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Abstract.

This review discusses in vivo airway aspects of plasma exudation in relation to current

views on epithelial permeability and epithelial regeneration in health and disease.
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Microvascular-epithelial exudation of bulk plasma proteins characteristically occurs in
asthma being especially pronounced in severe and exacerbating asthma. Healthy human
and guinea-pig airways challenged by non-injurious histamine-leukotriene-type
autacoids also respond by prompt mucosal exudation of non-sieved plasma
macromolecules. Contrary to current beliefs, epithelial permeability in the opposite
direction (=absorption of inhaled molecules) has not been increased in asthma and
allergic rhinitis or in acutely exuding healthy airways. A slightly increased subepithelial
hydrostatic pressure produces such unidirectional outward perviousness to
macromolecules. Lack of increased absorption permeability in asthma may further be
reconciled with occurrence of epithelial shedding leaving small patches of denuded
basement membrane. Counteracting escalating barrier breaks, plasma exudation
promptly covers the denuded patches. Here it creates, and sustains, a biologically active
barrier involving a neutrophil-rich, fibrin-fibronectin net. Further, in the plasma-derived
milieu all epithelial cell types bordering the denuded patch dedifferentiate and migrate
from all sides to cover the denuded basement membrane. However, the speedy

epithelial regeneration may come at a cost. Guinea-pig in vivo-studies demonstrate that

patches of epithelial denudation-regeneration are exudation hot spots evoking asthma-
like features including recruitment/activation of granulocytes, proliferation of
fibrocyte/smooth muscle cells, and basement membrane thickening. In conclusion, non-
sieved plasma macromolecules can operate on the intact airway mucosa as potent
components of first line innate immunity responses. Exuded plasma also takes center
stage in epithelial regeneration. When exaggerated, epithelial regeneration may

contribute to inception and development of asthma.
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Epithelial barrier dysfunction allowing exaggerated absorption of inhaled molecules is
considered a major pathogenic feature of asthmatic and allergic airways. This paradigm
is currently supported by observations on epithelial cells in culture 1. By contrast,

careful non-invasive in vivo studies have demonstrated lack of increased bronchial

permeability to inhaled molecules in individuals with asthma?-6. Similarly, nasal
absorption permeability has not been increased in patients with seasonal or perennial
rhinitis 7-10, This vitro-vivo dichotomy ought to have some bearing on several areas of

research. However, the iconoclastic in vivo data demonstrating maintained epithelial

barrier function in patients with asthma or allergic rhinitis are not extensively noted in

the current literature.

Known features of asthma may contribute to the belief that there must be increased
tissue penetration of inhaled molecules in this disease. A prime example is increased
shedding of epithelial cells. Clearly, an abnormal loss of the barrier cells in asthma 11,12
and rhinitis 13 14 would lead to increased penetration of molecules deposited on the
airway surface? To make matters worse, molecular biology data produced in vitro are
now interpreted to indicate impaired epithelial repair in asthma 1516, How then may we
interpret the patient data on maintained barrier function? Is there a possibility that

epithelial barrier restitution somehow is highly efficient in vivo in this desquamative

disease? And if so, is exaggerated regeneration, rather than the reputed permeability

hypothesis, a pathogenic epithelial aspect of asthma?
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Most conspicuous with regard to epithelial permeability may be the observation of
increased levels of plasma macromolecules on the airway surface. This feature is now
widely considered to reflect a generally increased epithelial perviousness. The inference
is that airway mucosal absorption permeability must also be increased in airways where
plasma exudation occurs 1.17. Based on evidence cumulating during a century or more,
microvascular-epithelial exudation of plasma macromolecules is an established feature
of asthma and allergic rhinitis 18-20, However, understanding of epithelial transmission of

plasma is limited and so is the potential role of exuded plasma in epithelial regeneration.

Discussing innate immune defense in obstructive lung disease, Curtis et al 21 maintain
that plasma protein exudation reflects ‘'microscopic bleedings’. By contrast, several
authors have mentioned in passing that plasma exudation can belong to the first line
defense of the airway mucosa 22 23, [s it then possible that the epithelial transmission of
extravasated plasma is so swift that subepithelial edema does not develop?
Furthermore, has the airway epithelial lining cells such an asymmetry that it can let
through bulk plasma macromolecules without allowing increased penetration of inhaled
molecules? What mechanism then may allow increased plasma exudation in airways

where permeability in the opposite direction is not increased?

This article discusses epithelial barrier functions in vivo with focus on opportunities for
plasma macromolecules to be involved in first line defense of the intact airway mucosa,
in epithelial regeneration, and in asthma in association with inflammation and

exaggerated epithelial regeneration.

Plasma exudation contributing to first line defense of the intact airway mucosa.

Prompt, reversible, and reproducible plasma exudation.
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Using challenges with non-injurious histamine-leukotriene-type autacoids, animal and
human in vivo experiments have demonstrated how swift plasma exudation responses
are evoked in tracheobronchial and nasal airways. Importantly, many autacoid-
‘inflammatory’ stimuli increase permeability in airway subepithelial microvessels but
are without this effect in the pulmonary circulation 20. Within few minutes after
exposure to histamine-type mediators (including leukotrienes, prostaglandins, PAF-
acether, bradykinin), plasma protein indices are significantly increased in sampled
airway surface liquids in guinea-pig and human airways 2429, This response is dose-
dependent, reversible and reproducible. In accord, the exudative response to histamine
has been used to assess onset and duration of action of antihistamine drugs in human

nasal airways 30,

Non-sieved, non-injurious passage of plasma macromolecules from the sub-epithelial
microcirculation to the epithelial surface.

The passage of plasma proteins from the subepithelial microcirculation, through
mucosal tissue including basement membranes, and then paracellularly across the
intact, pseudostratified epithelial lining cells (Figure 1) involves little sieving. Already an
early demonstration of prompt challenge-induced microvascular-epithelial exudation in
guinea-pig tracheobronchial airways suggested that plasma macromolecules appeared
on the mucosal surface independent of their charge and size 2°. The indiscriminate
microvascular-epithelial passage of macromolecules explains why the process is called
‘exudation’ rather than ‘transudation’, the latter name rather emphasizing fluid
movement 31-33, Thus, different-sized plasma proteins have appeared on the challenged
but intact guinea-pig and human airway mucosal surface in nearly the same

concentration ratios as occur in the circulating blood 24 29,3435, Similar data have been
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reported in asthma by Out et al 36. Accordingly, a large plasma protein such as alpha2-
macroglobulin has emerged a well-validated index of plasma exudation in nasal and
bronchial airways. AlphaZ-macroglobulin has now been determined as such in
numerous human in vivo studies 34 36-42, Further reflecting the non-sieved nature of
plasma exudation responses, a tangled and sticky macromolecule such as fibrinogen is
also a used index of plasma exudation 35 43, Yet, the ultrastructure of the epithelial lining

has not been affected by the transmission of bulk plasma 44-47,

Figure 1.

Plasma exudation without mucosal edema.

Studies in guinea-pigs and rats indicate that the extravasated plasma is promptly
transmitted to the mucosal surface, between and all around epithelial cells 45, in the
challenged tracheo-bronchial area 24 27,45, 46,48 - Studies in mice are of limited value in
this field since this species lacks a bronchial circulation 4°. - There is no known type of
mucosal challenge that results in selective extravasation without the further
transmission of plasma across the epithelial lining. Further, the plasma exudation
response to autacoids has not been associated with an increase in lymphatic transport of
plasma tracers 27. Hence, in agreement with a lack of high permeability edema increased
draining of proteins from the mucosal tissues has not occurred. The wet to dry weight
ratio of the airway wall has not increased 2, nor has the subepithelial tissue been
appreciably expanded to indicate presence of actual edema 45 50. A morphometric study
in allergic rats also demonstrated that the airway narrowing effect of allergen challenge
reflected smooth muscle constriction without edema>?. Prolonged stimulation of rat

airways with allergens such as house dust mite has increased the number of



174  subepithelial microvessels, yet with little signs of mucosal edema 4°. Also in human
175  asthma there is some increased vascularity (reviewed in 4°) but little evidence for

176  bronchial mucosal edema. Even at sites where the bronchial lumen is filled with mucus
177  and exudate, the adjacent subepithelial mucosal tissue has exhibited no signs of edema

178 52, The bronchoscopic in vivo view is known to give the impression of mucosal edema.

179  However, it is unclear whether the appearance of a thickened mucosa represents edema
180  oris aresult of circular smooth muscle impacting on the mucosal tissue at different

181  degrees of bronchoconstriction.

182

183  Clearly, plasma exudation involves some deposition of plasma macromolecules in

184  mucosal tissues, most commonly recorded as distribution of Evan’s blue dye bound to
185  albumin 48. Such observations importantly reflect the capacity of extravasated plasma
186  proteins to contribute to an active mucosal tissue milieu (edema is surplus liquid in the
187  tissue and, therefore, may not be equated with merely the occurrence of Evan’s blue-
188  colored tissue).

189

190  The basic nature of plasma exudation may be compared to mucus secretion.

191 The above observations indicate that the basic nature of the plasma exudation process is
192  more physiological than pathophysiological. A non-injurious, reversible, and

193  reproducible response of the airway mucosa, plasma exudation is in several respects
194  comparable to the mucosal secretory response >3. Yet, they are distinctly regulated.

195  Admittedly, histamine-leukotriene-type mediators causing plasma exudation may also
196  be active secretagogues>3 suggesting ample opportunities for concomitant occurrence of
197  mucus and plasma proteins on the airway surface. However, the archetypal cholinergic

198  agents causing mucosal secretion are without plasma exudation effects 28 54 55,
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Furthermore, the reputed neurogenic plasma exudation response, typically evoked by
exposure to capsaicin, seems confined to rodents 6. In human airways capsaicin
consistently induces coughing 57 but no plasma exudation response 28 41, Hence, it is the
non-neurogenic plasma exudation responses in rats and guinea-pigs that translate well

to human.

Plasma exudation occurs without increased absorption of mucosal surface molecules.
Supporting the physiological aspect, the epithelial barrier against the environment has
not been compromised by the exudation of non-sieved plasma. Both in animal and
human airways, challenge with histamine-type mediators causes prompt plasma
exudation without being associated with any increase in absorption of tracers applied
on the mucosal surface 24 50,58,59, This feature is important in several respects. One
consequence is that the mere increase of plasma proteins on the airway epithelial
surface cannot be interpreted as a sign of general perviousness of that epithelial lining.
There is also little support for an old belief that plasma exudation may induce shedding
when forcing itself into the lumen 18. Hence, any inward permeability change has to be

validated by specific data on absorption rates.

Also in the intestine, challenge-induced plasma exudation responses have been
demonstrated to occur without being associated with increased absorption permeability
60,61 62 [t emerges that plasma exudation and increased penetration of mucosal surface

solutes should be considered distinct features.

Both plasma and leukocytes may traverse the airway epithelial lining without

compromising its integrity as barrier.
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Notes of plasma and leukocyte extravasation as components of tissue responses date
from the latter half of the 19-th century. Among central issues discussed already then,
Julius Cohnheim (cited in 32) emphasized that in mucosally lined hollow organs
extravasated plasma and leukocytes had access to convenient elimination through
epithelial transmission. However, in recent decades the role of trans-epithelial exit in
elimination of mucosal leukocytes has largely been ignored. It has been severely

eclipsed by focus on the biology of cell apoptosis.

Death of cells through apoptosis followed by engulfment has rapidly gained a hegemonic
position as a mechanism responsible for elimination of cells. Apoptosis has been
particularly hailed as a mechanism causing resolution of cell-driven airway

inflammation. This largely in vitro-data-based view seems unfortunate especially

concerning a major granulocyte in asthma, the eosinophil. With apologies to apoptosis
proponents it needs underscoring that apoptotic eosinophils have not been
demonstrated in human living blood-perfused airway tissues, not even at resolution
phases 63.64, Also, the belief that successful treatment with anti-IL-5 biologicals reflects
eosinophil apoptosis is not supported by compelling data®> 66, - Yet, eosinophils do die

in asthmatic mucosal tissues. However, their death in vivo is almost exclusively through

primary cytolysis, which may cause rather than resolve inflammatory disease conditions

64,67,

Concomitant with the increasing focus on molecular mechanisms of apoptosis, clinical
and experimental in vivo data have continued to be publicized indicating that
elimination of these cells in asthma occurs through swift migration across the airway

epithelium. Epithelial transmission has thus emerged a non-injurious cell exit pathway

10
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at resolving mucosal tissue eosinophilia in asthma ¢3. Also other inflammatory cells

appear to use this pathway at inflammation resolution ©8.

The plasticity of mucosal epithelial cell junctions is obviously operating well both at
paracellular migration of leukocytes and at plasma exudation. The ability of epithelial
cells to transiently yield and still maintain tightness is involved in both. However, the
modes of epithelial transmission differ and so do the modes of exatravasation. Migration
of leukocytes is driven by chemotactic signals separately regulating extravasation, tissue
dwelling, and transepithelial passage ¢%-71. By contrast, the fate of extravasated plasma
seems less to dwell in the tissue but to move promptly to the mucosal surface. It is also
of note that the endothelial gaps through which plasma macromolecules escape the

circulation are not commonly used by leukocytes?2 73,

Specificity of plasma exudation as a first line innate immune response.

A kind of specificity lies in the strict location and the brief duration of the plasma
exudation response. In human nasal as well as the entire human tracheobronchial
airways there is a profuse subepithelial microcirculation carrying systemic blood?20. At
any challenge site postcapillary venules of this circulation can react by prompt
formation of high permeability endothelial gaps. This non-injurious response reflects an
active process in endothelial cells that is under physiological and pharmacological
control 327475, The gaps may preferentially open in the venular wall facing the
epithelium 7276, At a given challenge burden, the gaps will be open only for a limited
time. For example, at a given concentration of histamine, the duration of plasma
extravasation may not last more than about 10-20 minutes even in the continued

presence of this type of agent 3274, It is only if the challenge burden increases that the

11
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extravasation will be longer lasting. Challenge with allergen or PAF-acether may cause
both an early and a late phase plasma extravasation response 2748 77 Reflecting the time
course of extravasation, the plasma proteins then emerge early and late on the mucosal

surface at the site of challenge (Figure 1).

Despite its basic physiological nature, plasma exudation is a powerful innate immunity
response. It also allows major combat against threatening noxious factors to take place
on the tissue surface rather than inside the tissue where the risk of harmful results is so
much greater. Plasma exudation contributes to a complex scene of biological activity in
vivo. Its indiscriminate nature means that all the potent protein systems of circulating
plasma will appear on the mucosal surface with ample opportunities for activation and
actions. Whether there is selective activation of individual plasma protein systems

depending on the type of exudative challenge agent/insult is not known.

Mediators of plasma exudation in healthy airways.

What factors are causally involved in plasma exudation responses in healthy airways?
Since neurogenic plasma exudation may not occur in human airways, a major
physiological mechanism has been ruled out. In airways challenged by simple ‘irritants’
that evoke neurogenic activity the responses may thus be confined to increased mucus
secretion and increased blood flow. Plasma exudation steps up the airway response to

inhalant insults.

There is a wide range of cell-derived mediators with a known capacity to produce
plasma exudation responses in the airways. Histamine-type autacoids including

leukotrienes, kinins, and PAF-acether produce prompt plasma exudation effects without

12
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causing epithelial injury, leukotriene C4 and D4 being by far the most potent??. Plasma
exudation may depend on release of such mediators from tissue-dwelling mast cells,
granulocytes and other cells variably occurring in the normal airway mucosa. Plasma
exudation induced by microbial exposure may involve both neutrophil activation 15 and
kinins 78. Environmental challenges that evoke plasma exudation responses may involve
epithelial factors operating in local recruitment and activation of inflammatory cells
with capacity to release vascular permeability agents?°. Epithelial factors may also
contribute negatively by tonically suppressing airways plasma exudation 4% 80, [t is not

known if epithelial cells release such vasoactive mediators in vivo that directly cause

plasma exudation as a first line airway defense response.

Antimicrobial defense at the surface of an intact airway mucosa.

Based on the present mechanism (Figure 1) it can be inferred that exuded plasma, with
its content of immunoglobulins, complement factors, coagulation proteins, and more,
may combat microbes deposited on the surface of uninjured mucosal linings. Such a
versatile content of multiple profoundly active protein systems may be needed to
counteract evasion strategies of pathogens 8182, However, the possibility of a role of
airways plasma exudation does not seem to be mentioned in the huge literature that has
developed in the field of mucosal surface antimicrobial defense. Instead, the focus is on
antimicrobial peptides (AMPs) (some 10 000 pubmed articles on AMPs have appeared
in the last two decades). The biology of epithelial-derived AMPs has been explored in

detail in cell cultures. Still, their actual role in vivo has not been fully assessed, in part

because the AMPs are rapidly catabolized®3 84, It also seems unlikely that they would
survive in a protease-active plasma exudate milieu. Hence, plasma exudation and AMPs

may not act together but would be separate antimicrobial mechanisms operating on the

13
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intact mucosal surface. This possibility is now speculative. Not enough may be known

about in vivo efficacy of AMPs, and the antimicrobial efficacy of airways exudation of

plasma has not yet been subject to any in depth investigation.

Plasma exudation is a first line defense mechanism. However, it also occurs as a sign of
tissue engagement at established microbial infections. Mucosal exudation of plasma is
thus a general inflammatory feature of virally infected human nasal and bronchial
airways*3 85, The observation of exaggerated sputum fibrinogen concentrations in
asthmatics suffering from common cold compared to a control group with common
cold*3 further agrees with the notion that viral induced exacerbations of this disease in
part reflect a poor tolerance to viral infection®¢. It has been suggested that both viral and
bacterial pathogens increase microvascular permeability in part by activation of ‘the
contact system’ causing the release of the vasoactive autacoid bradykinin8’. Mechanisms
involving endothelial Toll-like receptors 2,4, and 9 have also been reported to be
involved in the increased vascular permeability caused by bacterial infection, but these
mechanisms concern pathophysiology of sepsis with no known relevance to mucosal

defense 88,

Innovative in vivo approaches seem required to explore the possibility that disease-

inducing microbes deposited on the intact mucosal surface may evoke highly localized
plasma exudation responses. A critical aspect concerns the early events prior to any
established infection. Is there a window of opportunity for plasma exudation to assist in

averting a threatening infection of airway mucosal tissues?

Mechanism of epithelial transmission of extravasated macromolecules.

14



349  Transmission of bulk plasma outward across the airway epithelial lining should reflect a

350 mechanism that can accommodate a number of in vivo features (Table 1).

351

352

353

354

355

356

357 A hydrostatic pressure hypothesis and an approach to testing it.

358 Considering the aspects listed in Table 1, the idea arises that, somehow, the extravasated
359  plasma itself brings about its own further passage across the epithelial lining. Is it
360 possible that the liberated plasma could increase the local hydrostatic pressure to
361 impacton the basolateral aspects of epithelial cells in such a manner so as to create
362  paracellular pathways to the mucosal surface? Little was known about effects on airway
363 transepithelial macromolecular flux in response to small, non-distorting increases in
364 hydrostatic pressure.

365

366  To test the hypothesis of hydrostatic pressure-driven epithelial transmission of

367 macromolecules, intact segments of guinea-pig trachea were dissected. The segments
368 were mounted in organ baths and attached at both ends to liquid-filled tubing using
369 extreme care to avoid edge injuries. By this set-up serosal and mucosal hydrostatic
370 pressures could be regulated separately and effect on epithelial transmission of

371 macromolecular tracers in either direction recorded 8% 90. The guinea-pig trachea was
372  considered suited for these experiments because of similarities with human airways

373 including a pseudostratified epithelium and a profuse sub-epithelial microcirculation.

15
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The guinea-pig trachea had also exhibited similar responses to human airways with
regard to plasma exudation evoked by allergen and non-neural mediator challenges °1.
Additionally, the tracheal cartilage should be an asset since it would counteract

confounding distortions of the tissue when the pressure is raised.

In vitro support for the hydrostatic pressure hypothesis.

Raising serosal pressure in the isolated tubal segment of guinea-pig trachea by only 5cm
H20 -markedly less than the microvascular pressure 47.74 92 - caused prompt
transepithelial passage of tracer macromolecules from serosal to mucosal surface
liquids. This transmission continued at the same increased rate as long as the pressure
was increased. Importantly, the transepithelial movement of serosal macromolecules
was not associated with increased passage of macromolecular tracers in the opposite
direction. Thus, during and after 30 minutes of a serosal pressure challenge mucosal
absorption permeability was not increased ?°. In agreement, there was no sign of any
damage or structural change of the epithelium 8°. Furthermore, the hydrostatic
pressure-induced movement of serosal macromolecules to the mucosal surface was well
repeatable and reproducible. Finally, autacoids and drugs, known to either induce or
inhibit plasma exudation in vivo, were without influence on the hydrostatic pressure-
induced epithelial transmission of macromolecules in vitro 8°. This latter observation
supports the notion that the epithelial passage of extravasated plasma reflects the
impact of hydrostatic pressure alone without any need for other effects on the

epithelium to facilitate the passage.

In summary, there was tantalizing agreement between experimental hydrostatic

pressure-induced transmission of macromolecules in the isolated tracheal tubes and the

16



399  invivo plasma exudation response to histamine-type mediators in animal and human
400 airways. Taken together these observations supported the idea that the extravasated
401 plasma itself, by slightly increasing epithelial basolateral hydrostatic pressures, could
402  create paracellular epithelial macromolecular exit paths. It was proposed that such a

403  mechanism operated at plasma exudation responses in vivo.

404

405  The hydrostatic pressure hypothesis confirmed in vivo.

406  The hydrostatic pressure hypothesis received specific in vivo support. In a segment of

407  rattrachea Serikov et al 47 thus demonstrated that an increase in hydrostatic pressure of
408 4.5cm H20 in the airway lumen was sufficient to prevent a plasma exudation response

409 invivo. As with the in vitro experiments, the employment of trachea was probably

410  crucial for the success of the in vivo experiments: The applied pressure would not affect
411  the airway tissue layers due to the stabilising effect of cartilage rings. Using scanning
412  electron microscopy Serikov et al 47 further confirmed that plasma exudation occurred
413  without affecting epithelial structural integrity 4®.

414

415  Hence, both in vitro and in vivo data support the notion that a slightly increased

416  hydrostatic pressure is the gross operational mechanism involved in the basic plasma
417  exudation response to non-injurious mucosal challenges. Tokuda et al. 93 have reported
418 that an increased hydrostatic pressure gradient from basolateral to apical sides of

419  epithelial cells caused reversible changes in tight junction proteins. However, few

420  studies have determined molecular mechanisms associated with hydrostatic pressure-
421  evoked para-epithelial flux of macromolecular solutes in the airways.

422

423  Airways plasma exudation and absorption in asthma and allergic rhinitis

17



424  Exudative diseases without increased mucosal absorption permeability

425  Direct non-invasive measurements of airway permeability seem to have clearly

426  disproved the hypothesis of increased bronchial absorption of inhaled molecules as a
427  basic defect in asthma. Work by leading pulmonary research groups thus demonstrated
428  that absorption of inhaled technetium 99m-labelled DTPA is unrelated to bronchial
429  hyper-responsiveness and that it is not increased in asthma 2-4 %4, Lack of increased
430 permeability has been confirmed in studies involving more asthma patient groups and
431  where absorption from different lung zones has been examined 5. Further, in perennial
432  allergic rhinitis where symptoms were induced by stopping treatment, absorption

433  permeability was not increased 8.

434

435  With dual isotope techniques, determining concomitant mucociliary clearance and

436  absorption of inhaled DTPA, Halpin et al. (cited in references 7,10) reported consistently
437  reduced (sic!) bronchial absorption in asthma compared to health. Similarly, already in
438 1975 indications of reduced nasal airway absorption in allergic rhinitis were

439  demonstrated °. In accord, significantly reduced absorption permeability was observed
440 in seasonal rhinitis along with plasma exudation and allergic symptoms - in these

441  studies absorption tracer concentration, influence of mucociliary clearance, exposed
44?2  airway surface area, and exposure time were controlled 7. 10,

443

444  Atransient phase of increased absorption permeability may occur in acute asthma %4, It
445  is possible that extensive denudation is involved as a causative factor in such cases (see

446  below). Challenge with house dust mite, an allergen that stands out as particularly

447  pathogenic, has also caused transiently increased airway absorption in vivo in mice °°.

448 These data may need confirmation in other species because mice lack a bronchial

18
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microcirculation 4°. Taken together, in vivo data suggest that increased permeability of

inhaled molecules is not a basic feature of asthma and allergic rhinitis where,

nevertheless, plasma exudation occurs.

The paradigm of increased epithelial permeability in asthma may be unduly strengthened

by misrepresentation of in vivo data.

The studies disproving the permeability paradigm are rarely cited in current literature.
Instead, little specific data are now serving to support the established notion that
asthma is a disease with abnormal penetration of inhaled molecules across the bronchial
mucosa. In both human and animal studies observations of increased airway surface
levels of plasma proteins are thus commonly reported as a compelling sign of
compromised epithelial integrity 17. In view of known features of plasma exudation this

interpretation seems unwarranted.

Proteins such as club cell protein (CC16) and surfactant protein D are secreted
constituents of airway surface liquids. Reduced levels of these proteins in airway
samples, or increased levels in blood and urine, have been reported to support the
hypothesis of increased absorption permeability in asthma. However, it has been
pointed out that data are inconsistent . 6. Blood and urine data on CC16 also vary
greatly. A recent study additionally demonstrated a puzzling dichotomy: CC16 levels
were increased in plasma but reduced in urine after allergen-challenge in asthmatic
individuals °7. Bronchial surface levels of surfactant protein D in severe asthma may be
increased as well as decreased 98 99 questioning its value as permeability probe.

Unsurprisingly, replacement of these indirect indices with direct non-invasive markers
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of airway absorption permeability has been strongly recommended 1. As discussed

above absorption of inhaled permeability tracers has not been increased in asthma.

Airway surface proteins in asthma: produced locally or emanating from exuded plasma?
Given the versatility of culture conditions, airway structural cells and leukocytes can

exhibit intriguing ability in vitro to produce proteins that also occur in plasma. An

uncertainty may, therefore, concern the source of proteins in the airways: whether
produced locally or being a component of exuded plasma? There is now a predominance

of cell-biology studies over explorative and independent in vivo-research. Hence, the

notion of local airway cellular production of plasma proteins is favored, perhaps more

than justified with regard to medical importance.

From its non-sieved nature it is predictable 100.101 that coagulation and complement
proteins will appear on the human airway surface at plasma exudation events. Yet, even
in established plasma exudative conditions, such as following airway allergen challenge
in atopic individuals 100.102 Jocal production of complement proteins has been
forwarded as the preferred source 103,104, As demonstrated in sensitized guinea-pigs and
in allergic rhinitis and allergic asthma, allergen challenge has caused both early and late
phase plasma exudation responses 27.105,106_Yet, in studies where appearance of
complement and coagulation products would reflect this biphasic feature, the role of

plasma exudation has not been considered197.

[t is of interest that plasma proteins, such as complement and coagulation proteins 108
109 are considered central in asthma pathogenesis. However, it is surprising that local

occurrence of leukocytes with merely a presumed capacity to produce the protein in
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question has sufficed to indicate local production - lack of systemic inflammation has
similarly been used as an argument to favor a local source 103,104, This kind of
evidence/reasoning may not compellingly support a local cellular source. Rather, such
widely disseminated arguments likely reflect lack of topical discussions of plasma

exudation mechanisms.

Meerschaert et all1® made commendable attempts at identifying the source of increased
BAL fluid fibronectin following segmental allergen challenge in asthma. In a small subset
of their patients they analysed BAL fluids using an antibody directed at a splice variant
of fibronectin considered to be of cellular rather than plasma origin. Possibly reflecting
the small number of patients, or methodological issues, the spread in values was large
and statistical significance of their intriguing data was not reached. Yet, the authors’
message was that the BAL fluid fibronectin was largely derived from cells. To strengthen
their argument the authors also focused on significant correlations between fibronectin
concentrations and leukocyte numbers in all BAL fluids finding r-values between 0.6 and
0.8. However, they may have missed an opportunity to demonstrate superior correlation
between fibronectin and albumin both of which had increased by a factor of 6 day 2
after antigen (mean BAL fluid values compared with antigen day 0). Local production of
fibronectin at allergen exposure obviously needed to be confirmed but when the same
laboratory later reported BAL fluid fibronectin data following allergen challenge in
asthmatics the source of this protein was not considered1® 112, The latter reports
included a study where both thrombin activity and fibronectin were determined in BAL
fluids obtained 2 days after segmental allergen challenge in asthma?!12, Thrombin
activity correlated nicely with both total protein and fibronectin (r > 0,8) supporting the

possibility that both thrombin and fibronectin were components of exuded plasma that

21



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

would have been produced, accumulated, and remained to a significant extent in airway

surface liquids until BAL was carried out 48h after allergen challenge.

Albumin or other plasma protein as biomarker of airways plasma exudation?
Endobronchial allergen challenge in patients with allergic asthma produced significant
BAL fluid levels of fibrinogen even when the increased levels of albumin did not reach
significance. However, there was correlation between albumin and fibrinogen (r=0.9) at
the bronchial allergic reaction 190, Varying baseline levels make the relatively small and
diffusible albumin molecule a less specific plasma exudation tracer compared to higher
weight proteins. In animal tracheobronchial experiments as well as in human nasal
studies, cumulated mucosal surface albumin can be washed away creating a suitable
baseline condition 5% 113, Then albumin is a consistent plasma exudation tracer along

with larger molecules including fibrinogen and alpha2-macroglobulin.

In chronic, severe eosinophilic asthma increased sputum levels of alphaZ2-macroglobulin
indicated significant plasma exudation - however, fibrinogen was not increased. Instead,
fibrin degradation products were increased#. In the chronic disease condition
fibrinogen may be trapped as fibrin. When fibrin is deposited and tethered to the airway
surface it may not as readily as its degradation products become a component of
sputum. These data support the use of alpha2-macroglobulin as biomarker of plasma
exudation in chronic disease condition. Local production can be considered concerning

proteins that are increased more-fold than the plasma tracer#0.

Esnault et al 114 compared the ratio of their designated BAL fluid protein to albumin and

showed that it deviated from the ratio in plasma. Their conclusion was that contribution
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from plasma ‘leak’ was unlikely. However, relatively larger concentrations of the protein
were observed in plasma. In such cases work may be required to elucidate potentially
confounding factors such as binding, breakdown, and other modes by which exuded

proteins may escape detection.

A further confounding factor concerns the possibility that the binding capacity of plasma
proteins may bring mucosal tissue-dwelling, cell-derived molecules to the surface at
plasma exudation. Thus, in patients with seasonal rhinitis eosinophil-derived proteins
were increased in sputum only after histamine inhalations had produced acute
bronchial plasma exudation 115, Effects of plasma exudation on the distribution of

mucosal, cell-derived molecules may need consideration in studies of airway samples.

Plasma exudation and its potentially pathogenic actions in severe asthma.
Although plasma exudation may be a common feature of asthma in general4% 116 the best
evidence for involvement=occurrence of plasma exudation in asthma may emanate from
studies of severe eosinophilic*? 117 or neutrophilic118 asthma and from studies where
asthma patients are challenged by insults/interventions known to worsen asthma:
common cold43, allergen exposure 192, or step-wise reduction of anti-inflammatory
treatment 117.119, Plasma exudation indices may even be a dominating inflammatory

index of worsening asthma 129,

‘Exudative hyper-responsiveness’, determined by exaggerated plasma exudation in
response to histamine-type challenges, has been demonstrated in airways subjected to
allergic disease and viral infection 26.121-123, Thus, it has occurred in human nasal

airways in seasonal allergic rhinitis in adults and children 122123 and in corona virus-
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induced common cold 26. A common cause of asthma exacerbations viral infections
cause plasma exudation in human nasal and bronchial airways 4385, Possibly as a
reflection of exudative hyper-responsiveness, particularly large sputum concentrations

of fibrinogen were observed in asthmatics in association with natural common cold#3.

Leukotrienes (C4 and D4) are several orders of magnitude more potent than other
common autacoids as inducers of plasma exudation in guinea-pig tracheobronchial
airways?2°. Eosinophil granule proteins have caused plasma extravasation in the hamster
cheek pouch124 TNF-alpha has induced a late plasma exudation response in human
nasal airways!25. However, little is known regarding which factors are actually involved

in increased plasma exudation in asthma.

Although plasma exudation may not cause edema 27-4> physical encroachment of airway
lumen may still result and aggravate effects of bronchoconstriction 126. Exposure to
plasma proteins may increase mucus production. The exuded plasma may also interact
with mucus to increase viscosity and immobilize the airway surface material 127,128, This
effect would be particularly unwanted in small airways with risk of bronchiolar closure
129 Tt has been suggested that mucus plugs in asthmatic airways may be mucus-plasma
plugs, but the extent to which plasma contributes to airway plugs remains to be

determined in detail.

The exuded plasma proteins offer a Pandora’s box with many intact proteins and many
of their breakdown molecules offering biological actions of interest. There is established
interest in pathogenic roles of complement proteins, coagulation proteins, and kinins in

asthma 108,109,130, Seyeral plasma proteins may have crucial roles in epithelial
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regeneration (discussed below). However, specific roles of individual plasma proteins in
disease await the critical tests that trials with selectively targeted interventions will

provide.

A maintained airway barrier against environmental challenges at shedding of
columnar epithelial cells. A role in innate airway defense?

Although a versatile epithelial barrier is a topical theme, barrier restitution events
following different degrees of shedding may not be widely discussed. The most common
mode of epithelial shedding is loss of columnar cells. There is interest in apoptosis of
epithelial cells but it is not known whether exiting columnar epithelial cells are at any
stage of apoptosis. Single columnar cells may leave without a trace since neighboring
cells move in squeezing the leaving cell. Such shed single cells may be found in airspace
samples with a tapered-off tail. Also sheets of columnar cells are commonly shed in
asthma (connected ciliated cells with still beating cilia have been found in asthmatic
sputa 19.131,132) Columnar epithelial cells have some contact with the basement
membrane, but it is not known if their removal will cause any plasma exudation. Indeed,
a plasma exudation response may not be needed because the remaining basal cells have

remarkable transformation capacities.

Following gentle removal selectively of columnar cells from human bronchi or guinea-
pig trachea the exposed, normally loose and cobblestone-like basal cells produce a
barrier structure within few minutes. They flatten to cover the basement membrane and
create interdigitating cell contacts all around 133. Hence, limited shedding exclusively of
columnar cells may be a normal event serving to rid the airway of cells that are

somehow defect. Alternatively, the cells may need to be sacrificed as part of airway
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defense operations. Shedding of columnar epithelial cells may not necessarily result in

increased absorption permeability nor may it evoke plasma exudation.

Exaggerated plasma exudation reflects in part exaggerated epithelial
regeneration in asthma.

Non-sanguineous epithelial denudation in asthma guides in vivo-experiments.

Both plasma exudation and epithelial shedding are increased in asthma, especially in
severe disease and at exacerbations 11.18.19 There are major aspects to consider in
experimental approaches aimed at producing disease-like epithelial denudation in vivo.
Extensive shedding of epithelial cells in asthma may not involve any bleeding. Thus,
when both columnar and basal cells are shed no bleeding should occur. The shedding in
asthma also leaves an apparently intact basement membrane. The discussion below

concerns in vivo studies involving guinea-pig airways where the above-mentioned

features have been accommodated. Ingrid Erjefilt’s skilful in vivo-interventions, without
any surgery and involving physiological baselines 134, have been essential both for
studies of challenge-induced plasma exudation and for studies of shedding-like
denudation in guinea-pig tracheobronchial airways. I apologize for not citing important
in vivo research that mostly for given reasons, such as more mucosal damage than
involved in asthma-like epithelial shedding, involvement of toxic gases, and employment

of a species that lacks a bronchial microcirculation, were not cited.

Epithelial denudation causes plasma exudation that creates a provisional barrier.

In experiments involving gentle, non-sanguineous mechanical denudation in vivo of a

patch of dorsal trachea it has been demonstrated that the remaining, intact epithelial

basement membrane is not left naked. Locally exuded plasma is promptly spreading
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over the surface of the entire denuded basement membrane, but not much further afield.
A plasma-derived gel is thus created to cover the area of interest 135136, Such gels are
not seen in common graphs because they are washed away during preparations for

histology examinations.

Mechanisms specifically involved in the plasma exudation response to denudation have
not been determined but may in part reflect removal of tonic suppression of
microvascular permeability by epithelial factors 8°. The exudation is of much longer
duration than the response to histamine-type autacoids 135. It sustains the cover-gel with
fresh plasma until the gel is not needed any more 135136, The gel is also dislodged as
soon as the previously denuded area is fully covered by rapidly migrating regeneration

epithelium (discussed below).

The plasma exudation-response to disease-like denudation has several connotations. By
its physical appearance, its capacity to trap molecules and particles, and its biological
defense capacity the gel is already a coarse barrier. Merely the fibrin/ogen component
and associated mechanisms have major immune defense capacities 137. Consistent with
the abundant occurrence of neutrophils in the epithelial regeneration area?’? fibrin is
known to bind neutrophils and other leukocytes as well as a range of cell- and plasma-
derived molecules38, Through its integrins also eosinophils may exhibit intriguing
interactions with fibrin and fibronectin13°. The continuous supply by exuded plasma

provides a highly dynamic in vivo milieu suited both for barrier activities and for

regeneration of an epithelial cell barrier (Figure 2).

Figure 2.
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Epithelial regeneration occurs in an active soup of plasma proteins.

An exclusive in vivo phenomenon the microvascular-epithelial exudation of plasma may

not be a well-recognized mechanism in today’s topical discussions, which are largely
based on data where the dynamic influence of plasma extravasation is absent. For
example, it is not widely appreciated that following disease-like epithelial denudation, in
guinea-pig trachea, regeneration proteins such as fibronectin and fibrinogen have
emanated entirely from extravasated plasma 135, At epithelial injury sites a novel cell
sheet consisting of flattened repair epithelium is thus created in a dynamically active,
plasma-derived gel milieu. This is also an active defense milieu. For example, basal cell-
like epithelial repair cells may need this protection to compensate for their sensitivity to
microbial exposure 140,141 The in vivo exudation milieu seems more important than

reflected in the current literaturel42,

Epithelial denudation in vivo appears to be exceedingly patchy.

A helicopter view of wholemount airway preparations has revealed numerous tiny

denudation spots after in vivo allergen challenge in guinea-pigs. Each denudation patch

is a hotspot with intense exudation and repair events 143 144 Notably, the area of these
spots has been much less than the denudation area revealed by sectioning of such a
challenged airway wall 144, Hence, large areas of denudation in histology preparations,

although they may reflect epithelial fragility, may in part be sectioning artifacts 144 145,

[t is not known in detail what decides patchiness of denudation. Strikingly, this
phenomenon is conspicuous even in airways uniformly exposed to noxious agents

including allergens and dry air 143,146, Davis and Freed 147 thus carried out segmental dry
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air challenges in dogs to produce patchy bronchial denudation. Using a wedged
bronchoscope these authors further noted local accumulation of “mucus” and suggested
that such material (actual components were not determined) could serve as a surrogate
barrier 147. Mosser et al 148 demonstrated that only a small fraction of epithelial cells
became infected when exposed to rhinovirus. This observation is consistent with a
patchy distribution of viral induced epithelial injury. Patchy distribution of epithelial
derangement including early signs of epithelial regeneration may be common in
publicized histology graphs of diseased airways 14°. Some information on patchy
epithelial damage and repair may also be found in studies exploring bronchial mucosal
distribution of molecules of interest 150.151, However, a systematic analysis seems to be

lacking.

Speedy restitution of epithelial cell barrier at patchy exudation sites of denudation.
Small-sized areas of epithelial denudation are essential for a speedy repair. At the loss of
neighboring epithelium all epithelial cell types bordering a denuded patch will promptly
dedifferentiate into poorly differentiated flattened cells. Already during
dedifferentiation, cells that previously were fully differentiated secretory and ciliated
cells start to migrate. From all sides, such local regeneration cells move speedily in a
tethered fashion over the denuded basement membrane 136 (Figure 2). Thus, a novel cell
sheet consisting of flattened regeneration epithelium is created. The new epithelial cell
barrier has reduced paracellular stretches available for passage of molecules possibly
explaining part of the reduced absorption demonstrated in asthma and allergic rhinitis
(see above). The speedy epithelial restitution requires an intact basement membrane.

From its inception it occurs in a dynamic, plasma-derived, gel-like milieu 135,
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A maintained airway mucosal barrier against environmental challenges at epithelial
denudation avoids ever-escalating disease conditions.

When shedding is intense and involves denudation the situation is potentially the start
of a spiral of extreme pathogenic consequences. If the barrier against hostile airspace
factors is lost, and not restored speedily, ever-increasing inflammation and harm to the
airways would be expected to occur. The initial denudation challenge would make it so
much easier for additional and more severe challenge-induced effects. In turn, more
areas would be denuded and more airway tissues be directly exposed to noxious
mucosal surface material. Hence, it is possible that plasma exudation and speedy barrier

restitution mechanisms, such as discussed above have evolved to avoid a vicious circle.

A maintained airway barrier in conditions of denudation comes at a cost.
The sustained plasma exudation response is associated with a range of intriguing effects.

The first barrier that is created following epithelial denudation in vivo is the provisional

gel cover produced and maintained by sustained plasma exudation. Especially in severe
asthma with extensive shedding, epithelial injury-repair processes may thus contribute
to the increased plasma exudation recorded in this condition. As discussed above,
exaggerated plasma exudation alone may be of pathogenic importance in asthma
because of its physical and biological effects. However, plasma exudation is not the only

in vivo response to denudation (Figure 2). The epithelial regeneration process in vivo

has evoked a range of additional effects that disseminate into the neighborhood of hot
spot denudation patches. Such effects include accumulation and activation of
granulocytes, increased mucus secretion, and increased proliferation of epithelial and

fibroblast/smooth muscle cells 72 136,152,153,
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Little support for involvement of epithelial-mesenchymal units (EMU).

The dedifferentiated and migrating regeneration cells may be considered mesenchymal-
like. However, they have not been seen to migrate across the plasma-covered basement
membrane. Hence, the idea of dissemination of EMU into the lamina propria 154 is not
supported. Instead, the dedifferentiated cells have proliferated and eventually
undergone redifferentiation to a normal epithelium 136, Pain et al. have also underscored
that evidence for occurrence of EMU in asthma is lacking 1>4. Thus, the increased
numbers of fibrocytes in asthmatic airways 155156 may simply reflect proliferation of
these cells occurring in response to signals emanating from inflammatory processes 154

including signals from sites of epithelial denudation-regeneration sites 136.

Exaggerated epithelial regeneration may contribute inflammatory and remodeling aspects
of asthma.

Recruitment and activation of neutrophils are prominent in the regeneration-exudation
area. Repeated denudation-regeneration processes further result in reticular basement
membrane thickening 152,153, Eosinophil-derived proteins have been suggested to cause
part of epithelial shedding in asthma 157. Free eosinophil granules, known to be
produced by eosinophil cytolysis and releasing toxic proteins®’, are also intriguingly
associated with epithelial cell loss in asthma 158, In severe asthma eosinophil cytolysis-
derived free granules in sputum are a prominent indicator of the disease statell’. In
guinea-pig airways subjected to denudation, eosinophils already present in the area of
interest are activated by primary cytolysis to release clusters of free eosinophil granules
72, Hence, epithelial regeneration-induced eosinophil cytolysis may be part of a

pathogenic circle in asthma 158,
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Exaggerated epithelial regeneration both at inception and at severe stages of asthma?
Notably, the asthma-like effects evoked along with epithelial regeneration have been
produced in vivo also in airways where no inflammation existed prior to epithelial
denudation 136, It is then of interest that Creola bodies (clusters of desquamated
epithelial cells) in aspirated sputum, independent of other factors, was reported to
predict development of asthma in wheezing infants 159, Creola bodies in sputum have
also been significantly associated with exacerbations of asthma in adults and children 1%
160, The occurrence of very large numbers of Creola bodies (up to four hundred clusters
in just two smears of sputum 11) agrees with a pronounced patchiness of epithelial

damage in asthma (cf above).

The multiple effects of epithelial denudation-regeneration alone (Figure 2) support the
idea of its operational role both in early initiation of asthma and in severe asthma with
exacerbations. The possibility of a pathogenic role of this epithelial process has also
been entertained in discussions of exercise-induced asthmalé!, Further, as
demonstrated in guinea-pigs in vivo, plasma exudation and epithelial regeneration
responses to airway epithelial denudation have been refractory to steroid treatment 162,
This observation is of interest since steroid treatment is not known to prevent
development of asthma, and in severe asthma plasma exudation 117 along with central

disease features may also be refractory in part to steroid treatment effects 163, 164,

Therapeutic implications.

Airways plasma exudation reflects not only an active inflammatory process. It is also a

significant feature of epithelial regeneration and it has a role in first line innate defense.
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Increased bronchial exudation of plasma in asthma may thus reflect a mixture of

different types of mucosal events. This diversity has therapeutic implications.

The discovery that beta-agonist bronchodilators have additional microvascular
antipermeability actions substantiated the view that venular endothelial permeability is
under physiological and pharmacological control¢>. Further, beta agonists
simultaneously increased the mucosal blood flow16>, which agreed with the view that
mucosal blood flow is not a critical component of airways plasma exudation. A limited
vascular anti-permeability effect of inhaled beta-agonists has been demonstrated in
human healthy bronchi subjected to histamine challenges'¢t. However, whether these

drugs reduce plasma exudation to any significant extent in asthma is not known.

Effective glucocorticoid treatment of asthma reduces plasma exudation!!” and it may
reduce an exudate hyper-responsiveness123. Reversibly, when the anti-asthma
treatment dose of steroids is tapered plasma exudation is increased and asthma is
worsened!19 120, The anti-exudative actions of glucocorticoids seem to reflect a general
anti-inflammatory efficacy of these drugs rather than direct effects on microvascular
permeability. Supporting this view a study in human nasal airways demonstrated that
topical glucocorticoid treatment did not reduce histamine challenge-induced plasma
exudationl6’. These data suggest that glucocorticoid-treated airway mucosa remains
vigilant when defense calls for a plasma exudation response. Also, topical glucocorticoid
treatment inhibited neither the plasma exudation response nor the speedy epithelial

regeneration following epithelial denudation in vivo in guinea-pig tracheal62. Together

these in vivo observations tally with glucocorticoids sparing several innate immunity

mechanisms, as reported by Schleimer168. Desired features of an anti-inflammatory,
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anti-asthma drug would include efficacy against pathogenic plasma exudation without
inhibiting the involvement of this microvascular response when it is expressed as a

component of mucosal defense and epithelial regeneration, respectively.

The idea that exaggerated epithelial regeneration qualifies as a causative component of
asthma pathogenesis (Table 2) has therapeutic implications. As discussed above there is
arisk of ever-escalating disease conditions if epithelial regeneration is not a prompt and
speedy process. A desired feature of future treatments would be to find means by which
epithelial cell loss can be reduced rather than interfering with mechanisms associated
with epithelial regeneration. This goal supports the importance of targeting airway

epithelial cells in pharmacological research on epithelial cytoprotection.

Limitations

Exploratory in vivo research often produces unexpected data. If not in accord with

accepted notions the observations are not always pursued vigorously. But, they may still

be significant. This overview is partly based on in vivo data that disagree with popular

research paradigms. Accordingly, the present attempt at understanding airway mucosal
features has been little helped by the advanced cell biology research that supports
currently leading notions. The ensuing limitation of the present discourse is
underscored by its focus on events involving plasma exudation, which is almost

exclusively an in vivo phenomenon. Scattered in this article the need for further work is

indicated. This need is also implicit by the limited number of research groups involved

in generation of some of the data that underpin views presented here.
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Conclusion

Independent observations in vivo in patients and guinea-pigs underpin the notions

discussed in this review. The notions are novel in the sense that they, more or less
explicitly, challenge several current paradigms in airway and asthma research.
Inferentially, changing concepts are introduced including a supplementary idea

regarding the pathogenesis of asthma (Table 2).

Not long ago increased ‘capillary permeability’ and extravasation of plasma was
considered to reflect vascular injury. This view no longer prevails. Numerous elegant
studies have revealed mechanisms of reversible formation of venular endothelial gaps
leading to transient extravasation of non-sieved plasma macromolecules. This mode of
extravasation occurs in the profuse airway subepithelial microcirculation in response to

allergens and other significant inhalant challenges.

Here I have discussed the possibility that the further passage of extravasated, non-
sieved plasma across airway epithelial linings is also, in its basic shape, a non-injurious

physiological event.

Without causing appreciable edema extravasated plasma macromolecules move
between yielding epithelial cells to appear locally on the mucosal surface at the very site

of challenge. A slightly increased hydrostatic pressure impacting on basolateral aspects
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872  of epithelial cells seems causally involved in the paracellular epithelial transmission of
873  extravasated plasma. Unless the challenge grows this prompt local exudative response is
874  of brief duration.

875

876  Despite the non-sieved nature of the microvascular-epithelial plasma exudation process,
877  absorption of molecules deposited on the mucosal surface is not increased. The

878  epithelial lining also remains structurally intact. These are important features of a first
879 line defense response. They may also explain in part why a disease such as asthma,

880  which exhibits airways plasma exudation, may not display an abnormal inward

881  perviousness.

882

883 At epithelial shedding, diverse mechanisms are operating to maintain tightness and
884  prevent undue penetration of mucosal surface material. Even when both columnar and
885  Dbasal epithelial cells are shed (denudation) the naked basement membrane will

886  promptly receive a provisional barrier of exuded plasma. The activated plasma forms a
887  gel-like structure involving a leukocyte-rich fibrin-fibronectin net covering the

888  basement membrane. The gel remains and is continuously supplied by fresh plasma
889  until a new cover of epithelial regeneration cells is established. In a dynamic plasma-
890  derived molecular milieu, ciliated and secretory epithelial cells surrounding denuded
891 spots dedifferentiate into flattened, rapidly migrating regeneration cells. Thus, airways
892  with patchy denudation sites are not without barriers or may only transiently exhibit a
893  reduced absorption barrier. Barrier restitution is potentially prompt even in severe
894  conditions with extensive, but patchy, denudation of epithelium.

895
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Prompt and speedy epithelial regeneration in severe asthma counteracts the risk of
severely escalating barrier breaks. However, epithelial regeneration processes also

evoke disease-like effects. In experimental in vivo studies the mere process of

denudation/regeneration on top of an uninjured basement membrane has caused
plasma exudation, granulocyte recruitment/activation, mucus secretion, proliferation of
fibroblast/smooth muscle cells, and thickening of reticular basement membrane. Hence,
exaggerated epithelial regeneration, occurring in plasma exudation hot spots, seems
worthy of consideration as a factor contributing not only to a speedy epithelial
regeneration and a maintained absorption barrier but also to inception and worsening

of asthma.

What is currently known:

The bronchial mucosa in vivo in asthma exhibits exudation of plasma and epithelial

shedding. Yet there is no increased absorption of inhaled molecules.

The above three features can be reconciled thanks to additional in vivo-observations:

- The asymmetry and the plasticity of the epithelial lining allows outward passage
of macromolecules without altering its tightness as a barrier towards molecules
deposited on the mucosal surface (the epithelial transmission of non-sieved
plasma macromolecules appears to be driven by a small, sub-edematous increase
in hydrostatic pressure transiently and non-injuriously impacting on the
basolateral aspect of the pseudostratified epithelial lining cells).

- Epithelial regeneration mechanisms following shedding operate promptly to

restitute barrier functions in vivo. Even at denudation the naked but intact

basement membrane will be promptly covered, first by a plasma-derived fibrin-

fibronectin net with continuous supply by fresh plasma and leukocytes. This
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cover is a coarse physical and highly potent biological barrier. Furthermore, it
provides a milieu in which all types of epithelial cells bordering the denuded area
dedifferentiate into speedily migrating regeneration cells, which are tethered
together. In the likely event of quite patchy denudation in vivo, a cellular barrier
will thus speedily replace the provisional plasma-derived barrier leaving little
opportunity for increased absorption of inhaled molecules. However, the
regeneration sites are also inflammatory and remodeling hotspots suggesting the
possibility that exaggerated epithelial regeneration at multiple denudation sites

contributes to development and worsening of asthma.

What more we need to know:

The basic features of airways plasma exudation indicate that it has roles in first
line defense on the surface of an intact mucosa in health and disease. Hence, we
need to know further details of involved mechanisms and how its in vivo-
functions fare by comparison with other defense mechanisms operating at the
mucosal surface including mucus secretion and production of antimicrobial
peptides.

We need to define in detail several additional features of plasma exudation in
asthma including: To what extent does plasma exudation actually occur? Is there
an exudative hyper-responsiveness to challenge with microvascular permeability
agents? To what extent does exuded plasma contribute to airway plugs? What is
the relative contribution of cell-derived versus plasma-derived same proteins in
asthma including coagulation and complement molecules? On that note, is
plasma exudation an ‘all-in” defense/disease mechanism or are there conditions

when individual plasma protein systems are selectively activated?
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Plasma exudation in response to asthma-like epithelial denudation is
distinguished by sustained occurrence providing both physical and biological
protection. We need to know what plasma-derived molecules are essential for
epithelial regeneration and whether any cell-derived molecule is also essential in

this process in vivo? We need to know the extent of patchiness of epithelial

denudation and how we can define such hot spots in asthma? How do
inflammatory and remodeling responses evoked by epithelial regeneration

events fare compared to other such mechanisms in vivo at inception of asthma?

At development of asthma? And at exacerbations of asthma?
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Legend. Figure 1.

This drawing represents three major steps involved in airway microvascular-epithelial
exudation of non-sieved plasma proteins. Following local mucosal challenges autacoids
induce high permeability gaps between endothelial cells in postcapillary venules (I). The
venules belong to a profuse subepithelial microcirculation distinct from the pulmonary
circulation?. Through the gaps plasma macromolecules enter interstitial spaces where
an increased hydrostatic pressure (II) will impact on basolateral aspects of epithelial
cells. A pressure increase of only 5cm H20 is sufficient for inducing para-epithelial
transmission of plasma macromolecules (III). The exudation occurs without prior edema
formation, without sieving, and without compromising the epithelial barrier. In accord,

histamine-challenged human airway mucosa in vivo exudes albumin (Alb) and alpha2-

macroglobulin (a2M) at a concentration ratio (a2M/Alb) that agrees with that in
circulating plasmas3# 3¢, Further, absorption of molecules deposited on the mucosal
surface is not increased. The extravasation of plasma (I) is an active endothelial cell
event under physiological and pharmacological control’475. The ensuing epithelial
passage (III) appears to be a hydrostatic pressure-driven hydraulic mechanism driven
by the extravasated plasma itself (II). The microvascular-epithelial exudation of non-
sieved plasma macromolecules is a prompt, reversible, repeatable, and usually short-

lasting innate immune response.
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Legend. Figure 2.

This drawing illustrates events occurring in vivo following epithelial denudation leaving

an uninjured basement membrane. No bleeding occurs but the basement membrane is
not left naked. Plasma exudation produces, and continuously supplies, a gel-like cover
involving a fibrin-fibronectin net. Also leukocytes, especially neutrophils, are recruited
and activated. Eosinophils already present in the airway are activated by primary
cytolysis. The gel serves as a highly active, provisional barrier and milieu for speedy
epithelial regeneration. All epithelial cell types bordering the denuded patch, notably
including both secretory and ciliated cells, promptly dedifferentiate into flattened
regeneration cells. As in micrographs of asthmatic bronchi, basal cells may not readily
be distinguished from regeneration cells. Loosely linked the latter migrate from all sides
over the denuded patch at a speed of several um/min. When a new cell cover is
complete, plasma exudation stops, the plasma-derived gel dislodges, and proliferation
plus redifferentiation towards a normal epithelium begin in the previously denuded

area. The epithelial regeneration in vivo alone induces recruitment and activation of

granulocytes, hyperexudation, hypersecretion, proliferation not only of epithelial cells
but also of fibrocyte/smooth muscle cells, and thickening of epithelial reticular
basement membrane. In desquamating asthma multiple patches of epithelial
regeneration would thus contribute to known pathogenic inflammatory and remodeling

effects.

DCC = dedifferentiating ciliated cell internalising or shedding its cilia, flattening, and
migrating.
DSC = dedifferentiating secretory cell releasing its secretory granules, flattening, and

migrating.
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DRC = dedifferentiated, mesenchymal-like regeneration cells migrating speedily.

[EG = venular inter-endothelial gaps through which non-sieved plasma proteins
extravasate.

N = neutrophils

E = eosinophils undergoing cytolysis and liberating its protein-rich granules.
PFSM = proliferating fibrocyte/ smooth muscle cells.

TRBM = thickened reticular basement membrane.
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Box 1.

Features that define the basic physiology of plasma exudation.
Direction and injury aspects of plasma exudation:

The outward paracellular, epithelial transmission of macromolecules should be a
unidirectional perviousness allowing extravasated plasma proteins to appear locally on the
challenged airway mucosal surface without being associated with any increase in inward
permeability.

Although plasma exudation is an important response to epithelial denudation its basic nature
involves transmission of macromolecules across pseudostratified airway epithelial linings
without compromising the ultrastructure nor the functional tightness of the epithelial lining
cells as an absorption barrier.

Epithelial transmission of bulk plasma preventing formation of sub-epithelial edema:

The epithelial exudation mechanism transmits mucosal challenge-induced, extravasated
plasma macromolecules so swiftly that the increased vascular high permeability will not result
in edema in the sub-epithelial area of interest.

Autacoids and drugs known to cause and inhibit, respectively, vascular permeability should
not affect the epithelial transmission of extravasated plasma. Indeed, reducing the ability of
the epithelial transmission of plasma would promote development of sub-epithelial edema.

Time aspects and reproducibility:

The epithelial transmission of plasma macromolecules should occur promptly within few
minutes after their extravasation. With a short delay it represents the time course of
extravasation from the profuse network of sub-epithelial post-capillary venules.

Thus, the epithelial component of the exudation mechanism sees to it that the mucosal
challenges, which increase sub-epithelial venular leakage of plasma macromolecules, will
automatically be followed by appearance of extravasated plasma proteins on the mucosal
surface at the very site of challenge.

The plasma exudation response is fully reversible and repeatable.
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Box 2.

Changing concepts of epithelial permeability and regeneration.

Currently acknowledged permeability concept (largely based on observations in cell cultures and
on misrepresentation of in vivo data):

- Asthma is characterized by increased permeability to inhaled molecules.
The present permeability concept (based on actual observations in vivo in patients):

- Asthma is characterized by unchanged or even decreased permeability to inhaled molecules.
Collateral evidence regarding plasma exudation and epithelial regeneration supporting and
expanding ‘The present permeability concept’:

Epithelial features in vivo, summarized below (I-1V), agree with a well-maintained barrier function in
airways that, nevertheless, exhibit epithelial shedding and/or plasma exudation.

L Reflecting a pronounced asymmetry of the intact pseudostratified epithelium increased
airways exudation of non-sieved plasma macromolecules is not associated with increased
permeability in the opposite, inward direction. (Specific data obtained in guinea-pig and
human airways).

II. At asthma-like, non-sanguineous denudation a well sustained, plasma exudation-derived
active barrier, involving a leukocyte-rich fibrin-fibronection net, promptly covers the
naked basement membrane. (Specific data obtained in guinea-pig airways).

IIL In the dynamic exudate gel cover all types of epithelial cells, bordering the denuded area,
promptly dedifferentiate into flattened epithelial regeneration cells that migrate speedily
in a tethered fashion over the basement membrane. (Specific data obtained in guinea-pig
airways).

V. At exposure to inhaled insults, which cause epithelial shedding in asthma, the ensuing
denudation areas may be exceedingly patchy. This limitation is important since epithelial
regeneration cells are produced all around individual denudation patches.
Dedifferentiated epithelial cells will thus rapidly replace provisional covers of plasma
exudate-derived gels in small-sized denuded spots. (Specific data obtained in guinea-pigs
and with support from observations on patchy denudation in canine airways and asthma).

A novel concept of asthma pathogenesis (based on observations in vivo in asthma indicating that
epithelial shedding is not associated with increased absorption permeability and on observations in
vivo in guinea-pigs indicating that epithelial regeneration processes alone produce neutrophil
recruitment and activation, lytic activation of eosinophils, plasma exudation, increased mucus
secretion, proliferation of fibrocyte/smooth muscle cells, and reticular basement membrane
thickening):

- Exaggerated epithelial regeneration at multiple denudation patches, rather than increased
epithelial permeability, is pathogenic in asthma.
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