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1 | INTRODUCTION

Abstract

Early airway responses to severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infection are of interest since they could decide whether coronavirus disease-
19 (COVID-19) will proceed to life-threatening pulmonary disease stages. Here I
discuss endothelial-epithelial co-operative in vivo responses producing first-line,
humoral innate defence opportunities in human airways. The pseudostratified epi-
thelium of human nasal and tracheobronchial airways are prime sites of exposure
and infection by SARS-CoV-2. Just beneath the epithelium runs a profuse systemic
microcirculation. Its post-capillary venules respond conspicuously to mucosal chal-
lenges with autacoids, allergens and microbes, and to mere loss of epithelium. By
active venular endothelial gap formation, followed by transient yielding of epithelial
junctions, non-sieved plasma macromolecules move from the microcirculation to the
mucosal surface. Hence, plasma-derived protein cascade systems and antimicrobial
peptides would have opportunity to operate jointly on an unperturbed mucosal lin-
ing. Similarly, a plasma-derived, dynamic gel protects sites of epithelial sloughing-
regeneration. Precision for this indiscriminate humoral molecular response lies in
restricted location and well-regulated duration of plasma exudation. Importantly,
the endothelial responsiveness of the airway microcirculation differs distinctly
from the relatively non-responsive, low-pressure pulmonary microcirculation that
non-specifically, almost irreversibly, leaks plasma in life-threatening COVID-19.
Observations in humans of infections with rhinovirus, coronavirus 229E, and influ-
enza A and B support a general but individually variable early occurrence of plasma
exudation in human infected nasal and tracheobronchial airways. Investigations are
warranted to elucidate roles of host- and drug-induced airway plasma exudation in
restriction of viral infection and, specifically, whether it contributes to variable dis-

ease responses following exposure to SARS-CoV-2.

severe pulmonary circulation and alveolar pathophysiol-
ogy, attract major attention.' Early host responses to severe

Unprecedented, joint research efforts currently concen- acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
trate on coronavirus disease-19 (COVID-19). Naturally, infection are also of special interest since they could de-
immune mechanisms of advanced COVID-19, involving cide whether or not mild disease stages will proceed to
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PERSSON

life-threatening COVID-19. At initial, mild stages the ap-
parently capricious COVID-19 disease seems confined to
nasal and tracheobronchial airways. Reflecting acknowl-
edged concepts in immunology, cellular innate immunity
takes centre stage in current discussions of early respira-
tory tract defence."? Focus is on cell-produced interferons.
An intriguing duality of IFN beta has been demonstrated in
mice, with initial protection and, at later stages, worsening
of pulmonary infection.> Thus, acute respiratory distress
syndrome (ARDS)-like conditions with involvement of a
leaky pulmonary circulation may be addressed in mouse
studies. By contrast, this is not so with the airway plasma
exudation response (discussed below). Further aspects of
obvious interest include molecular mechanisms by which
interferon defence may be hampered by immune evasion of
SARS-CoV-2."? Notwithstanding their complex immune
actions, interferons are forwarded as tentative treatments
in COVID-19.

Currently, any consideration of endothelial-epithelial
permeability and ‘plasma leak’ in relation to COVID-19
concerns pathogenic roles in severe disease stages in-
volving ARDS characterized by a leaking pulmonary
circulation and alveolar injury.l Occurrence and poten-
tial contributions of physiological plasma exudation re-
sponses in early airways defence, and in regeneration of
pseudostratified epithelium, are not discussed. Hence, for
this review it seems important to emphasize differences
between responses of the superficial subepithelial micro-
circulation, which runs all along the conducting airways,
and the pulmonary microcirculation whose vital functions
must always be protected.

Here a range of observations are collated indicating that
plasma exudation is an early host response to viral infec-
tions of human nasal and tracheobronchial airways. This
aspect warrants a brief update on mechanisms of airway
plasma exudation and what defence opportunities this
response may bring. The present focus is on findings in
human airways in vivo with additional key observations
in guinea-pig airways that exhibit human airway-like fea-
tures regarding mucosal anatomy and plasma exudation
responses. The present discussion is novel by its focus on
respiratory viral infection.

2 | PASSIVE DIFFUSION OF
PLASMA PROTEINS AND PLASMA
EXUDATION

An early study by Stockley et al* may illustrate major ways
of entry of plasma proteins into airway secretions at baseline
without active inflammation/infection and at active airways
infection:

2.1 | Passive diffusion

At baseline, there is a small degree of passive diffusion of
serum proteins with sputum levels inversely correlated with
the size (Stokes radii) of the proteins. Large proteins such
as IgM occurring at concentrations greater than predicted by
this relationship are considered to be locally produced.4

2.2 | Plasma exudation

The data obtained by Stockley et al* at bronchial infection
showed a different picture. Their illustrated attempt at dem-
onstrating size-selectivity was telling; serum/sputum ratios
for plasma macromolecules such as alpha2-macroglobulin
and IgM, corrected for albumin, actually did not differ much
from 1.* Since alpha2-macroglobulin is now a widely ac-
knowledged marker of plasma exudation (discussed under
separate heading below), these data are strong early hints at a
non-sieved transmission of plasma at inflammation/infection.
However, the research that would reveal the nature of human
airway plasma exudation had not arrived. Lacking a research
paradigm, Stockley et al* thus resorted to discuss their infec-
tion data by belittling statements such as ‘when inflammation
occurs, protein transudation would increase, exceeding local
protein production ... .

Lack of size-selectivity is a key defining property with the
airway microvascular-epithelial response that, in want of any-
thing better, is called plasma exudation. This review iterates de-
tailed features of plasma exudation as a physiological response
of intact airways and at sites of epithelial regeneration (vide
infra). Thus, the present discussion concerns opportunities of
plasma exudation to contribute to local antiviral defence.

Proteins that appear together on the airway surface, at con-
centration ratios similar to their ratio in the circulation, would
have moved by the plasma exudation mechanisms. Since very
large plasma proteins are exuded, it seems reasonable to ex-
trapolate, as done in Figure 1, and infer that practically all
plasma molecules would be exuded together.

3 | PERSISTENCE OF OLD
CONCEPTS REGARDING
INCREASED APPEARANCE OF
PLASMA PROTEINS IN AIRWAY
SURFACE LIQUIDS

When increased levels of plasma macromolecules appear
in airway surface liquids, if at all explained, this has for a
long time been considered a pathogenic feature and a sign
of epithelial injury. Even in the 1980s, I thought so too.”
Importantly, this old concept was still established at a time
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FIGURE 1
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when gross physiological in vivo events increasingly became
considered a mature research field; future medical revela-
tions would be entirely based on advances based on added re-
ductive biology approaches.6 This circumstance has retarded
dissemination and discussion of novel key physiological data
and associated novel understanding of features and mecha-
nisms of plasma exudation. This is not a singular example
that I have encountered. Similar fates thus concern several
other central airway events where original in vivo discover-
ies and the new research paradigms they underpin have taken
unreasonably long times before being acknowledged.’

The accepted modus operandi amongst researchers in
leading positions has clearly been to simply ignore occur-
rence and thus disregard potential roles of plasma exudation
in airways defence. Evidence for this attitude may be best
represented by current state of the art-reviews with high con-
ceptual impact, whether it concerns airways anti-infective
defence in general® or more specific discussions related to
COVID-19.! Yet, work from different laboratories 25-30y
ago had demonstrated that human nasal infections in vivo
with rhinovirus as well as coronavirus 229E associated with
an early local plasma exudation response.g’10 Albumin and
larger plasma proteins such as fibrinogen were exuded into
nasal surface liquids at active viral infections. Already then,

the possibility was considered that the exuded plasma was
not only a sign of and player in the inflammatory process,
but could also have a role in antiviral defence contributing
to resolution of the infection.'® This idea was strengthened
by emerging in vivo data demonstrating non-injurious and
swift exudation of bulk plasma in human airways without
increasing inward mucosal perviousness. This and other as-
pects of airway plasma exudation mechanisms have previ-
ously been updated in separate reviews that, based on in vivo
data, challenge several paradigms in airway research.''"" In
this review, key original observations are listed under appro-
priate headings. The general idea is that basic physiological
co-operation between airway microcirculation and the jux-
tapositional pseudostratified epithelial lining (Figure 1) are
designed to provide potent opportunities for early innate im-
mune responses to environmental challenges.

4 | SUPERFICIAL AIRWAYS
MICROCIRCULATION DISTINCT
FROM PULMONARY CIRCULATION

A profuse microcirculation network, carrying systemic,
oxygenated blood, runs just beneath the pseudostratified
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epithelial lining cells of human nasal and tracheobronchial
airways. Its ubiquitous presence is important. It caters for
local precision of plasma extravasation responses. Its well-
controlled duration at the endothelial level, the extravasation
being self-abortive unless challenges increase, is also impor-
tant.!1? Following mucosal challenge-induced extravasation
of plasma in nasal and tracheobronchial airways, the plasma-
derived macromolecules are swiftly transmitted across the in-
tact, pseudostratified epithelial lining in humans and guinea
pigs. Crucially, the epithelial passage occurs without altering
the normal barrier function of the mucosa.'*"?

Airway mucosal challenges with microbes, autacoids and
allergens cause localized and actively controlled extravasation
of bulk plasma. This occurs between transiently separated en-
dothelial cells in post-capillary venules belonging to the airway
subepithelial microcirculation.'* Such conspicuous endothelial
responsiveness is well reflected by effects of histamine applied
topically on the mucosa of human upper airways or inhaled into
the bronchi. '+ Importantly, histamine-type autacoids may not
increase permeability of the pulmonary circulation.'’

Hence, the systemic mucosal microcirculation of conduct-
ing airways differs distinctly from the relatively non-responsive,
low-pressure pulmonary microcirculation that non-specifically
and almost irreversibly leaks plasma in ARDS, apparently
reflecting dying pulmonary cells."” In current literature on
COVID-19, plasma leak is discussed/depicted exclusively in
relation to the non-specific ARDS-like lung injury.l’3 Airway
microcirculation seems entirely undiscussed.

It is not known what mechanisms may disallow a mild
COVID-19 to proceed from conducting airways towards in-
volvement of alveolar sites and pulmonary microcirculation.
The present idea that variable airways innate humoral im-
mune responses could be a contributing factor in the early
phase of COVID-19 is forwarded as a complement to current
views of cellular early innate immunity.l’z’8

5 | VIRAL INFECTION-INDUCED
HUMAN AIRWAY PLASMA
EXUDATION

Observations on human respiratory viral infections suggest
their consistent association with airway plasma exudation.
Proud et al’ demonstrated that natural rhinovirus infections
exhibited significant nasal mucosal exudation of albumin,
kininogens and bradykinin associated with common cold
symptoms. In accord with occurrence of exudative hyperre-
sponsiveness in allergic airways disease,'? Pizzichini et al'®
demonstrated several hundred-fold increases in sputum fi-
brinogen levels in asthmatic patients naturally infected by in-
fluenza A and B. In a cohort of healthy subjects, it was noted
that those who resisted infection at nasal rhinovirus inocula-
tion exhibited exudative hyperresponsiveness compared to

those who became infected by the same procedure.19 Nasal
challenge with influenza A (H3N2) produced illness associ-
ated with increased nasal lavage fluid levels of complement
(C3a, C5a)—maximal levels were detected during the re-
covery phase.? It is not known whether local cell-produced
complement has contributed.

Akerlund et al'® further demonstrated association between
symptoms and exudation of fibrinogen at coronavirus 229E
inoculation-induced common cold. Their finding was corrob-
orated and expanded by Winther et al,®! who demonstrated
that rhinovirus infection-induced exudation of albumin was
associated with fibrinogen molecules (fibrinogen, fibrinogen
degradation products, cross-linked fibrin) in nasal lavage lig-
uids. The time course of occurrence of the fibrinogen mole-
cules on the human airway surface correlated with albumin
and coincided with cold symptoms from 2 to 7 days follow-
ing inoculation.?' Akerlund et al'® also discussed fibrinogen
exudation as a mode of host defence in coronavirus 229E-
induced cold.

Lacking specific information, reviewers have based dis-
cussions on the presumption that SARS-CoV-2 data would
recapitulate data obtained with other coronaviruses. Using
this reasoning, coronavirus 229E, a common cold virus, has
attracted attention with regard to antibodies following in-
fection.! For the present discussion, however, observations
at the start of infection are of interest. The following points
summarize features of airways plasma protein exudation in
human subjects developing common cold after nasal inocula-
tion with coronavirus 229E:

e Reflected by a mean 100-fold increase in nasal lavage fluid
levels of fibrinogen, the viral infection-induced common
cold associated with individually variable, significant exu-
dation of bulk plasma.10

o Considering its duration and association with both symp-
tom development and decline, it was suggested that the
exuded plasma, along with a somewhat delayed increase
in interferon production, contributed to resolving common
cold.'*?

e Since nasal airway absorption permeability was not in-
creased, the human nasal response to coronavirus 229E
likely reflected plasma exudation without epithelial injury/
loss.”

e There was marked 24-hour variation, nasal mucosal sur-
face levels of fibrinogen peaking in early morning hours.?*

e As evidenced by a leftward shift in dose response to topi-
cal histamine, the archetypal exudative autacoid, the nasal
mucosa developed exudative hyperresponsiveness (=in-
creased innate defence alert?) following resolution of the
cold.”

It emerges that plasma exudation is a consistent feature
in virally infected human airways. However, this possibility
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needs to be assessed in a wider context than hitherto, and in-
volving COVID-19. In addition, we need to learn about path-
ways linking airway cell recognition of microbial challenges
with release and operative roles of vascular permeability-
inducing autacoids in the airway mucosa. Vasoactive medi-
ators involved in viral infection-induced plasma exudation
thus remain to be defined. Bradykinin, which is potent in-
ducer of airways plasma exudation, would emerge as a result
rather than a cause of viral infection-evoked plasma exuda-
tion. As reviewed elsewhere, neurogenic plasma exudation
may not be involved because it occurs in rodent airways but
not in human airways. Although histamine is a common ex-
udative autacoid in the airways, it seems to have no role in
viral infection-induced plasma exudation.”

Interestingly, rhinovirus- and coronavirus 229E-induced
common cold has caused prompt increase in nasal lavage
fluid levels of plasma exudation indices,g’lo whereas a de-
layed increase in interferon levels ** and epithelial interferon
gene expression %% have been reported. Of further note, early
neutralization of viral infection in the absence of interfer-
ons has been demonstrated in picornavirus COIljllIlCtiVitiS27;
it cannot be excluded that IgM28 and other plasma proteins
have contributed.

6 | LARGE PROTEINS ARE
PREFERABLE MARKERS OF
PLASMA EXUDATION

Small plasma proteins such as albumin slowly seep through
airways microvascular-epithelial barriers under baseline
conditions and may thus accumulate especially in bronchial
airway surface liquids. This may confuse interpretation of
sputum and BAL fluid data, where relatively high baseline
levels of albumin mean that fold increases of this protein at
exudation of bulk plasma may be less than with large plasma
proteins. Illustrative examples include viral infection- as well
as allergen challenge-induced plasma exudation as reflected
by albumin and fibrinogen levels in sputum 18 and bronchial
lavage fluid,” respectively. However, any-size protein can be
a marker of acute plasma exudation responses in the human
nose where repeated, efficient irrigation 91430 hag produced
near zero baseline levels of mucosal surface proteins. In the
case of plasma exudation induced by a variety of challenges,
data indicate that the human nose represents the tracheobron-
chial airways but not the most peripheral lung supplied by the
pulmonary circulation.”’

Considering its non-sieved nature,'? plasma exudation in
human airways would be best reflected by large proteins such
as fibrinogen and alphaZ-rnacroglobulin.12’13 Exudation of
alpha2-macroglobulin suggests an opportunity for the entire
plasma cascade systems to defend on challenged, yet intact,
mucosal surfaces'” (Figure 1).

Plasma exudation has also been the sole source of antimi-
crobial peptides such as cathelicidin,'>*? which is at variance
with current views that it is exclusively produced by local
cells. Reflecting current focus on mechanistic research, local
airway cells seem to be a favoured source of several human
nasal and bronchial surface proteins, including complement,
even in cases when plasma exudation is the likely source (re-
viewed in 12).

7 | PLASMA EXUDATION
FEATURES IN HUMAN AIRWAYS IN
VIVO

The last three decades have witnessed an enormous advance
in our views of the complexity of early respiratory antimi-
crobial defence mechanisms involving local cells and their
interactions, and with mouse studies on the centre stage.l’z‘8
This impressive development regarding cell mechanisms
may have contributed to eclipse the possibility that also hu-
moral mechanisms could be involved in early innate immune
responses. Nevertheless, during recent decades different as-
pects of plasma exudation in human airways have emerged,
which are compatible with roles in first-line respiratory de-
fence (Figure 1). Key observations in vivo in human airways
are listed:

e Topical mucosal exposure to histamine caused endothelial-
epithelial exudation of plasma in nasal airways that was
prompt, dose-dependent, reversible, repeatable, and not
reduced by corticosteroids.*

e A nasal decongestant, oxymetazoline, did not reduce
histamine-induced plasma exudation also suggesting that
the rich superficial blood flow of human airways (not to be
confused with sinusoid vasculature responsible for nasal
blockade) can be reduced without affecting the exudation.**

e Plasma exudation, not local cells, was in vivo source of
bronchial mucosal surface levels of cathelicidin, a major
antimicrobial peptide. 13.32

e Similar ratios between alpha2-macroglobulin or fibrinogen
and albumin in circulation and nasal plasma exudate indi-
cated that the endothelial-epithelial passage of plasma ap-
proaches a non-sieved process.m’35 Lack of size-selectivity
would mean associated passage of all potent plasma-
derived defence systems (complement, coagulation, etc,
Figure 1).

e Despite the bulk nature of epithelial transmission of mac-
romolecules, plasma-exuding airways maintained a nor-
mal mucosal absorption barrier. This unidirectional feature
was equally valid for acute challenge-induced plasma ex-
udation®® and for the sustained baseline airways exudation
of bulk plasma occurring in allergic rhinitis and asthma.
As reviewed elsewhere,'>!® the novel concept of fully
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maintained epithelial barrier function in exudative dis-
eases such as asthma and rhinitis is based on numerous
well-controlled human in vivo studies.

8 | PLASMA EXUDATION
MECHANISMS REVEALED IN
GUINEA-PIG TRACHEOBRONCHIAL
AIRWAYS

The research front in early innate immunology has moved
rapidly thanks to experimental versatility provided by mo-
lecular biology of cells in culture and in vivo as well as
by engineered mouse in vivo approaches.l’z’8 Since studies
of plasma exudation largely requires in vivo approaches,
it is unfortunate that challenges, which are typical induc-
ers of this response in human airways, have not produced
plasma exudation in mouse airways: Extravasated plasma
has been detected but there has been no sign of epithelial
transmission.>’ By contrast, human-like airways exudation
of plasma is well represented in the extra-lobar tracheo-
bronchial airways of guinea pigs. Distinct from mice,? the
guinea-pig extra-lobar airways are equipped with human-
like, pseudostratified epithelium residing just above a pro-
fuse microcirculation carrying systemic blood.'" Hence,
whilst finding a relevant mouse model for airways exu-
dation of plasma remains a challenge, basic features of
plasma exudation in humans have been well reproduced in
guinea pigs.1 113

The points below summarize key original guinea-pig data
that tally with, explain, and go beyond the human airway
data on airway plasma exudation. Observations are made
in tracheobronchial airways with an intact pseudostratified
epithelial lining and with patchy sites of epithelial cell loss,
respectively.

8.1 | Plasma exudation in airways with an
intact epithelial lining

e A maintained airway absorption barrier at non-sieved ex-
udation is originally demonstrated both functionally and
ultra—structurally.38'40

e The pathways of the exudate moving paracellularly across
the pseudostratified epithelium are rnapped.41

e [t is observed for the first time that mucosal challenge-
induced plasma exudation does not produce subepithelial
oedema,”®** which has been confirmed,*’ nor is the lymph
transport of proteins increased from the area of interest.**
Hence, swift epithelial transmission emerges as an effi-
cient elimination route for the bulk of extravasated plasma.

e Crucial experiments in intact guinea-pig tracheal tube
preparations originally reveal that minimally increased

hydrostatic pressures impacting on the basolateral aspect of
in situ epithelial lining cells cause plasma exudation-like,
non-injurious, unidirectional, reversible, and repeatable
movement of macromolecules into the airway lumen.*46
Hence, we have a mechanism that entirely mimics and
hence explains the consistent appearance on the mucosal
surface of extravasated plasma in challenged, intact air-
ways: through a simple hydrostatic pressure mechanism,
plasma leaving the circulation apparently creates its own
transmission between pseudostratified epithelial cells,
which yield transiently without reducing normal barrier
functions.

e When the epithelium is injured, extravasated plasma moves
particularly promptly to the surface without the slight delay
observed in airways with an intact epithelial lining.45'47 A
few minutes of ongoing plasma extravasation thus seem
needed to raise the basolateral epithelial pressure to a crit-
ical point at which epithelial junctions will yield allowing
passage of bulk plasma.

The plasticity of cell junctions, allowing tight seal trans-
mission when approached from beneath, apparently operates
well for both cells and macromolecules.'® This property of
pseudostratified airway epithelium thus provides both hu-
moral and cellular defence opportunities on the surface of the
intact mucosa. Further, the ubiquitous outward para-epithelial
pathways are also silent cell elimination routes. This escape
seems especially important for disease-driving mucosal tissue
granulocytes that, failing to undergo apoptosis, are eventually
cleared by migration into the airway lumen at inflammation
resolution.'? By contrast, the swift movement of plasma to
the mucosal surface, which counteracts mucosal oedema for-
mation, operates acutely following extravasation.

As reviewed elsewhere,' shedding of epithelium in
human airways in vivo involves non-sanguineous sloughing
from an intact basement membrane and seems to be exceed-
ingly patchy (as does viral infection of epithelial cells).'?
Minimally invasive guinea-pig approaches have met the ex-
perimental challenge of producing well-defined shedding
of pseudostratified epithelium in vivo without causing any
bleeding and without injuring the basement membrane.*®*
The in vivo findings listed below would belong to the pic-
ture (Figure 2) in airways exhibiting patchy sites of epithelial
loss-regeneration independent of the cause of desquamation,
whether it is due to viral infection or not.

8.2 | Plasma exudation at patchy sites of
epithelial cell loss

e Promptly following epithelial loss, local plasma exudation
is induced selectively covering the acellular area of the ep-
ithelial basement membrane. "
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FIGURE 2 Plasma exudation at sites of epithelial loss-regeneration: In vivo in guinea-pig airways, with human airway-like pseudostratified

epithelium and rich subepithelial microcirculation, it has been demonstrated that the mere loss of epithelial cells, without bleeding and without

injury to the basement membrane, causes prompt exudation of bulk plasma. The exudation creates and maintains a biologically active, physical

fibrin-fibronectin barrier gel restricted to the area of denudation—the plasma-derived molecular milieu also promotes speedy epithelial regeneration

in which all types of pseudostratified epithelial cells participate as stem cells. The epithelial regeneration milieu is continuously supplied with

exuded plasma until the basement membrane has received a new cellular cover of poorly differentiated epithelial regeneration cells derived from

ciliated, secretory and basal cells bordering the desquamated site. Hence, whether viral infection is the cause of sloughing of pseudostratified

epithelium or not, vulnerable sites of epithelial regeneration would be well protected physically and biologically by exuded plasma. Yellow colour

represents plasma proteins. Abbreviations: DCC = Dedifferentiating ciliated cell internalizing or shedding its cilia, flattening, and migrating;

DRC = Dedifferentiated mesenchymal-like regeneration cells migrating speedily; DSC = Dedifferentiating secretory cell releasing its secretory

granules, flattening, and migrating; IEG = Venular inter-endothelial gaps through which non-sieved plasma proteins extravasate. Modified from

references 11, 12 and 13

e Restricted to the epithelial regeneration site, exuded
plasma creates an active fibrin-fibronectin net and barrier
gel attracting and activating neutrophils. (This gel is lost
by common preparations for studies of airway histology.)
The site is continuously supplied with new plasma-derived
molecules creating and maintaining a fibronectin-rich mi-
lieu suited for both defence and repair whilst protecting the
denuded basement membrane.™

e During the initial regeneration phase, both ciliated and se-
cretory cells bordering the denudation area promptly de-
differentiate into mesenchymal-like cells. Together with
basal cells they migrate at high speed and in well-tethered
fashion across the basement membrane.*’

e Once a new cellular cover has been established, consisting
of poorly differentiated barrier epithelium exhibiting inter-
digitating cellular junctions, plasma exudation ceases and
the provisional fibrin-fibronectin gel is shed.*

As reflected by their incorporation in a major lung text-
book, fundamental relevance and originality of the obser-
vations above on epithelial regeneration in airways with a
pseudostratified epithelium were acknowledged at the time.”!
Curiously enough, this occurred despite the fact that we did
not provide information on involved definitive molecular
mechanisms. Now molecular approaches are rediscovering,
apparently for the first time 52 some of the original obser-
vations including the participation of different type airway
epithelial cells in repair.* Perhaps advanced reductive

technology employed in medical-biological experiments may
allow researchers to be history-less in some cases.” On this
note, a milieu of plasma- rather than local cell-derived pro-
teins in airways epithelial regeneration 30 may be waiting to
be rediscovered.

Influenza viruses may cause nasal epithelial cell injury,
which is not observed with common cold viruses.> However,
since viral infection seems exceedingly patchy in the airways
13 and epithelial regeneration a prompt and speedy process,51
induced minor epithelial injury-loss may escape detection.
RSV infection in guinea pigs has been demonstrated to cause
bronchitis involving epithelial shedding ** but few details are
known about humoral responses to RSV or other respiratory
viral infections in this species. Severe stages of COVID-19
exhibiting lung injury are associated with damage to the al-
veolar epithelial lining in both humans and mouse models."
To the extent that mouse data on COVID-19 can be trans-
lated to humans, epithelial injury would occur in both nasal
and bronchiolar airways.55 However, it is not yet known if
SARS-CoV-2 infection causes epithelial injury/loss in human
conducting airways.

9 | COMPLEMENT SYSTEM IN
EARLY DEFENCE

This is not a review of biological effects of plasma-derived
molecules with antiviral defence capability. However,
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complement proteins have received special attention in
discussion of early anti-COVID-19 defence. Although fre-
quently thought to be produced by local airway cells, it seems
clear that plasma exudation will bring the complement sys-
tem to the challenged airway mucosa in vivo in humans.'*°
Similar to interferons,'” roles of complement proteins as
both antiviral and pathogenic factors may depend on the
phase of COVID-19. Java et al thus consider the complement
system an important antiviral asset during the first week of
COVID-19 and warns against complement inhibition at this
stage when complement is a ‘friend’.”’ Plasma exudation as
a source of complement proteins is not mentioned. Instead,
similar to discussions of COVID-19 evading interferon de-
fences,® there is interest in molecular pathways for immune
evasion of complement-dependent defence.”’

10 | PLASMA EXUDATION
DELIVERS NATURAL ANTIBODIES
IN AIRWAYS ANTIVIRAL DEFENCE

Circulating natural antibodies can be expected to arrive at
nasal and tracheobronchial sites of viral infection through
the mechanisms of airway plasma exudation. Observations
by Balfour-Lynn et al®® in infants with acute upper airway
viral infections are supportive: nasal lavage fluid levels of
secretory IgA remained unchanged, whereas total IgA was
significantly elevated.”® With reference to plasma exudation
as a first-line airways defence event, the authors inferred
that plasma exudation had produced the increase in mu-
cosal surface non-secretory IgA.58 In addition, Balfour-Lynn
et al noted the potential importance of plasma exudation
in directing antibodies, given as iv treatment or circulating
as a result of early conversion, to airway mucosal sites of
infection.”®

Naturally occurring IgM, through interaction with com-
plement, is suggested to assist in clearance of SARS-CoV-2
prior to development of pneumonia.57 Intriguingly, this possi-
bility is also forwarded as a factor causatively involved in the
protection against COVID-19 that has been observed in pa-
tients with blood group 0, harbouring both anti-A and anti-B
IgM.5 " Further, reduced diversity of IgM has been noted in old
people potentially contributing to the increased vulnerability
in the elderly population.57 In actual support of a non-sieved
of plasma exudation, Stockley et al* demonstrated
much increased IgM along with alpha2-macroglobulin pro-
tein in sputum obtained from patients undergoing acute
bronchial infection as compared to non-infected conditions.
Also in asthma, a disease characterized by increased baseline
exudation of plasma,12 an intriguing similarity between ex-
udation of IgM and alpha2-macroglobulin has been demon-
strated, whether calculated as a ratio to albumin or as actual
protein levels in bronchial surface liquids.5 ? Indeed, it may be

worthwhile to explore whether the plasma exudation feature
of asthmatic bronchi'? has contributed to unexpected but re-
peated observations of low risk for severe COVID-19 in these
patients.Go The possibility for early delivery of both comple-
ment and IgM to infected airway sites should increase inter-
est in exploration of occurrence and roles of airway plasma
exudation in COVID-19.

11 | PANDORA'S BOX AND
HYPOTHESIS TEST

Restricted by location and limited duration, plasma exuda-
tion is reflected by movement of bulk plasma macromole-
cules. Hence, this response is like opening Pandora's box of
potential defence systems. Conceivably, non-sieved plasma
exudation response to airways viral infection would make
immune evasion difficult. However, little is known as yet
about joint effects of plasma protein systems such as would
occur at highly localized epithelial sites of airway challenges.
Previous studies on interactions between plasma protein sys-
tems support the importance of improved opportunities in
defence.®! However, rather than discussing effects of plasma
cascade systems deposited on mucosal surfaces, the reports
have so far concerned dangerous intravascular events®” of
possible relevance to coagulation cascades and thrombotic
complications in late phases of COVID-19.!

It might be possible to tentatively test defence properties
of plasma exudation in part by simple airway administration
of an exudative autacoid. This mode might compete with
current ideas of inhaling antimicrobial plasma proteins.”® As
discussed in this review, the opportunity for humoral innate
immunity would be served by a brief spurt of plasma proteins
delivered at the mucosal site of threatening or ongoing in-
fection. Treatment-induced sustained plasma exudation may
neither be needed nor desirable.

Histamine would be suited as a prototype challenge/
tentative-treatment option. Histamine is a standard chal-
lenge agent64 in a major model for studies of microvascular
permeability mechanisms, the hamster cheek pouch, also
reflecting inducement of plasma exudation in the oral cav-
ity. Furthermore, histamine causes prompt and brief plasma
exudation responses in human both nasal and bronchial air-
ways.14’16 Importantly, human safety is already demonstrated
by the use of histamine inhalational challenges in large co-
horts of asthmatics.®® Initial experiments, addressing efficacy
of histamine-induced nasal plasma exudation, could involve
volunteers being locally inoculated with rhinovirus using
well-established clinical trial methodology. If take rate and/
or disease progression is suggesting an acceptable efficacy,
and a practical dose regimen can be documented, this would
be a basis for further trials eventually involving tentative use
as a prophylactic measure also against COVID-19. Special
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precautions should apply in the latter case to avoid sneezing
and exhalations that risk spreading the disease.

Apparently through neural reflexes, histamine produces
some glandular secretion along with plasma exudation.®® The
mucus aspect is interesting. Mucus is readily produced in cell
cultures and mouse models. Hence, molecular data and reviews
flourish. The experimental opportunities may explain the ex-
treme imbalance between mucus research and plasma exuda-
tion research (not lending itself to in vitro nor mouse in vivo
approaches). Typically, airway mucus reviews entirely fail to
even mention plasma exudation,m’68 so even reviews focused
on mucus defence in COVID-19.” Mucus may have some bar-
rier functions conceivably attenuating both airway absorption
and exudation of molecules. However, occurrence of mucus in
human airways evidently has not prevented successful sampling
of large plasma proteins by gentle lavage procedures—if the
largest plasma proteins appear at even greater concentrations
close to the epithelial apex in tethered airway secretions, that
may give rise to speculations of added defence efficacy includ-
ing opportunities for mucus-plasma interactions.”> However,
how relevant that is for in vivo human airways is unknown.

It seems urgent to learn about natural occurrence of air-
ways plasma exudation in COVID-19 to explore associations
with disease progress and guide possible intervention studies in
selected cohorts. Since controlled human airway in vivo stud-
ies involving common cold are feasible, they should probably
have priority in early tests of levels of antiviral efficacy along
with potential utility of exogenous autacoid(histamine)-induced
plasma exudation. Separately, antiviral potentials of interactions
between components of bulk plasma may be explored in human
airway epithelial cell cultures subjected to viral infection.

Guinea-pig nasal- and extra-lobar tracheobronchial air-
ways respond well with plasma exudation to many stimuli but
little is known regarding mucosal effects of viral infections in
guinea-pig airways. Mice need to be humanized to get infected
by SARS-CoV-2. However, mouse airways have not responded
with plasma exudation to challenges that are consistent inducers
of this response in human and guinea-pig airways.37 A ‘human
lung only’-mouse model has been developed whereby a subcu-
taneously implanted piece of human lung tissue is infected with
SARS-CoV-2.% Prompt cytopathic effects and inducement of
type I interferon resulted.” Speculatively, this model might be
further developed to harbour the desired airway microcircula-
tion with a juxtapositional, pseudostratified epithelium, which
would be prerequisites for in vivo exploration of plasma exuda-
tion mechanisms.

12 | CONCLUSION

The mucosal exudation response discussed in this review has
so far received minimal attention in immunology literature.
At best, plasma exudation may be mentioned in a sentence

like this: ‘Moreover, the slightest irritation of human nasal
or intestinal mucosa leads to bulk flow of serum proteins to
the epithelial surface’, which is the exhaustive excerpt from
areview by Brandtzaeg70 in which he referred to the previous
discussion of this topic in Scand J Immunol.'! Dissemination
thus seems warranted of basic features of the plasma exu-
dation response towards defining it as a frequently induced
local defence opportunity of intact airways mucosae and at
sites of epithelial loss.

An obliging update is provided here by iterating, sum-
marily, the basic physiology and occurrence of airway
plasma exudation recently forwarded in two conceptual re-
views. 213 Distinctly, here the additional focus is on occur-
rence of plasma exudation in infected airways. The present
review thus collates a wide variety of human clinical studies
involving nasal and bronchial viral infection. The reported
data indicate that airway viral infections associate with early
local exudation of potent plasma proteins apparently without
size restriction. The data arguably need interpretation within
the framework of combatting local infections. On this point,
by amalgamating plasma exudation physiology with obser-
vations of exuded plasma proteins in patients with airways
infection, the present review takes the first steps.

As discussed here, viral infection data both support and
agree well with the novel understanding of basic features of
airway plasma exudation. This statement also defines the
main purpose of this review: an overlooked yet conspicuous
opportunity for innate host defence is presented in order to
give rise to important asks: To what extent is nasal and tra-
cheobronchial plasma exudation an effective antiviral host
response? Amongst all the potent protein systems, antimi-
crobial peptides and other molecules of circulating plasma
that appear together on the infected airway mucosa, which
immunological mechanism can be envisaged/demonstrated
to actually provide viral relief? Can airway plasma exuda-
tion be induced by treatments with autacoids/drugs to fully
exploit its antiviral potential? etc Inferentially, the presently
forwarded aspects need consideration together with generally
acknowledged (not reviewed in any detail here) antimicrobial
defence capacities of the molecular content of plasma. As a
corollary, investigations are warranted to elucidate any role of
endothelial-epithelial plasma exudation in human conducting
airways exposed to SARS-CoV-2 with focus on potential at-
tenuation of progress of COVID-19 beyond infected airways.
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