drop until sample becomes clear.
d. Alternate between 1 N XOH, 0.5 N HCL, 0.3 N KOH,

0.1 N HC1 and 0.05 N KOH dropwise until sample is
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very pink in colour,
€e Vortex tubes and recheck colour.

9. Equalize volumes in culture tubes "by eye" with deion-
ized water. '

10. Add 1.0 ml 10% alanine.
11 Add 2.0 ml berate buffer,
fiz. Yortex tubes.

'1%. TIMED STEP.
a. Total reaction is 20 minutes.
b. Samples are to be treated in groups of 4 (four).
c. Over 60" interval to ecach of 4 samples add 2.0 ml
chloramine~T solution. Vortex each <ube,
de At end of 60" repeat process with next set of 4
samples, etc.

_ é. At end of 20 minutes (from time chloramine-T was
added to first sample) add 6.0 ml 3.6 M sodium
thiosulfate to each of 4 samples over 60" interval;
vortex each tube, '

f. At end of 60" repeat process with next set of 4
samples; etc.

14, Saturate samples with KCL (about 12 grams). (3 heaping
 spatulas).

15. Add 10 ml toluene to each sample,

16, Cap tightly (teflon-lined caps) and shake on shaker for
. 5 minutes. -

17. Aspirate toluene down to interface, being careful not
to aspirate aqueous phase,
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.

Cap tightly and place in boiling water bath for 30
minutes. :

Cool on ice to room temperature.

Add 12.0 ml toluene to each sample, resaturate with KCl,

if necessary, cap tightly and shake for 5 minutes on
shaker. '

Remove 5.0 ml from each vial and transfer to large
(16 x 150) test tube. Add 2.0 ml Erlich's reagent
to -each test tube and vortex. ILet sit for 30 minutes

. then read absorbance at 560 nm using sample marked

"hlank" as zero reference.
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Avpendix 8

10% Neutral Buffered Formalin Fixative

NaH,P0, « H,0 14.8 g
NaZHPO4 24.0 g
Formalin 370 ml

Distilled water - 2330 ml

Dissolve Na,HPO, in H,0, add NaH,P0, - H,0 and dissolve
with aid of gentle heating. Add formalin after phosphate

buffer solution has been éooled toAroom'temperature.
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Appendix 9 -

Buffered Glutaraldehyde Fixative (pH T7.4)

Materials s

Sodium cacodylate 2.14g/100 ml distilled water
25% commercial glutaraldehyde
Solution I Sodium cacodylate 50,0 ml

.0.1N HC1 2.7 ml

Distilled water 47,3 ml

Fixative prepared just prior to use

25% commercial glutaraldehyde 5.0 ml
Solution I . 20,0 ml1

Buffered sucrose solution for storage of specimens

Sucrose 4.5 g

Sorensen's phosphate buffer (pH 7.4) 100 ml
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Appendix 10

Letter Cods for Individual Data appendices 11-18

Body Weight

= Total Lung Weight (wet) (gram)

= Left Lowsr Lobe Wet Weight (gram)

= Lung Dry Weight (milligram)

= Total Hydrexyproline (ug)

= Hydroxyproliné (ua/a lﬁng wet weight)

= Hydroxypreline (ug/mg lung dry weight)

= ﬁeoxyribonucleic Acid (ug/mg lung dry weight)
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AAppendix 21

FORMULA FOR CALCULATION OF LEUCINE AMINOPEPTIDASE ACTIVITY

optical density 3
C = X 10° X 2.1
extinction coefficent*

umoles/30 min/]O6 cells

* Extinction coefficient = 9620



BIELIOGRADHY



bt

ST AT

)-i 1)_6.1_Lr)ulL AL ‘I:'

Aalto, M. and Kulonen, B. (1979). Tractionation of
connective tlssueuaccivating factors from the culture
medium ¢f silica~treaved macrophages. Acha Pathol.
IMicrobiocl. Scand. Sect. C, 87, 241~250,

Aalto, M., Potila, W., and Kulonen, B, (1976). The effect
of silica~vreated macrophages on the synihesis of
collagen and other proveins in vitro. Ixp. Cell Res.,
ST, 193-202.

Abercrombie, M., Heaysmen, J.B.M. and Pegrum, S M. (1971).
The locomotion of filtroblasts in culbure, IV, electron
microscopy of the lezding lamella. Exp. Cell Res.,

67, 559-367.

Adams, D.O. (1975). The structure of mononuclear phago-
cytes II. The effects of Mycobacterivum tuberculosis.
Am, J. Pathol., 80, 101~113.

Afdams, D.0. (1976). The granulomatous inflammatory re-
sponse, Am. J. Pathol., 84, 164-191,

Adamson, I.Y.R. and Bowden, D.H. (1974). The type 2 cell
as progenitor of alveolar epithelial regeneration: a
cytodynamic study in mice after exposure to oxygen. Lab.
Invest., 30, 35-42. '

Adamson, I.Y.R., Bowden, D.H. and Wyatt, J.P. (1970). A
pathwvay to pulmonary fibrosis: a ultrastructural study
'of mouge and rat following radiation to the whole body
end hewithorax. Am. J, Pathol., 58, 481-487.

Adiison, T. (1868). A collection of the published writings.
edited by Dr. Wilks and Dr. Daldy, London. The New
Sydenham Society. 39-64. ’



Aho, S. and Kulonen, E. (1977)., ELffect of silice~
liberated macrophage factor on protein synthesis in
cell-free systems. =xp. Cell, Res., 104, 31-38.

Allison, 4.C., (1971). DILysosomes and the toxicity of
particulate poliutants. Arch. Inter. Med., 128, 131-139.

Allison, A.C. (197%). DBxperimental methods - cell and
tissue culture: =ffects of asbestos particles on
macrophages, mesothelial cclls and fibroblasts. In
Biological Effects of Asbestos, Proc. working conf,

- Int. Agency for Resesrch on Cancer, Liyon, France;
October, 1972. Edited by P. Bogovski, J.C, Gilson,
V. Timbrell and J.C. Vagner., Iyon, IARC Scientific
Publicat;ons No. 8; 1973, 89-93.

Allison, A.C. (1977). Mechanicme of macrophege demage in
relation to pathogenesls of some lung diseases. 1In

a

-

Respiratory Defense ilechanism, Part IT, edited by

J.D. RBrain, D.F. Proctor and L. Reid, New York, HMar-
cel Dekker, 1075-1102.

Allison, A.C., Clark, I.A. and Davies, P. (1977). Cellu-
lar interactions in fibrogenesis. 4Ann. Rheum. Dis,
(suppl.) 8-13

Allison, A«G. and Davies, P. (1975). Increased biochemical
and biological activities of mononuclear phagocytes ex-
posed to various stimuli, with special reference to se-

~cretion of lysogomal enzymes. 1In Mononucleaxr Phagocytes
in Tmmuwity, Infection and Pathology. Edited by R. van
Murth, Oxtford, Blackwell, 487, '

Allison, A.C., Harington, J.S. and Birbeck, M. (1968). An
examination of the cytotoxic effects of silica on macro-
phages, J. Exp. Med., 124, 141-154.



™
3

V]

Alsadi, A. and Smith, D.Y. {i197%). The fate of viruvlent:

©

and avtenuated mycobaceteria in guinea pigs infected by
the respiratory route. Am. Rev. Respir. Dis., 107,
10411046,

indo, M. (1973). liaerophage activation in tuberculin re-~
actions of rabbits with primary BCG infection and re-
infection., J. Reticnloendoth. Scc., 14, 152-145,

Andral, G. (1836). The clinique medicale. Translated by
D. Spillan. London, Henry Reushaw Publisher; 413-423,
497=502 . ' ’

Avenbrugger, L. (1761). Inventum movum ex percussione
thoracis humeni us signo abstrusos interni pectoris
morbos detegendi. Translated by J. Forbes, (1824),
Tondon, 3%4-37.

Babcock, R.H. (1907). Diseases of the lung. 1st ed.,
London, Sidney Appleton Publisher, 362-370.

Bateman, ®.D., Emerson, R.J. and Cole. P. (1979). The
vse of diffusion chawbers to examine the biological
effects of mineral dusts, In Proceedings of the Inter-
national Workshop on the in vitro Effects of Mineral

T st

Dusts, held at Cardiff, September 4-T7, 1979.

Bateman, B., Pmerson, R.J. and Cole, P. (1980). Mechanisms
of fibrogenssis, In Occupational Tung Diseases: Research
Approaches #nd Methods, Edited by H. Weill and IM. Turner-
Verwicls, New York, Marcel Dekker, in press.

Bawie, G.L. (1815). Researches on pulmonary phthisis.
Translated by W. Barrow, Liverpool, G.F. Harris's Widow

and Brothers Printers. 233%-260,



268

Bhuyan, U.N. and Ramalingaswemi, V. (1974). = Sysbemic
macropﬁage mobilization and granulomatous response to
BCG in the protein deficient rabbit. Am. J. Pathol.,
6. 313-322.

Bienlkowski, R.S., Baum, B.J., Crystal, R.G. (1978).
Fibroblasts degrade newly synthesised collagen within the
cell before secretion. Nature 276, 413-416.

Blanden, R.V., Lefford, M.J. and Mackaness, G.B. (1569).
The host response to Calmette Guerin bacillus infection
in mice. 'J. Ixp. led., 129, 1079-1087.

Bloom, B.R. and Bennett, B. (1966}, Iechanism of reaction
in vitro associated with delayed-type hypersensitivity.
Science, 153. 8082,

Boros, D.L. (1978). Granulomatous inflammations. Prog.
Allergy, 24, 183-267,

Botham, S.K. and Holt, P.F. (1971). Asbestos-body for-
mation in the lungs of rats and guinea-pigs after ine-
helation of anthophyllite. J. Pathol., 107, 245-252,

Botham, S.K. and Helt, P.F. {(1972). The effects of inhaled
crocidolites from transvaal and north-west cape mines on
the lungs of rats and guinea-pigs. Brit. J. Exp. Pathol.,
53, 612~620

Bowden, D.H. and Adamson, I.Y.R. (1972). The pulmonary
interstitial cell as immediate precursor of alveolar
macrophage., Am., J. Pathol., 68, 521-528,

‘Bowden, D.H. and Adamson, I.Y.R. (1976). The alveolar
macrophage delivery system: kinetic studies in cultured
explants of murine lung. Am. J. Pathol. 83, 123-134,



 Boyum, A. (1968). Separvation o lvmphccvtcg and eryithro—
cytes by centrifuvgation. Scand. J, Clin. Lah. Iavest,
20, Suppl. 97., i-5.

Pradley, KoH., MeGonnell, S.D. and Crystal, R.G. (1974) .
Iung collagen composition and synthesis ~ characterizaticn
and changes with age. J. Biol. Chem., 249, 2674~2683.

Bradley, K., McComnell~-Breul, S. and Crystal, R.G. (1975).
Collagen in the human lung -~ quantitaion of rates of
synthesis and partial charactierization of composition,
Je Clin. Invest., 55, 543-550.

Brain, J.D., Sorokin, S.P. and Godleski, J.d. (1977).
Quantitation, origin end fate of pulmonary macropnages,
In Respiretory Defense lMechanisms (Part TJ) Eaited by
J.D. Brain, D.F. Procvor and T, Reid, New Yorik, Marcel
Dekker, 840-892, '

Brody, A.R. and Craighead, J.E. (1974). Pathogenesis of
pulmonary cytomegalo-~virus infection in immunosuvppressed
mice, J. Infect. Dis., 129, 6T77-689.

Brown, R.C., Chamberlain, M,, Griffiths, D.}M., and Timbrell,
(1978), The effects of fibre size on the in vitro
biological activity of the three types of amphibole
asbestos. Int. J. Cancer, 22, T721-727,

Buonassisi, V. (1973). Sulfated mucopolysaccharide syn-
thesis and secretion in endothelial cell cultures.
E{Po Cell ReSC-, :_7__6_, 363-3680

Burrell, R., and Anderson, M. (1973). The induction of
fibrogenesis by silica~treated alveolar macrophages,
En'V'iI"Ol’l. ReSo’ é, 389"'394.



270

Butler, ¢, (1975). Pulmonary inrtecrsititial fibrosis from
paraquat in the hamster. Axrch. Pathol., 39, 563-507.

Cardinale, G.J. and Udenfriend, S. (1974). Prolyl hydroxy-
lase. Adv. Enzymol.., 41, 245~300,

Cerrington, C. (1968), Organizing interstitial pneumonia,
definition of the lesion and attempts to devise and ex-
perimental model, Yale J, Biol. Med., 40, 352363,

Carrington, C.B., Gaensler, E.i., Coubu, R.BE., Fitzgerald,
M.¥. and Gupta, R.G. (1978), Natural history and treated
course of usual desquamative interstitial pncumonia,

Ne Bngle Jo Hed., 298, 801-809.

Casarett, L.J. and Milley, P.S. (1964). Alveclar reactivity
following inhalation of particles. Health Fhys, 10,
1003“'101 1 ©

Church, Rele., Tanzer, M.,L, and Pfeiffer, S.E. {1573).
Collagen production by a clonal line of Schwamnn cells,
Proc, Natl, Acad. Sci., 70, 1943-1946.

Clark, 4., Hadley, W.I. and Chaplin, A. (1894). Tibroid
diseases of the lung including fibroid phthisis, ILondon,
Charles Griffin and Co. Ltd.

Conning, D.M. and Heppleston, A.G. (1965). Reticuloendo-
thelial activity and local partvicle disposal, Brit. J.
EXP. l'\a'bh.oj_a ’ _41, 388"400'

Corrin, 5. and King, E. (1969), Experimental endogenous
1ipid pneumonia and silicosis. J. Pathol., 97, 325-330.

Corrin, B. (1969). Phagocytic potential of pulmonary al-
veolar epithelium with particular reference to surfactant
metabolism, Thorax, 25, 110-115,



Crystal, R.G., Tulmer; J.D., Roberts, W.C.,; Moss, M.L.,
Tine, B.R., Reynolids, H.Y, (1976). Idiopathic Pulmon~

r

-
L

ary Tibrosis, clinical, histologic, radicgraphic, physio-
logic, scintigraphic, cytologic end biochemical aspects,

Lna, Intern. Med., 85, T760~T787.

Devid,; J.R. (1966). Delayed hypersensitivity in vitro: its
diation by cell--free substances formed by Llymphoid cell-
antigen interaction. Proc. Natl. icad. Sci. U.S.A, 56,
T2-81,

Davies, P. and Allison, A.C, (1976). Secreticn of macro-

~

phage enzymes in relation to the pathogenesis of chronic
inflammation. In Dmmunbiclogy of the Macrcovhage. Edited

RN

by David Nelson, TLondon, Academic Press, 427-462,

Davies, P., Alliscn, A.C., Ackerman, J., Butterfield, A.
and Williams, S. (1974), Asbestos induces selective re-
jease of lvsosomal enzymes from moncnuclear phagocytes.
y _

"\/l’
Nature, 251, 423-425,

Davies, P., Page, R.C. and Allisbn, A.C. (1974). Chenges
in celiular enzvme levels and extracellular releasc of
lvsosomal acid hydrolases in macrophages exposed to group
A streptococcal cell wall substance. J. Exp. Med., 139,
12621282,

Desai, R., Hext, P.i.; and Richards, R.J. (1975). The
prevention of asbestos-induced haemolysis. DLife Science,
16, 1931-1938.

Douglas, W.H.J., Del Veechio, P., Teel, R.W., Jones, R.M.
and Farrell, P.M. (1976). Culture of Type II alveolar
cells, In Iung Cells in Disease, Edited by A. Bouhuys,
Oxford, North-Holland Publishing Co. 53-68.




Elnes, P.C. McCaughey, W.T.B. end VWade, 0.L. (1965),
Diffuse mescthelioma of the pleura and asbestos. Brit.
Mede Joy 1, 350~35537,

Bsterly, J.R. and Faulkmer, C.S. (1970). The granular
pheuvmonocyte. Absence of phagocytic activity. Am. Rev,
Respir, Dis., 101, 869-876.

Etherington, D.J. (1977). Collagen degradation. Ann.
Rheum, Dis., %6, suppl. 2, 14-17.

Freund, J. (1956). The mode of action of immunologic
adjuvants. Adv, Tuberc. Res., 7, 130-148.

Pulmer, J.D. and Crystal, R.G. (1976), The biochemical
bagis of pulumenary function. In The Biochemical Basis

of Puimonary Function. Edited by R.G. Crystnl, New York,

FMarcel Dekker, 419-488.

Giles, L.W, and Myvers, A, (1965), An improved diphenylamine
method for the estimation cf deoxyribonucleic acid,
Nature, 206, 93,

Godleski, J.J. and Brain, J.D. (1972). The origin of al-
veolar macrophages in mouse radiation chimeras., J. Bxp.
Medes, 136, 6%0-643.

Goldberg, A.L, and St. John, A.C. (1976). Intracellulan
protein degradation in mammalian and bacterial cells,
part 2. Ann. Rev. Biochem., 45, 747-803.

Gordon, S., Bray, M.A. and Hoxrley, J. (1976). Control of
lymphokine secretion by prostaglandins. Nature, 262,
4‘01 "4*02 ©



Gotoe, Cof. and Sweagscon, Le (1970). Bffects of BCE on

tic Jung ciearance of dusts with different fibro--

Tvirehat
LN R el b2 O

genicitye. Arch. Pnvivon. Health, 20, 579-585,

Grant, ¥.B, and Prockop, D.J. (1972). The biosynthesis of
collagen, W, Fngl. J. Mede, 286, 194~199, 242249, 201--

500,

Green, R.Ces (1977), Changes in acid ribonuclease and other
acid hydrolases during lymphocyte stimulation. Ixp.

Cell. Res., 110, 215-223,

Grisolle, A. (1864), Traite de la pneumonie. 2né ed. Paris,
JeB. Ealllicre Tublisber, 115.

Gross, Peo (198623, “he concept of the Famman--Rich syudrome.
A critigue. Am. Rev. Respir, Dis., 85, 82E-83Z.

Girosg, P., HMclWervey, J.M., Westrick, M.L.. and Babyak, M.A.
(1962), Resolution of chronic interstitial pneumonitis.
#Arch, Pathol., 74, 93-99.

Homman, I:.. and Richy L.R. (1935). TFulminating diffuse
interstitial fibrosis of the lungs. Trans. Am. Clin.

b

Assoc,, 51, 154=163.

Hance, A.J., Bradley, K. and Crystal, R.G. (1976). Iung
collagen: synthesis of Type I and Type III collagen by
rabbit and human lung cells in culture. J. Clin, Invest.,

57, 102~111, | :



Hance, A.J. end Crystal, R.G. (i%76), Collagen, In ”ho

Biochemical Dosis of Pulmonary Funetion. Bdited by R.G.

U T s AT 7 e A et

Crystal. Mew York, Marcel Dekkecr, 215-271.

Harington, J.S., Miller, K. snd lac Iab, G. (1971),
Hacmolysis by asbestes., Environ. Res.; 4, 25-117.

Harington, J.S., Ritchie, M,, King, P.C. and Miller, K
(1973), The in vitro effects of silica-treated hans

]

[ 4
4.
870
macrovhages on collagen production by hamster fibro-

blasts. J. Pathol., 109, 21~-37,

Horris, J.0., Bice, D. aud Salvaggio, J.B. (1976). Ix-
perimental granulomatous pneumonitis: bronchopulmonary
response to Microvolysporia faeuni in the rabbit. Chest;
6%, suppl. 2, 287~-288

Harris, A. and Dunn, G. (1972). Centripetal fransport of
attached psrticles on both surfaces of moving Librohlas
Exp. Cell, ERes., 713, 519-523,

Harris, E.D. and Krane, S.M. (1974). Collagenases. N,
Tngle Jo Meds, 291, 557=563, 605~609, 652-664,

Haslam, P.L., Lukoszek, A., Merchant, J.A. and Turner-
Warwick, M, (1978). ILymphocyte responses to phyto-
haemagglutinin in patients with asbestosis and asbestosis
and pleural mesothelioma, Clin. Exp. Immunol., 31, 178~188,

Hasse, C.E. (1846). An anatomical description of the
diseases of the organs of circulation and respiration.
franslated by W.E. Swaine. ZIondon. The Sydenham Society.

Heard, B.E. (1976). Pathology of interstitial lung dis-
eases with particular reference to terminology, classifi-
cation and trephine lung biopsy. Chest, 69, suppl. 2,
252~253.



Heppleston, A.G. (1978). CGCeliuiaw reactions with silica,
- In Biechemistry of Silicon_snd Relaved Froblems. Edited

e T e 2 8 S L el £ e

by G. Bendz and I, Linguist, Plenum Press, 357-379.

Heppleston, A.G. and Styles, J.h. (1967). Activity of a
macrophage factor in collagen formation by silica.
Wature, 214, 521-522.

Hext, P.M. (1979). The effect of mineral dusts on lung
slices in vitrc. In Proceedings of the Intermational

Worltshop on the in vitro #&ifects of Mineral Dusts,
held in Cardiff, Seprember 4-7 1979 in press.

Molt, PF., Mills, J. and Young, D.,K. (1964). The early
effects of chrysotile asgbestos dust on the rat lung.

J.u Patholo Bacta % Q:Z-s;' 1 5‘"23 ¢
Holt, P.F., Mills, J. end Young., D.K. (1966). XExperimental
aghegtosis in the guinea-pig. dJ. Pathol. Bact., 92, -

185-195.

Houek, J.C. and Chang, C. (1971). The chemotactic proper-
ties of the products of collagerolysis. Froc. Soc. Lxp,
Biol, Med., 138, 69~75. ‘

Houck, J.C., Sharma, V.K. and Hayflick, L. (1971).
Functional failures of cultured human diploid fibroblasts
after continued population doublings, Proc, Soc. IxXp.

.Biol., I‘Iedcg 1379 331-3330

Howard, B.V., Macsrak, E.J., Gunson, D. and Kefalides, N.A.
(1976)., Characterization of collagen synthesized by
svdothelial cells in culture. Proc, Natl. Acad. Sci.g
Tie 236123564,



276

Huang, T.W. (1977). Chemical and histochemical studies of
human alveolar collagen fibers. Am. J. Pathol. 86,
81""980 ’

Johnson, R.L. and Ziff, M. (1976). Lymphokine stimulation
of collagen accummmulation. J. Clin. Invest. 58, 240-253,

Kagan, E.,, Solomon, A., Cochrane, J.C., Beissner, L.l.,
Gluclkmen, J., Rocks, P.H. and Vebster, I. (1977).
Tnmmological gtudies of patients with asbestosis - T.

Studieg of cell-mediated immunity. Clin, Exp. Tmmunol.

28, 261-~267. '

[

Fibroblast activation. J. Lab, Clin.

novlos, A., Irle, C,, Zwzhlen, 4., and

inae

T s
Gabbiani, G. (iS574
pulmonary alveolar sepbe: a possible regulater of venivi-

~r Q

. Convractile interstitisl cells in

- e

lation-perfusion ratio? Ultrastructural, immunofluor-
nce, and in vitro studies. J. Cell Biol., 60,

03

Keapanei, Y., Weibel, E.R., Kaplan, H.P. and Robinson, F.R.
(126¢). Pathogenesis and reversibility of the pulmonary
lesions of oxygen toxicity in monkeys. II. Ultrastructural
and morphometric studies., Iab. Invest., 20, 101-118.

Kaxnovsky, H.L. and Lazdins, J.K. (1978). Biochemical
eriteria for activated macrophages. J. Immunol. 121,
809"81 3 °

Kawata, H., Hyrvik, Q.N., and Leak, E.S. (1964). Dissociation
of tuberculin hypersensitivity as a mediator for an
accelerated pulmonary granulomatous response in rabbits.

J. Immunol., 9%, 433-438.



King, Eedo, Yoganathoun, h., Harrizon, C.K. and Mitohison,
DA, (1957). Experimental infective pneuwmoconiosis. Ve
Japsive fibresis of the lungs produced by coal-mine dust
lycobacterivm tuberculogis var muris (Vole bacillus).

LMo A, Arche Indust. Health. 16, 380-392,

Kuhn, C. (1976). The cells of the lung and their organelles,
In The Biochemical Basig of Pulmonary Function. Edited
by R.G. Crystal, New York., Marcel Dekker, 3=48.

Xulonen, E. (1970). Effects of 1.0, -~ liberated wmacropnage
factors with special reference to RWA. In Proceedings of

fhe International Workshop on the in vitro Effects of

P

Mineral Dugsts, held at Cardiff, September 4-7 1979, in press.

Laennec, R.T.H. ( 834)~ A treatise on the diseases of the
chest and on mecdiate ausculatvion. Transiated by J.
Forbes, 4th ed, London, longmen, Rees, ORME Publishers,

Z'] 6"'2170

Langness, U, and Udenfriend, S. (1974). Collagen biosynthe~
sis in nonfibroblastic cell lines. Proc., Natl. Acad.
Sci,, 71, 50=51, '

Iaufer, A., Tal, C. and Behar, A.J. (1959). Effects of
adjuvant (Freund's *type) and its components on the organs
of various animal species. A comparative study. Brit,
Je. Exp. Pathol., 40, 1-T.

Taurenzi, G.A., Potter, R.T, and Kass, E.H. (1961).
Bacteriological flora of the lower respiratory tract. N.
Englo Jo I’Iedo, 2659 173_1780 ‘

Lehtonen, E., Nordling, S. and Wartiovaara, J. (1973).
Permeability and structure of ethanol sterilized nitro~-
cellulose (Millipore)filters. Exp. Cell. Res., 81, 169-174,



273

Tewig, O0.M. and BDurrzell, R. {1975}, Induction of filLro-
a2sis by lung antibody-treatec macrophagesc Brit. J.
Tndust. Med., 25, 2528,

Dichtenstein, J.Re., lartin, G.R., Yok, L.D. Byers, P.H.
and McKusick, V. (1973). Defect in conversion of pro-
collagen ©o collagen in a Fform of Ihlers-Danlos syndrome.
Science, 182, 298-299 |

Liebow, A.h. (1975). Definition and classification of
interstitial pnecwnonias in human pathology. 1In:
Alveolar Interstitiwn of the Tung, Int. Synp.; Paris
1974. Proge Respir. Res., 8, 1-33.

Tiebow, A.A., Steer, A. and Billingsley, J.G. {(1965).
Desquamative interstitial pneumonia. Am. Je Meds, 39,
369-404 .

. Surface charge and in

Ao

Light, W.G. and Wei, B.T. (1979)
vitro activity of asbestos. 1In Proceedings of +the
International Workshop on the in vitro Effects of hlnbral

Dugts, held in Cardiff, September 4-7, in press.

Iivingstone, J.L., Lewis, J.G:, Reid, L. and Jefferson, K.E.
(1964), Diffuse interstitial pulmonary fibrosis: A&
clinical, radiological and pathological study based on 45
patients. Quart. J. Med., New Series, 33, T1=~103,

Low, .M. and Daniels (1952), Electron microscopy of the
rat lung. Anat. Rec., 113, 437~450.

McDermott, M., Wagner, J.C., Tetley, T., Harwood, J. and
Richards, ReJ. (1977). The effects of inhaled silica and
chrysotile on the elastic properties of rat lungs:
physiological, physical and biochemical studies of lung
surfactant. In Inhaled Particles IV, Edited by W.H,
Walton, Oxford, Pergamon Press, 415-427.




MeCullough, Re, Collinsz, J.7., Johason, W.G., and Grover, .1,
(1978). Bleomycin-induced diffuce interstitial pulmonary
fibrosis in bhaboons. J. Clin., Invest. 61, 79-88.

Macklin, C.C., (1953), Osmiophilic bodies of two types in
the perivheral luag tissue of normal and urethanized
vhite mice, (a) in the granularipneumonocyte and (b) in

the fibrocytes, Ainab. Rec., 115, 431 (hbstract of

demonstration).
Martinez, Be and Zucker (1960} J. Phys. Chem., 64, 924.

Mason, Rede, Williams, M.C., Greenleaf, R.D. and Clements,
Jehe (1977)., Isolation and properties of Type II alveolar
cells Ffrom wat lung. Am, Rev, Respe. Dis., 115, 1015-1026.

Meyrick, B. and Reid, T, (1968). The alveclar brush cell
in the rat - a thixd pnewmonceyte. J. Ultrastruct. Res., -
2’59 ‘71"‘80@

‘Meyrick, Be and Reid, &, (1970). The alveonlar wall, Brit.
Je. Dig. Chest, 64, 121-140,

Millard, M. (1966), Iung, pleura, and mediastinum, In
Patholozv, Vol, I, 5th ed, Edited by W.A.D. Anderson,

S"Ga LOU.iS, C‘V. ‘-’IOSby COQ » 686“7660

Miller, XK. and Kagan, E. (1976). The in vivo effects of
asbestos on macrophage membrane structure and population
characteristics of macrophages : a scanning:electron
microscope study. J. Reticuloendothel. Soc. 20, 159-171.

Miller, K., Webster, I., Handfield, R.I.M. and Skikne, M.I.
(1978)., Ultrastructure of the lung in the rat following
exposure to crocidolite asbestos and quartz. J. Pathol,

:I__zir 59"‘4’4‘ o



Miyamoto, T., Kabe, J. and Noda, . {1971). Thysiologic
and patholegic respirotory changes in delayed type hyper—
sensitivity reaction in guinea-~pigs. Am. Rev. Respir,.

Dis. 103, 509-515.,

Hoore, V.l. and Myrvik, Q.N. (1974). Relationship of BCG
2 . 5 E
induced granuloms formation in rabbit lungs : effects of
coxticsone acetate. Infect. Tmmun, 7T, T64=T770.

Morgagni, G.Be (1769). De Sedibus et Causis Morbormm
(The seats and causes of diseaseg) Pra slated by Be
Alexander, London., 4. Miller and T, Cadwell Publichers,
Facsimile of the 11769 edition, Hew York, Hafner Publish-

ing COa‘, 19600

Muller-Eberhard, H.J. (1975). Complement. Ann. Rev. Bio-
chem., 44, 697, '

Murphy, GePe., Drody, A.R. and Craighead, J.E. (1975). Mono-
cyte migration across pulmonary membrancs in mice infected
with cytomegalovirus. Ixp. Hol. Pathol., 22, 35-~44.

Mrilyla, R., Tuderman, L. and Kivirikko, K.I. (1977).
Mechanism of the prolyl hydroxylase reaction . 2, Kinetic
analysis of the reaction sequence. Fur. J. Biochem., 80,
549=35T ¢

Nelson, D.S. and Boyden, S.V. (1963). The loss of macro-
phages from peritoneal exudates following the injection
of antigen into guinea pigs with delayed-type hypersensi-
tivity. Immunology; 6, 264-275,

Newman, H.A.I., Saat, Y.A. and Hart, R.W. (1979). Inhibitory
effect of chrysotile, crocidolite and amosite fibres on
the more complex surface membrane glycolipids and glyco-
proteins. In Proceedings of the International Workshop
on the in vitro Effects of Mineral Dusts, Cardiff,




Septcuner 4T 1979, in press.

Okada, Y. and Genka, K. (1964). Histological and electron
microscopic obs crv~fions on the adenomatous hyperplasia
of the alveoler epithelial cell in human lung. Acta
Tuberc, Jpn., 43-56.

Palmer, K.Ce., Snider, G.L, and Hayes, JeA. (1976). An
association between alveclar cell proliferation and inter-
stitial fibrosis following acube lung injury. Chest, 69,
suppl. 2, 307~309, ' ‘

Pearse, L.G.E, (1968), In Histochemistry: Theoretical and
Applied. Third edition, Edinburgh, Churchill Livingstone,
214--230 '

Peterkowsky, B, and Udenfriend, S$. {1963). Conversion of
proline to ccllagen hydroxyproline in a cell-Free system
Trom chick embryo. dJe« Biol. Chem., 238, 3966-3977.

Pickrell, J.A., Barris, D.V., Mauvderly, J.L. and Hahn, F.F,
{1976)., Altered collagen metabolism in radiation-~induced
interstitial puvlmonary fibrosis, Chest, 69, suppl. 2
211==%16 '

Pierce, J... and Tbert, R.V. (1965). Fibrous network of
the lung and its change with age, Thorax, 20, 469-476.

Piez, K.A. (1976). Primary structure. In Bicchemistry of
Collapgen., “dited by G.N. Ramachandran end A.H., Reddi,
Vew York, Plenum Press, 1-44.

Policad, A., Collet, A., Ralyte, G. and Renet, C. (1954).
Lialveole pulmonaire au microscope electroplque. Presse
Med. . 62, 1775-1782.



e
@]
N

- Popenoe, LB.h. and Lucason, R.E. (i1972). Partial purifi-
cation and propertics of ch¢aLen lysine hydroxylase from
chick embryos., Biochime. Biophys. Acta, 258, 380-386.
Porter, R.R. and Reid, K.B.!M. (1978). The biochemistry

of complement. Wature, 275, €99~T704.

Postlethwaite, A.E., Seyer, J.M. and Xang, A.H, (1978).
Induction of fibrobvlast chemotaxis by type I, II and III
collagens, and ccllagen~degradaltion peptides. Troce.
Hatl. Acad. Sci. USi, 75, 871-875. '

Postlethwaite, A.E., Snyderman, R. and Kang, A.H. (1976).
The chemotactic attraction of human fivbroblasts to a
iymphocyte-derived factor. J. Exp. Med. 144, 1188~1205,

Postlethwaite, A.E., Snyderman, R. and Fang, A.H. (1977).
The chemo-attraction of humen Fibroblasts to a fragment
from the fifth component of complement. Arthritis Rheunm,.
20, 131 (ebstract).

Powell, R. Douglas and Hartley, P. Horton=-Smith (1911).
On diseases of the lungs and pleurae including tuberculosis
and mediastinal growths. 5th ed., London, H.K. Lewis '

296”‘301 e

Powell, k. Douglas and Hartley, P. Horton-Smith (1921).
On diseasces of the lungs and pleurae including tﬁberculosis
and mediastinal growths. 6th ed., Iondon, H.K. Lewis,
335=54%

Pras, M, and Glynn, L.B. (1973), Isolation of a non-
collazenovs reticulin component and its primary
characterigation, Brit. J. Exp. Pathol,, 54, 449-456,



283

Pras, M. and Glynn, L.7. {(1973). Joolation of a non-
collagenous reticuliin compenent and its primary chare
aclerization. Brit. J. Exp. Pathol., 54, 449-~456

>, Rehe, Kivirikko, K.1. and Uitto, Je.
{1976). Intx acellular steps in the biosynthesis of
collagen. Tdited by G.W. Ramachandran and A.H. Reddi,

New Yorl, Plenum Press, 1635273

vrockop, Deda. Kivirikio, K,.TI. Tuderman, L. and Guiman., L.
(19”9)a The bicsynthesis of collagen and its disorderse.
N. Pagl. J¢ Med., 301, 13-23, T7-85.

Prockop, D.J. and Udenfriend, S. (1960). A specific

method for the analysis of hydroxyproline in tissue and

urine. Ansl. Bicchen. 1, 228-239.

Reaa, L. (*Sb{)a ne nathology of emphysemna, London,
Tioyd~Imke ledical Books Ltd., 319-361.

Richards, R.J. and Jacoby, F. (1976). ILight microscope
studies on the effects of chrysotile asbestos and fibre
glass on the morphology and reticulin formation of
cultured lung fivroblasts. Environ. Res. i1, 112-121,

Richards, R.J. and Vusteman, F.S. (1974). The effects of
silica dust and alveolar macrophages on iung fibroblast
grovn in vitrc, Iife Science, 14, 355-364.,

Richards, R.J., Wusteman, F.S. and Dodgson, K.S. (1971).
The direct effect of dusts on lung fibroblasts grown
in vitro. Iife Science, 10, 1149-1159.

Richerson, H.B., Cheng, F.H.F. and Bauserman (1971). Acute
experimental hypersensitivity pneumonitis in rabbits,
Am, Rev, Respir, Dis. 104, 568-575.



(D

21d, J.J.; Ratajeyal, H.V. ana
hronic experimental interstitial

Richerson, HcBa, Seiden
Bdwards, D.W. .Qna)
pnevmonitis in the rabbit, Am. Kev. Respir. Dis.. 117,
513,

Q

Richerson,. H.B., Seidenfeld, J.J. Ratajezak, H.V., Richards,
D., Butler, J.E. and Swanson, P. (1979). lodels of
vulmonary fibrosis - misadventurcs and ramifications.
Chest, Suppl. 2, 75, 267-269.

Rosenberry, T.L. and Richardson, J.M. (1977)° Structure of
18$'and 145 acetylcholinesterase; identification of
collagen-like subunits that are linked by disuliide bonds
to catalytic subunits. Biochemistry., 16, 3550~3558.

Rosgs, Re (1973). The elastic fibre: a review, J. Histochem.

Cytochew. 21, 199.208,

Rupp, J.C.. Moore, R.D. and Schoenberg, M.D. (1960).
Stimulation of the rcticuloendethelial system in the
rabbit by Freund's adjuvant. Arch. Pathol. 70, 43-49.

Rutherford, R.B. and Ross, R. (1976). Platelet factors
stimulate fibroblast and smooth muscle cells quiescent
in plasma serum to proliferate., J. Cell. Biol., 69, 196.

Ryan, S.F. (1972), Experimental fibrosing alveolitis. Am.
1{8V¢ ReSpiI‘o DiSeg 105, 776""7910

Saint-Remy J. (1979). Personal communication.

Salvin, S.B., Younger, J.S. and Lederer, W.H% (1973)f
Migration inhibitory factor and interferon in the cir-
culation of mice with delayed hypersen51t1v1ty. Infect.
and Immun. 1, 68-72,



285

Scadding, J.G, (1964), Fibrosing slveolitis. Brit.,

T‘iedo tT. ] _2_5 686 & 94‘1 [
Scadding, J.G. (1974). Diffuse pulmonary alveolar fibrosis.
 Thorax,; 29, 271-281.,

Scadding, J.G. and Hinson, L.F.W. (1967). Diffuse fibrosing
elveolitis (diffuse interstitial fibrosis of the lung).
Thorax, 22, 291~304..

Selikoff, T.J., Bader, R.A., Bader, M.E., Churg, J. and
Hammond, E.C. (1967). Asbestosis and neoplasia, Am. J.
Med., 42, 487-496 (editorial).

Selikoff, I.J. and Lee, D.H., (1978). Asbestos and disease.
TLondon, Academic Press, 143-187.

"~
DE

ifter, S. and Harper, K. (1971). The collagenases. In
The Inzymes, IIL. Hvdrolysis: Pentide Bonds, TIdited

by P.D. Boyer, Wew York, academic Press, 649-666,

Seyer, J.M., Hutcheson, E.T. and Kang, A. (1976). Collagen
polymorphism in idiopathic chronic pulmonary fibrosis.
Je Clin., Invest., 57, 1498-1507.

Silbert; J.E. (1973). Biosynthesis of mucopolysaccharides
and portein~polysaccharides, In Molecular Pathology of
Connective Tissucc. Edited by R. Perez-Tamayo, and I,
Rojkind, New York, Marcel Dekker, 323~-353.

Smith, T.M., McIntosh, G.H. and Morris, B. (1970). The
migration of cells through chemically inflammed tissues.
J. Pathol., 100, 21-29.



286

Snider, G,L., Celli, B.X., Goldstein, R.H., OfRBrien, J.J.,
and Tucey, E.C. (1978). Chronic interstitial pulmonary
fibrosig produced in hamsters by endotracheal bleomycine-
lung volumes, volume pressure relations, carbon monoxide

,'uptake and arterial blood gas studies. Am, Rev, Respir.
Dise, 117, 289-297.

otaxis of
e, Edited

s

Siyderman, R. and Mergenhagen, S.E. (1976). Chem
macrophages. In Immunobiclogy of the Macrophasg

et T

by D.S. Nelson, New York, Academic Press, 323.

]

3

Sorokin, 3.P. (1970). The cells of the 1ung° In Morphology

of Hxperimental Respiratory Carcincgencsis. Ddited by

P, Wettsheim, M.G. Hanna, Jr., and J.W. Deatherage. Jr.
Oak Ridge, Tennessee, U.S. Atomic Energy Commission,
3"‘1 4‘ <

.Spector, W.G. (1973). The fibroblast and inflamwation, In
Biology of Tibrobliast, Feurth Sigrid Juselius Foundation
Symposium, Turku, Finland, August, 1972. Edited by E.
Kulonen and Je Pikkarainen. London, Academic Press,

525”"'528:\

Spector, W.¢., Heesom, N., and Stevens, J.E. (1968). Factors
influencing chronicity in inflammation of rat skin. Je.
?a.tholo [3 96’ 203"2136

Spector, W.G. and Mariano, M. (1975). HMacrophage behavior
in experimental granulomas. In Mononuclear Phagocytes

in Immunity, Infection and Pathology. Edited by R. van
Furth, Cxford, Blackwell Scientific Publications 927-942.

Spector, VW.G., Reichhold, W. and Ryan, G.B. (1970). Degra-
dation of granuloma~induced micro-organisms by macrophages.
J. PatllOl., 101’ 539"354‘&



287

Spencer, H. (1968). Pathology of the lung (excliuding

pulmonary tuberculosis). 2nd edition, London, Pergamon
Press, 472-488, '

Stack, B.H.R., Grant, T.W.B., Irvine, W.J. and Moffat, M.4.d.
(1965). Tdiopathic diffuse interstitial lung disease,
Am, Rev, Respir. Dis., 92, 9%9-948.

Starcher, B.C., Kuhn, C. and Overton, J.E. (1978). Tu-
creased elastin and collagen content in the lungs of
hamsters receiving an intratracheal injection of bleomycin.
fin, Rev. Respir., Dis., 117, 299-305.

Steiner, J.W., Lenger, B, and Schatz, D.L. (1960). The
local and systemic effect of Freund's adjuvant and ite
fractiens. Arch. Pathol, 70, 424-434,

Stokes, W. (1882). A treatise on the diagnosis and treat-
“ment of diseases of the chest. Part T. Diseases of the

lung and windpine. EBEdited by Alfred Hudson, London.
The New Sydenham Society. 3%2-33%.

Mainer, J.A., Turner, S.R. and Lynn, W.S. (1975). New
aspects of chemotaxis. Specific target-cell attraction
by lipid and lipoprotein fractions of Escherichia coli
chemotactic factor. Am. Je. Pathol., 81, 401-408.,

Tanzer, M.L. (1976). Cross-linking. In Biochemistry of
Collagen. Idited by G.N. Ramachandran and A.H. Reddi,
New York, Plenum Press, 137-162.

Tenmant, J.R. (1964), Evaluation of trypan blue technique
for determination of cell viability. Transplantation 2,

685-694 .



Tetley, T.D.y, Hext, F.ll., Richards, R.J. and McDermott, M,
(19'76). Chrysotilc-induced asbestosis: .changes in the
free cell population, pulmonary surfactant and whole
luwng tissue of ratse Brit. J. Exp. Pathol.; 57, 505~514,

Thurlbeck, W.M. and Thurlbeck, S.M. (1976). Pulmonary
effects of paraguat poisoning. Chest, 69, suppl. 2,
276280,

Truitt, G.L. and Mackaness, G.B. (1971). Cell-mediated
resistance To aerogenic infection of the lung. Am,
Reve. Respir. Dis., 104, 829-843.

‘urmer-~Warwick, M. (1974). A perspective view on wide-
spread pulmonary fibrosis. Brit., Med. J., 2, 371-376,

Unanue, E.R. (1976). Secretory function of mononuclear
phagoeytes - A review. Am. J. Pathol., 83, 396-417.

Ven oud Alblas, A. Blusse and Van Furth, R. (1979).
Origin, kinetics, and characteristics of pulmonary macro-
vhages in the normal steady state. J. Exp. Med., 149,
15041518,

Veig, A., Anesey, J., Yuan, L. and Levy, S.J. (1973).
Tvidence for an aminoterminal extension in high-
molecular weight collagens from mature bovine skin.
Proc. Natl. Acad. Sci., 70, 1464-1467.

Vijeyarathnen, G.S. and Corrin, B. (1972). Origin of the
pulmonary slveolar macrophage studied in the iprindole-~
treated rat, J. Pathol., 108, 115-118,

Vi .anathen, P.N., Dogra, R.K.S. and Zaidi, S.H. (1973).
Pulmonary fibrogenic response of guinea pigs to amosite
dust. In-to AI‘Ch. Arbei-tsmedo, _3-1’ 51—590



Vorwald, A.Jes Durkan, T.M. and Pratt, P.C. (1951). Ex-

perimental studies of asbestosis. Arch. Indust. Hyge.,

?_9 1"‘4‘55

Anminopeptidase as a marker for

Vachemuth, E.D. (1975).
Exp. Cell Res., 96, 409-412,

macrophage activation,

Wagner, J.C. (196%), Asbestosis in experimental animals,

Britq Jo Ind.U.S'b ) I\qedo ¢ '2‘(_)‘, 1"'12.
Viagner, J.C. (1979). Personal communication.

Wahl, Selde, Wahl, L.M. and McCarthy, J.B. (1978)., Iympho-
cyte-mediated activation of fibroblasts proliferation
and collagen production. J. Immunol., 121, 942-946.

Wahl, L.,M., Wahl, S.¥.,; Mergenhagen, S.E. and Martin, G.E.

{(1975) Collagenase production by lymphokine-activated

macrophages. Science, 187, 261-263.

Waksman, B.H. (1979). Adjuvents and immune regulation by

lymphoid cells. Springer Semin, Immunopathol., 2, 5-23.

Leuko=-

Ward, P.A., Remold, H.G. and David, J.R. (1969).
Science,

tactic factor produced by sensitized lymphocytes.

163, 1079~1081,

Yeibel, B.R., Gehr, P., Haies, D,, Gil, J. and Bachofen, M.
(1976). The cell population of the normal lung. In
Tung Cells In Disease, Proceedings of a Brook Lodge
Conference, Augusta, Michigen, April 21-23, 1976.
by A, Bouhuys, Oxford, Worth-Holland Publishing Co. 3-16.

Edited

Werb, Z., Burleigh, M.C., Barrett, A.J. and Starkey, P.l.

(1974). The interaction of .2 macroglobulin with pro-

teinases, binding and inhibition of mammalian collagenases

and other metal proteinases, Biochem, J., 139, 359-368.,



290

Werb, Z. and Gerdon, S, (1975). Secretion of a specific

collagenase by stimulated macrophages, J. Exp, Med.,

142, 346~360.,

Willoughby, W,F., Barbaras, J. and Wheelis, R. {1976),
Immumologic mechanisms in experimental interstitial
pneumonitis. Chest, 69, suppl. 2, 290~2%4.

Yajima, T. (1977). Phagocytosis of collagen by human
gingival fibroblasts. J. Dent. Res., 56(10), 1271-1277.
Zaidi. Selle, Harrison, G.V., XKing, E.J. and Mitchison, D.A.

© (1955), Experimental infective pneumoconiosis. I,
Coal-mine dust with attenuated tubercle bacillus (BGCG)
in the lungs of immunised guinea-pigs. Brit. J. Expe.
Pathol., 36, 541~559.

[



