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Introduction 

It is becoming increasing clear that injury to cells or tissues related to the inflammatory reaction 
can be ascribed to a complex array of mediators generated and released from activated phagocytes 
such as neutrophils, monocytes and macrophages. Furthermore, there is now accumulating 
evidence for cell-cell interactions which involve phagocytic cells and result in amplified damage at 
the cellular or tissue level. We will provide insights into mechanisms of injury to tissues or cells at 
two levels: in vivo lungs or dermal inflammatory reactions initiated by the local deposition of 
immune complexes and in vitro killing of endothelial cells by activated neutrophils. 

Role of Platelet Activating Factor (PAF) Receptors in Immune Complex Induce 
Vasculitis 

PAF is a lipid mediator consisting of a glycerol backbone with substitutions at position 1 containing 
an alkyl group, position 2 an acetyl group and position 3 a phosphorylcholine group. PAF is 
synthesized in a variety of cells including endothelial cells, neutrophils, monocytes and 
macrophages, but to date the only cells known to secrete PAF are phagocytic cells (Benveniste 
etal . ,  1983, reviewed). When deposition of IgG-containing immune complexes occurs in the 
dermis or lungs of rats, the acute microvascular injury that develops is complement and neutrophil 
dependent (Cochrane et al., 1966; Johnson et al., 1974). Vascular damage associated with these 
reactions is associated with extensive evidence of endothelial cell damage as reflected in the 
development of haemorrhage and transvascular leakage of water and proteins. Precisely how 
vascular endothelial cell damage occurs is not fully known. Local injection of superoxide 
dismutase is protective (Johnson et al., 1981), being associated with a diminished accumulation of 
neutrophils, suggesting that O 2- participated in events leading to the recruitment of neutrophils 
(Warren et al., 1990). 

The fact that treatment with the inhibitor of xanthine oxidase, allopurinol, reproduces the effects of 
SOD in the dermal model of vascular injury suggests that 0 2 - may be derived from products of 
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tissue xanthine oxidase (Warren et al., 1990). Curiously, in contrast to immune complex injury of 
the alveolar compartment of lung, immune complex vasculitis of the dermis is not susceptible to the 
protective effects either of catalase or of the iron chelator, desferrioxamine. It is currently assumed 
that injury of dermal vascular endothelial cells by immune complex stimulated neutrophils is due to 
products other than oxygen derivatives, perhaps related to granule-released proteases. This 
possibility is supported by the fact that damage of human microvascular endothelial cells by 
activated neutrophils is resistant to the protective effect of SOD or catalase but apparently 
susceptible to agents which inhibit leukocytic proteases (Smedly etal . ,1986).  

Recent evidence suggests that injury associated with immune complex induced vasculitis of skin 
involves PAF (Hellewell et al., 1986). More specifically, the addition of the PAF receptor 
antagonist, L-652,731, to the antibody used to form deposits of the immune complexes results in 
greatly attenuated injury as measured by leakage into the tissue of colloidal protein. Proof that 
access of PAF receptors on neutrophils is vital for the full development of injury was obtained by 
the use of neutrophil-depleted rats in which the dermal skin sites were reconstituted with 
homologous neutrophils (Warren et al., 1989a). If neutrophils were used to reconstitute the skin 
sites pretreated with PAF receptor antagonist (L-652,731), the subsequent injury was attenuated by 
approximately 50%. In contrast, the use of the cis-isomer of this antagonist (L-652,763), which has 
much less blocking activity (100-1000 fold) for the PAF receptor, failed to provide any protection 
from immune complex-induced injury. These data imply that engagement of PAF receptors on 
neutrophils is required for maximal vascular injury following tissue deposition of immune 
complexes. One mechanism by which this might be explained would be "priming" of neutrophils 
by PAF, resulting in enhanced production of 0 2" and H202 by immune complex-stimulated 
phagocytic cells. The source of PAF in these reactions may well be the neutrophils themselves as 
well as tissue macrophages. 

Participation of TNF in Immune Complex Induced Injury 

While it has been shown that alveolar macrophages can be stimulated in vitro to generate TNFc~ 
(TNF) IL-1B (IL-1) ( L e e t  al., 1987, reviewed) the extent to which these cytokines participate in 
inflammatory reactions following deposition of immune complexes in tissue is not clear. Recently 
we have utilised a lung model of immune complex induced injury in order to address this question 
(Warren et aL, 1989b). Deposits of immune complexes have been formed in pulmonary alveolar 
walls. Between 2 and 4 hrs during development of these reactions, substantial amounts of TNF and 
IL-1 can be detected in bronchoalveolar lavage fluids from these animals. The issue, of course, is 
whether the presence of either cytokine is of biological significance. In order to assess this 
question, rats were treated with antibody to murine TNF0t, an antibody preparation which is 
specific, cross-reacts with rat TNF and blocks its biological reactivity. The addition of antibody to 
TNF (intratracheal) resulted in neutralization of intrapulmonary TNF and a marked reduction in 
intensity of lung injury as measured by leakage of colloid (irrelevant IgG) from the vasculature into 
the lung parenchyma. Further evidence of diminished lung damage was demonstrated by the use of 
morphometric approaches. The reason behind the protective effects of anti-TNF was unexpectedly 
related to a greatly diminished influx of neutrophils into the lung parenchyma. By the use of 
morphometric approaches and by extraction from lung tissue of myeloperoxidase, it was apparent 
that neutrophil accumulation in the lung was decreased by more than 60%, accounting for the 
diminished lung injury. 

The manner by which antibody induced attenuation in the recruitment of neutrophils into lung sites 
containing the immune complexes is unclear. What is surprising is that C5a generated by the 
imroune complexes is not able to completely mediate the recruitment of neutrophils in the absence 
of TNF. It may well be that TNF is generated from alveolar macrophages following their activation 
by immune complexes, as shown recently by immunohistochemical approaches (Warren et al., 
1989b). After TNF is released it may induce the nearby vascular endothelial cells to express cell 
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surface adhesive molecules (e.g. ELAM's) which will permit adhesive attachment of blood 
neutrophils. Whatever the explanation, these data demonstrate a key interaction between 
macrophages and neutrophils, the products (TNF) of the former being required for recruitment of 
the latter, with the end result being release from neutrophils of toxic oxygen products and proteases 
with subsequent damage of vascular endothelial cells, alveolar lining cells and basement 
membrane. 

Mechanisms of Endothelial Cell Injury 

In order to more fully understand the manner by which neutrophils can injure endothelial cells, a 
number of in vitro studies have been undertaken using cultured endothelial cells and phorbol ester 
activated neutrophils. It has been known for some time that activated neutrophils can cause injury 
in endothelial cells maintained in culture (Sacks et al., 1978), although in some laboratories human 
umbilical vein endothelial cells appear to be resistant to the damaging effects of neutrophils 
(Smedly et al., 1986). It is probable that the explanation for these discrepancies is due to the 
technical details of the experimental protocols as well as the possibility that in the process of cell 
culture the cell content of antioxidant factors (e.g. glutathione, catalase, SOD, glutathione 
peroxidase/reductase) has been modified. 

Role of Toxic Oxygen Products from Neutrophils 

Our own studies, which have utilized rat pulmonary artery endothelial cells and phorbol ester 
activated human neutrophils, demonstrate that in a time-dependent and cell-dependent (ratio of 
neutrophils to endothelial cells) manner, endothelial cell injury and death occurs (Varani et al., 
1985). That this outcome which can be ascribed to toxic oxygen products from the neutrophils, has 
been shown by the protective effects of catalase (with SOD having little protective activity) and by 
the inability of neutrophils (from patients with chronic granulomatous disease of childhood) to 
bring about injury to the endothelial cells. It should be mentioned that elastase released from the 
neutrophils can cause detachment from the surface to which the endothelial cells have become 
attached (Herlan et al., 1981). This may also contribute to the loss of integrity of vascular lining 
cells in vivo following release from neutrophils of proteases. Further details on the mechanism of 
neutrophil-induced killing of endothelial ceils in vitro include the protective effects of the iron 
chelator, desferrioxamine, as well as agents such as dimethylsulfoxide and dimethylthiourea, both 
of which are highly active in scavenging the hydroxyl radical, OH" (Varani et al., 1985). Recently 
accumulated evidence also indicated that the sources for iron in this reaction is the endothelial cell, 
not the neutrophil (Gannon etal . ,  1987). Thus, the endothelial cell seems to cooperate with the 
neutrophil in events that lead to death of the former. 

Killing of Endothelial Cells by Neutrophils: Synergy of H202 and Proteases 

In most in vitro studies of killing of endothelial cells by phorbol ester-activated neutrophil, the 
endpoint for 51Cr release is 4 hrs, during which time the addition of antiproteases (e.g. soybean 
trypsin inhibitor, SBTI) does not protect the cells from injury. However, if the time is extended to 
18 hrs, the addition of catalase (1800units/ml) or SBTI (1001xg/ml) each yielded 30-35% 
protection while the combination resulted in 78% protection, indicating a clear, synergistic effect 
(Varani eta l . ,  1989). This phenomenon could be documented by direct experimentation: for 
example, addition of 2.3 units human leukocytic elastase or 100 nmoles H20 2 resulted at 18 hr in 
13% and 33% 51Cr release, respectively, while the combination caused 75% 51Cr release. 
Furthermore, the addition of H20 2 for the first 2 hrs followed by washing of the endothelial cells 
and addition of protease reproduced the outcome found with the simultaneous presence of H20 2 
and protease for 18 hrs. Although these experiments do not define the mechanism for effects of 
protease and H20 2 in the killing of endothelial cells and one may argue about the prolonged time 
course, the results unequivocally indicate that endothelial cells can be damaged or killed by a 
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synergistic interaction involving leukocytic elastase and H202. 

Role of Endothelial Cell Xanthine in Killing by Activated Neutrophils 

Rat pulmonary artery endothelial cells contain xanthine dehydrogenase (xd) and xanthine oxidase 
(xo) in a ratio of approximately 2:1 (Phan e ta l . ,  1989). Recent evidence has suggested that 
pretreatment of the cells with either allopurinol and oxypurinol results in a marked reduction in 
both xd and xo activities. Interestingly, such manipulations also lead to a greatly reduced killing of 
the endothelial cells by phorbol ester activated human neutrophils suggesting that products of either 
xd or xo may play a role in endothelial cell killing by neutrophils. Interaction of neutrophils 
(stimulated with phorbol ester) and endothelial cells leads to a rather dramatic, irreversible 
conversion of xd to xo, causing a reversal in the ratio of activity (xd/xo) to approximately 1:2. The 
manner by which this conversion process occurs in unknown, but the conversion of xd to xo 
appears not to be related to products of the respiratory burst of the neutrophil since neutrophils from 
patients with chronic granulomatous disease of childhood have the full capacity to cause conversion 
of xd to xo, Thus, it appears that neutrophil interaction with intact endothelial ceils can lead to an 
increase in the level of intracellular xo. It is speculated that, following diffusion with endothelial 
cells of H202 derived from activated neutrophils, rapid breakdown of ATP will commence, 
resulting in the appearance of xanthine and hypoxanthine, both of which can serve as substrates for 
xo (Spragg et  al., 1985). The production of 02" within the endothelial cell would then cause 
reduction of Fe 3+ (to Fe 2+) and its release from ferritin, following which interaction of Fe 2+ with 
H202 would generate OH', the putative toxic oxygen species involved in the ultimate series of 
events leading to damage or death of endothelial cells. It is now probable that endothelial cells 
contribute to their own destruction by activated neutrophils by providing two important factors: 
iron and 02- for xo. This curious anomaly of biology may be linked to some evidence that the 
presence of xo in rat pulmonary artery endothelial cells may be a vestige of an oxygen-dependent 
microbicidal pathway in endothelial cells. 

Direct Effects of Cytokines and other Peptides in Endothelial Cells 

It is now well-established that cytokines such as TNF and IL-1 can interact with endothelial cells to 
bring about an upregulation of ELAM's on the surface of the endothelial cells, greatly increasing 
the adhesive interaction with neutrophils (Prober et  al., 1986; Beveilacqua e ta l . ,  1987) This 
process of upregulation is time-and dose-dependent and requires active protein synthesis. The 
functional counterpart of this increased adhesive interaction between endothelial cells and 
neutrophils has been shown to be related to a marked accentuation in the killing of the treated 
endothelial cells by phorbol ester stimulated neutrophils. Antibodies to one family of adhesive 
molecules located on the neutrophil, the CDllb/CD18 molecules (CR3 receptor) attenuated the 
killing of the endothelial cells, indicating that these molecules on the neutrophil will collaborate in 
events that exist between endothelial ceils and neutrophils and which will lead to endothelial cell 
killing (Bevilacqua et  al., 1985). 

Another interesting and recently discovered finding is that interactions between rat pulmonary 
artery endothelial cells and one of three inflammatory peptides (TNF, C5a and N'formyl-Met-Leu- 
Phe) leads to a conversion of xd and xo that is rapid (complete within 5 min.) and does not require 
protein synthesis (Friedl et  al., 1989). With any of the three peptides, the ED50 is in the very low 
dose range (1-20 nM), entirely consistent with concentrations of these peptides that can be 
presumed to be present in v ivo during inflammatory reactions. It is curious that other inflammatory 
peptides (IL-1, bradykinin, C3a) as well as phorbol ester itself lack the ability to cause conversion 
of xd to xo. This finding raises the possibility that, by causing additional xo activity, the direct 
interaction of TNF, N'formyl-Met-Leu-Phe or C5a with endothelial cells puts these cells at added 
risk for damage by activated neutrophils. Thus, at least in the case of TNF, there may be two 
completely unrelated mechanisms by which endothelial cells become more susceptible to injury by 
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activated neutrophils: increased adherence interactions with neutrophils and conversion of xd to xo. 

Not to be forgotten in consideration of endothelial cells is the fact, referred to above, that, while 
endothelial cells may be sensitive to damage by phorbol activated neutrophils, in not every case can 
the pathways leading to cell damage be linked to neutrophil-derived oxygen products. As 
mentioned, microvascular endothelial cells obtained from human placental tissue are not protected 
by catalase from killing induced by phorbol ester stimulated neutrophils, whereas endothelial cells 
from human umbilical veins are almost totally protected by the presence of  catalase. In rats, again 
using immune complex as the trigger of neutrophil recruitment and subsequent neutrophil- 
dependent microvascular damage either in the dermis or the lung, the lung microvascular bed is 
almost totally protected from injury either by the presence of  catalase or desferrioxamine whereas 
no such protection is seen in the dermis, even when skin and lung inflammatory reactions have 
been induced in the same animals (Warren et al., 1990). Not even covalent linkage of catalase to 
the IgG antibody affords protection in the dermis while substantial protection was found in the 
lung. These findings lead to the nearly indisputable conclusion that microvascular endothelial ceils 
in the dermal and in the pulmonary interstitial compartment are resistant or sensitive, respectively, 
to the damaging effects of toxic oxygen products from neutrophils. What is now key is to obtain 
primary cultures of endothelial cells from these tissues and to assess whether it is content of 
antioxidant factors or other explanations (such as presence or absence of  xo) that account for these 
differences. These data suggest that in the human it will be important to compare different vascular 
beds for sensitivity to damage by toxic oxygen products. If this is confirmed, then it implies 
another level of complexity in understanding how the inflammatory process brings about injury to 
cells and to tissues. 
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