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Abstract This study of two cases of pulmonary Wege-
ner’s granulomatosis (WG) focuses on the ultrastructural
aspects of the vascular wall injury and on the immuno-
histochemical characterization of the perivascular con-
nective matrix. The iterative waves of endothelial cell
necrosis and regeneration are demonstrated by the multi-
lamellar appearance of the basal lamina. Neutrophils in-
filtrate the vessel wall and myofibroblasts are recruited
to injured vessels. The perivascular connective matrix as-
sociates basement-membrane like and fibrillar material
with fibrin deposits. The initiation of the fibrosing pro-
cess was assessed by the visualization of matrix mole-
cules involved in targeting (p-fibronectin), organizing
(cellular fibronectin and tenascin) and stabilizing (lysyl-
oxidase) the fibrogenic activity. These elementary le-
sions affect different levels of the vascular tree, and cap-
illaritis is involved in the extension of the pathological
process. Lysyl-oxidase labelling reveals the fibrosing
front which is located on the border of dense fibrosis.
The markers of fibrosing activity disappear in the areas
of fibrosis following vasculitis and/or ischaemic necrosis
and/or granulomatosis. Vasculitis plays a major role in
both the genesis and progression of the fibrosis observed
in the late stage of WG.
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Introduction

Wegener’s granulomatosis (WG) is a necrotizing granulo-
matous vasculitis of unknown origin affecting mainly the
upper and lower respiratory tracts and the kidney where it
causes focal and segmental glomerulonephritis ([56]; and
for clinical studies [13, 18, 59]). The frequency of “limit-
ed” WG [9] without renal involvement, and the rare oc-
currence of Wegener’s granulomatosis restricted to the
kidney, has suggested that the respiratory tract might be
the initial target of the unknown causal agent [15]. Al-
though necrosis remains a prominent feature of pulmona-
ry WG [19, 40] the lesions may evolve to fibrosis located
around the necrotizing granulomatous areas. The vasculi-
tis affects different levels of the vascular tree including
small arteries and capillaries [54]. The leucocytoclastic
capillaritis defined as fibrinoid necrosis of capillary walls
may represent an early lesion of the disease. Histological-
ly, it is difficult to individualize these early microvascular
lesions in the necrotizing foci surrounded by fibrosis. An
ultrastructural approach allows a better understanding of
the evolution of the microvascular injury [16].

Endothelial necrosis, basement membrane denudation
and fibrin deposition constitute the initial vascular le-
sion. The presence of intravascular lysed leucocytes, in
early lesions, suggested a role for circulating mediators
such as cytophilic antibodies [7, 16, 41]. Circulating an-
tineutrophil cytoplasmic antibodies (ANCA) can be
identified during the active phase of the disease [21, 22]
and are helpful markers in monitoring the course of the
disease, and the response to treatment [4, 5, 51]. The tar-
get autoantigen was recently decoded as proteinase 3, a
neutral serine protease of human neutrophil azurophil
granules [8, 14, 29, 42].

Our observations were focused on the pulmonary mi-
crovasculature. Open lung biopsies were investigated at
the ultrastructural level in order to characterize the cell
alterations in the vessel wall and the infiltrating inflam-
matory and fibrogenic cells. Immunohistochemistry al-
lowed us to define the particular matrix component pro-
file of perivascular fibrosis. In addition, the initiation of
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the fibrosing process was assessed by the visualization of
matrix molecules involved in targeting (plasma-fibronec-
tin), organizing (cellular-fibronectin, tenascin) and stabi-
lizing (lysyl-oxidase) the fibrogenic activity.

Materials and methods

Two cases of pulmonary WG without renal involvement were di-
agnosed on the basis of the classical histological criteria observed
in open lung biopsies.

Clinical data
Case 1

The patient was a 56-year-old man who developed a cavity of the
right pulmonary upper lobe associated with sinusitis. One year la-
ter, the pulmonary cavity had enlarged and he developed vasculitic
purpura, arthralgia and lacrymal duct inflammation. A right upper
lobectomy was done 11 months after the onset of symptoms and
the finding of the pulmonary cavity. The patient received classical
treatment with cyclophosphamide and corticosteroids and com-
plete remission was obtained. However, he later relapsed and dif-
fuse cytoplasmic ANCA were found.

Case 2

This patient was a 45-year-old man who presented with fever,
weight loss and dyspnoea. Chest X-ray showed bilateral condensa-
tion of the pulmonary upper lobes. Open lung biopsy was done 1
month after the onset of symptoms. This patient died of fulminant
pulmonary vasculitis within a few days after lung biopsy in 1985
and no ANCA test was available.

The lung biopsies were processed for immunohistochemistry
and electron microscopy.

Electron microscopy

Part of the biopsy was immediately covered with 2% glutaralde-
hyde-0.1 M sodium{Na)cacodylate/hydrochloric acid(HCl) pH
7.4, cut into 1 mm3 pieces and fixed for 2 h at 4° C in the same
fixative. After washing three times (3 h) at 4° C in 0.2 M Nacaco-
dylate/HC1 pH 7.4, the specimen was post-fixed in 1% osmium te-
troxide — 0.15 M Nacacodylate/HCl pH 7.4 for 1 h at 4° C, dehy-
drated in graded ethanols and embedded in epon. Areas showing
microvessel alterations were selected on semi-thin sections stained
with methylene blue-azure II. Consecutive ultra-thin sections were
contrasted with methanolic urany! acetate and lead citrate, and ob-
served with a Philips EM 300 microscope.

Immunohistochemistry

An indirect immunofluorescence method using matrix component
markers and fluorescein isothiocyanate-conjugates was applied to 5
pm cryostat sections of fresh frozen tissue. An indirect immunoper-
oxidase method using streptavidin-biotin complex (Immu-Mark,
ICN Biomedicals) was applied to 3 ym paraffin-embedded tissue
sections. Antibodies against human type I, type I, type IV colla-
gens, bovine type III procollagen and murine laminin (polyclonal),
were from the Institut Pasteur, Lyon, France; monoclonal anti-hu-
man cellular fibronectin ~ cell attachment site antibodies {clone II
3E3 A002) and polyclonal anti-human tenascin antibodies (A 107)
were from Telios Pharmaceuticals, California; polyclonal anti-lysyl
oxidase antibodies were a gift from P. Sommer [50].

Fig. 1 Giant cell in granulomatous tissue with palisading disposi-
tion of histiocytes at the periphery of a necrotic focus. Haematox-
ylin-phloxin-saffron (HPS), original magnification (OM) x250

Fig. 2 Thickening and inflammation of the alveolar septa in the
perilesional pulmonary parenchyma: thrombosis of capillaries (ar-
row) and alveolitis (asterisk). HPS, OM x250

Fig, 3 Small artery: dramatic reduction of the lumen associated
with fibrotic thickening of the vessel wall. HPS, OM x250
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Fig. 4 Ultrastructural aspect of an altered capillary among fibro-
sis: partial denudation of the subendothelial basal lamina (thick ar-
row) related to endothelial cell (thin arrow) and pericyte (double
thin arrow) lysis; presence of a neutrophil polymorphonuclear cell
(PMN) in pericapillary fibrosis. x6500

Fig. 5 Heterogeneous aspect of the capillary endothelium: necro-
sis (n); clarifying swelling (s); regeneration (r); presence of acti-
vated fibroblasts (F) in pericapillary fibrosis. RER Rough endo-
plasmic reticulum. x5400

Fig. 6 Multilaminated subendothelial basal lamina (small arrows)

with accumulation of microfibrillar material (asterisk). Perivascu-
lar fibrosis presents a loose organization and is composed of thin
collagen fibres and microfibrils. P densified pericyte. x10000
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Fig. 7 Irregular fibrillar collagen deposits (asterisk) in the peri-
vascular connective wall of a capillary showing severe endothelial
cell alterations: denudation of the subendothelial basal lamina (ar-
row); swelling of an endothelial cell showing a pyknotic nucleus
(arrowhead). Alternation of collagen layers with different orienta-
tions (double-ended arrow). x5400

Fig. 8 Fibrotic environment of an altered microvessel (open ar-
row): recruitment of myofibroblasts (MF) in fibrosis in process of
organization with rudimentary collagen fibre bundles enclosing fi-
brin spots (f); a fibrin lamina is shown in close apposition to a
myofibroblast. x4400

Results
Histopathology
Case 1

Large necrotic fields were surrounded by inflammatory
granulomas with palisading epithelioid cells and scat-
tered giant cells (Fig. 1). Arteriolitis appeared as mural
inflammatory infiltration or as paucicellular fibrotic
wall thickening leading to lumen occlusion. In the pa-
renchymal areas contiguous with perinecrotic granulo-
mas where the lung architecture was preserved, non spe-
cific macrophagic alveolitis, septal inflammatory thick-

ening and capillary thrombosis were observed (Fig. 2).
Fibrosis was closely intermingled with granulomas and
vasculitis.

Case 2

There were small necrotic areas embedded in dense fi-
brosis and the granulomatous inflammatory process was
moderate with few giant cells. Vasculitis displayed the
evolution stages from inflammation to fibrosis, but was
mainly fibrotic (Fig. 3). At the border of the fibrotic le-
sions, capillaritis and alveolitis were constantly associat-
ed.

Electron microscopy

The endothelial lamina was interrupted in places because
of endothelial cell lysis leading to denudation of the bas-
al lamina (Fig. 4). At the same site swelling, necrosis
and regeneration of endothelial cells were seen (Fig. 5).
The regenerating endothelial cells had dense thick peri-
nuclear cytoplasm with highly developed endoplasmic
reticulum [ER; rough ER (RER) and Golgi complex],



Fig. 9a-d Immunofluores-
cence staining of cellular-fibro-
nectin (¢-FN) and tenascin (7Tn)
in a small artery (a, b) and in
septal capillaries (c, d). Serial
sections emphasize the codistri-
bution of ¢c-FN (a) and Tn (b)
in the thickened arteriolar inti-
ma. In lung parenchyma c-FN
(¢) and Tn (d) intensely deco-
rate alveolar capillary walls and
adjacent thickened alveolar
septa, a, b, d x250; ¢. x400

diffusely disposed organelles and cytoskeleton; the peri-
luminal cytoplasmic processes were short with large
plates of intercellular junctions. Pericytes showed degen-
erative and regenerative changes (Fig. 4-6). Adjacent to
the endothelial and pericytic lesions, the basal lamina
had a fuzzy aspect and was often stratified; in that case, a
mixed microfibrillar basement membrane-like layer with
a variable thickness had accumulated in contact with it
(Fig. 6). The vessel wall was infiltrated by inflammatory
cells, mainly polymorphonuclear cells, often associated
with anarchic foci of collagen fibres (Fig. 7).

In the perivascular connective space, an abundant
polymorphic fibrotic matrix displayed an increasing den-
sity with distance from the vessel wall: adjacent to the
basal laminae, thin periodic collagen fibres and microfi-
brils formed a loose fibrillar matrix, and appeared to be
anchored perpendicularly to the fuzzy basement mem-
brane material (Fig. 6). Farther off, collagen fibres ac-
quired a parallel arrangement and showed different
modes of organization: in the vicinity of the altered ves-
sel wall, they sometimes formed successive layers with
different orientations (Fig. 7); beyond, they formed short
curved bundles without strict reciprocal disposition
which were assembled in large collagen fields with
dense organization (Fig. 8). One peculiarity of these
perivascular fibrotic deposits was the regular small diam-
eter and the short length of the constitutive collagen fi-
bres. Fibrin deposition was conspicuous in this fibrotic
matrix; it appeared either as electron dense laminae often
in close contact with fibroblasts or as large clusters em-
bedded in perivascular fibrosis distant from the vascular
lesion (Fig. 8). Numerous activated fibroblasts were seen
in the perivascular area. They were characterized by a
highly developed RER and, for some of them, by a my-
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oid cytoskeleton indicating a myofibroblastic phenotype
(Fig. 8).

Immmunohistochemistry

In small arteries, an overexpression of cellular-fibronec-
tin and tenascin, restricted to the vessel wall, was con-
centrated in the subendothelial area and was diffuse in
the medial inflammatory infiltrate (Fig. 9a, b). Both la-
bellings faded in dense fibrotic areas. In the alveolar sep-
ta, at the border of the fibrotic lesion, bright deposits of
tenascin and cellular-fibronectin emphasized alveolar
capillaritis (Fig. 9c, d).

The perivascular basement membranes (visualized by
their main components type IV collagen and laminin),
appeared irregularly thickened, and showed a multila-
mellar aspect focally (Fig. 10a). In the late fibrotic stage,
vestigial basement membrane deposits suggested a vas-
cular origin for the fibrotic process (Fig. 10b). Large
bright fields of procollagen type III were disposed in the
thickened vessel walls and extended into the adjacent
septal interstitium (Fig. 10c). These deposits were super-
imposed on type I collagen (Fig. 10e) and all together
constituted the fibrillar framework of perivascular fibro-
sis. In established stenotic vascular lesions, type I colla-
gen was seen in concentric layers (Fig. 10f). In the late
stage, in the thickened septa where vascular lesions had
evolved, type I and type 1II collagens were equally and
diffusely codistributed with an associated fading of the
procollagen type III labelling, the initial vascular struc-
ture was only suggested by the whirpool disposition of
the extensive fibrotic deposits (Fig. 10d). Lysyl-oxidase
expression was variable: when present, lysyl-oxidase cir-
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cumscribed the inflammatory mural infiltrate and formed
a fibrosing front between inflammation and dense pe-
ripheral fibrosis (Fig. 11a). Lysyl-oxidase labelling van-
ished in fibrotic vessels (Fig. 11b).

Discussion

The histological lesions of both cases correspond to the
mixed type of the classification proposed by Yoshikawa
[62], which associates acute lesions (alveolitis and vas-
culitis), cicatricial nodular areas and persistant granulo-
matous lesions. In WG, vasculitis is characterized by al-
terations concerning all the constitutive structural ele-
ments of the vessel wall: endothelium, basal lamina, per-
icytes and associated perivascular connective matrix.
These structural elements are successively involved dur-
ing the progression of the pathological process from ear-
ly endothelial injury to late perivascular fibrosis.

Endothelial necrosis is the first vasculitic event. It has
been suggested that the intravascular sequestration and/or
lysis of activated polymorphonuclear leucocytes is caus-
ative [14, 16]. The major involvement of the alveolar cap-
illaries is due to the fact that the lung capillary bed is the
principal site of neutrophil sequestration, allowing in-
flammatory mediators to promote further neutrophil-en-
dothelial interactions [35]. At the site of endothelial ne-
crosis, endothelial continuity is restored by regeneration
attested by the phenotype of endothelial cells with dense
cytoplasm, suggestive and structural remodelling [24,
49]. This regenerative phenotype succeeds migration and
proliferation of adjacent undamaged endothelial cells in
large injuries of the endothelium [23, 45] suggesting that
in WG, necrosis affects large plates of endothelial cells.
Furthermore, the coexistence at the same site of degener-
ative and regenerative cells may indicate the persistence
of the causal factors. In WG the lysosomal releasates
from activated neutrophils may be involved in the exten-
sion of tissue destruction to the subendothelial connective
matrix, with their wide spectrum of matrix protein degra-
ding enzymes affecting basement membrane collagen
(type IV), interstitial collagens (Type I-III-V) and elastin
41,57, 61].

The vessel wall components are dramatically remod-
elled in the disease. The basal lamina appears denuded but
without discontinuity. Its multilamellar aspect gives evi-

Fig. 10a—f Immunofluorescence staining of matrix components in
early (a, ¢, ) and end stage (b, d, f) perivascular fibrotic lesions. a
Laminin staining emphasizes the multi-layered perivascular basal
laminae (x250). b Type IV collagen staining visualizes vestigial
basal lamina in the centre of a fibrotic vascular lesion (x250). ¢
procollagen type III staining clearly discriminates thickened alve-
olar septa at the sites of capillary lesions (x250). d fading of pro-
collagen type III staining is observed in late fibrotic lesions. It re-
veals perivascular fibrosis which contributes to severe reduction of
the alveolar space (x100). e In early vascular lesions, type I colla-
gen is deposited in the thickened vascular wall (x250). f In late fi-
brotic lesions, type I collagen shows a multilamellar concentric
disposition (x250))

dence of successive waves of basal lamina neogenesis
which might be related to the iterative endothelial regener-
ation [28, 55]. Endothelial cells are known to be responsi-
ble for fibronectin and basement membrane component
synthesis [25]. At the site of injury the basement mem-




Fig. 11a, b Immunoperoxidase staining of lysyl-oxidase (LO). a
In early perivascular lesions, LO is expressed in the peripheral
crown superimposed to the inflammatory infiltrate (x250). b In the
late fibrotic stage, LO staining is restricted to remodelled elastic
fibres of the perivascular elastic lamina (x250)

brane has a fuzzy aspect suggesting a local overproduction
of additional microfibrillar matrix components including
fibronectin and type III collagen, as proved by immuno-
staining. The pericytes also undergo degenerative and re-
generative changes. In this situation, they might be able to
synthesize, as endothelial cells, a larger amount and spec-
trum of matrix proteins than in normal conditions, contrib-
uting to basement membrane and vessel wall thickening
[53]. Reciprocally cellular-fibronectin may promote endo-
thelial migration and regeneration [26]. These elementary
lesions affect different levels of the vascular trees including
small muscular arteries, small veins and septal capillaries.
They are attested by the presence of cellular-fibronectin
and tenascin in the subendothelial area. The cellular-fibr-
onectin isoform, here characterized by its cell attachement
site, discriminates early cell-matrix interactions since it is
supposed to play a role in the nucleation of fibronectin fi-
brillogenesis which precedes further collagen deposition
and organization [26, 37]. Tenascin, an extracellular matrix
glycoprotein strongly implicated in epithelio-mesenchymal
interactions during fetal development [2, 3, 32], has a more
restricted distribution mainly in subepithelial and subendo-
thelial areas in adults [36]. Its stromal induction in some
pathological conditions such as wound healing [11, 38, 58]
and tumour stroma reaction [10, 33] attests to an organiz-
ing activity in newly forming extracellular matrices. In
WG, its perivascular overexpression could indicate an ac-
tive matrix remodelling of the vascular wall, initiated by
the endothelial lesion. The capillary alterations, located at
the border of the normal parenchyma with achieved fibrot-
ic areas, may represent local progression of the pathologi-
cal process. They are responsible for the alveolar haemor-
rhage usually present in WG [6, 4, 12].

P-fibronectin isoform associated with the altered en-
dothelial lining appears to be the key factor in the re-
cruitment of neutrophils and histiocytes into the perivas-
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cular area. The inflammatory cell infiltrate in the vessel
wall evidently plays a major role in the local production
of cytokines responsible for oedema, coagulation path-
way activation with fibrin deposition [27] and fibroblas-
tic cell recruitment [31, 34, 44, 46]. Fibrin deposits relat-
ed to the endothelial lesion may evoke a defect in the fi-
brin resorbing process by phagocytes. Their embedding
in the matrix suggests an extensive fibrosing process in
this area. Codistributed fibrin and fibronectin in perivas-
cular areas are known to promote the recruitment, migra-
tion and differentiation of interstitial cells [20, 60]. Fi-
broblasts are observed closely adherent to fibrin. The
high cellularity of the perivascular connective matrix
probably results from the proliferation of the interstitial
cell population. The ultrastructural characters in the fi-
broblastic cells are consistent with their activation status
including active protein synthesis and the development
of a myoid cytoskeleton supports their migrating ability
[1, 47]. Most fibroblastic cells are myofibroblasts, thus
suggesting an intense recruitment towards the lesion.

A correlation may be established between the codis-
tribution of some matrix components (procollagen type
III, type I and type III collagens and fibronectin) and
their ultrastructural mode of organization: collagen fibres
appear short, thin, curved and loosely assembled into a
polymorphic fibrillar matrix. This aspect is consistent
with an early stage of the fibrotic process [43]. Further-
more lysyl-oxidase, the enzyme of the earliest step of
type I collagen and elastin cross-linking [30] which has
been recently described as an early marker of collagen fi-
bril stabilization [50], displays focal expression at the
periphery of vascular inflammation. Lysyl-oxidase detec-
tion localizes the front of fibrosing activity at this site
and confirms that vasculitis generates fibrosis. The dis-
appearance of lysyl-oxidase expression, procollagen type
I11, fibronectin and basement membrane components and
the concomitant concentric dense organization of type I
and type III collagens evoke the progressive maturation
of the perivascular fibrotic deposits [52]. Lysyl-oxidase
thus allows us to distinguish the active fibrosing areas
from late stage fibrosis.
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Among the pulmonary lesions which characterize
WG, fibrosing vasculitis may be considered as a funda-
mental lesion initiated by endothelial aggression. This
point represents the main difference with regard to idio-
pathic fibroproliferative diseases (IPF and liver cirrhosis)
which are characterized by the permanent disregulation
of the fibrocompetent cell activity, leading to extensive
fibrosis. In contrast successive waves of endothelial ne-
crosis coincide with the evolutive bursts of WG and gen-
erate reactive fibrosis with limited spatio-temporal exten-
sion proven by the transient perivascular expression of
lysyl-oxidase. The link between endothelial necrosis and
circulating ANCA has been established in vitro [17, 48]
and in vivo [39]. Vasculitis-induced perivascular fibrosis
takes part in the fibrosing course of WG and further gen-
erates an ischaemic process which is obviously an addi-
tional factor in the generation of necrosis and fibrosis.
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