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Removal of disease-driving inflammatory leucocytes is central to resolution of inflammation. The current pharmacological
dogma teaches leucocyte elimination through apoptosis followed by phagocytosis. However, actual resolving roles of
apoptotic-phagocytic processes have been difficult to demonstrate in the major diseases that are characterized by mucosal
tissue inflammation. Many current in vivo observations rather demonstrate that leucocyte elimination occurs by transepithelial
locomotion. Findings in diseased gut and bladder mucosae support this notion. Respiratory disease data are particularly
compelling. Eosinophils and neutrophils abound in sputum and tracheal aspirates during treatment-induced recovery from
severe asthma. Prolonged sputum neutrophilia, along with clinical improvement, follows upon smoking cessation in COPD.
Eosinophils, neutrophils, lymphocytes, mast cells and dendritic cells also move in large numbers into the bronchial lumen at
spontaneous inflammation resolution following allergen challenge in allergic rhinitis and asthma. A corresponding reduction
of infiltrated cells in the bronchial mucosal tissue demonstrates efficiency of the transepithelial elimination pathway.
Underscoring its operational role, drugs impeding transepithelial elimination of leucocytes aggravate mucosal/parenchymal
inflammation. Hence, relying on lumen cell data alone can lead to paradoxical conclusions regarding anti-inflammatory drug
efficacy. Conversely, drugs promoting non-injurious transepithelial elimination of leucocytes could resolve mucosal

inflammatory diseases.

Abbreviations

ALI, air-liquid interface; BAL, bronchoalveolar lavage; COPD, chronic obstructive pulmonary disease; IBD, inflammatory

bowel disease

Introduction

Several of the major chronic diseases present mucosal inflam-
mation as a central component. To switch off the inflamma-
tion, causative insults need to be removed and treatments
instituted. The inflammation resolution that follows involves
active healing and, importantly, active elimination of infil-
trated inflammatory cells. The infiltrated cells can disappear
by dying at the site or by emigration. The currently accepted
notion is that the cells undergo apoptosis and are then
engulfed by a process called efferocytosis, foremost exe-
cuted by macrophages. Reflecting belief in the apoptotic—

efferocytosis paradigm, efforts are aimed at finding pro-
resolution drugs that induce apoptosis and/or facilitate
efferocytosis. Increasing the interest further, glucocorticoids
are thought to exert both these actions (Serhan et al., 2007;
Perretti and D’Acquisto, 2009). However, despite the over-
whelming developments in mechanistic research in this field
of interest, the clinical importance of such actions in diseases
involving hollow mucosal lined organs has not been compel-
lingly demonstrated. Instead, another mode of leucocyte
elimination can be discerned. This is evident not least from
numerous in vivo data obtained in patient studies. As dis-
cussed further below, many of these so far little understood
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observations actually indicate that transepithelial elimina-
tion is a major mode of ridding diseased mucosal tissues of
inflammatory cells. This vital role of epithelial traffic of leu-
cocytes affects interpretation of the cell data that we gain
from accessible lumen samples. Furthermore, drugs that
target cell traffic may not exhibit the clinical efficacy that
currently is expected.

During the last few decades, when inflammation resolu-
tion has become a topical research area, a transepithelial
mode of leucocyte elimination seems largely to have been
overlooked. The role of this ‘simple’ exit has likely been
eclipsed by the interest in apoptotic-phagocytic removal of
cells (Serhan et al., 2007). Contributing to the limited atten-
tion, another prevailing dogma has taught that the tran-
sepithelial movement of leucocytes is an injury-evoking,
pathogenic component of mucosal inflammatory diseases. It
is also thought that drugs should preferably inhibit this
traffic (Chin and Parkos, 2007). Indeed, the view that
airway lumen activity of granulocytes is a major pathogenic
event in asthma has been widely disseminated (Lukacs,
2001). Considering this conceptual background paradoxical
pharmacological observations abound in this field (Page,
2011). For example, several drugs (specified below) that
inhibit the transepithelial passage of leucocytes in vivo have
not been beneficial. Some have even severely aggravated an
already established inflammatory condition. Conversely,
markedly rising numbers of inflammatory leucocytes in
the airway lumen have been associated with inflammation
resolution.

A resolving role of luminal migration of leucocytes would
profoundly affect interpretation of cell data that we gain from
the accessible lumen cell samples. Appreciation of a resolving
role of transepithelial leucocyte traffic would further have a
significant bearing on current anti-inflammatory drug discov-
ery and evaluation.

In this overview, we highlight observations that support
a resolving role of transepithelial leucocyte locomotion.
Aiming at identifying findings of pharmacological interest,
we now put much of the data that we have discussed in
respiratory journals (Persson and Uller, 2010a,b) in the
broader context of mucosal diseases in general. We also
include eosinophils, neutrophils, lymphocytes, mast cells
and dendritic cells in the present discussion. Rather than
reviewing the enormous literature on mechanisms involved
in leucocyte traffic and apoptosis, respectively, we focus on
actual observations in patients of relevance to resolution of
inflammatory diseases. Most recent research developments
in inflammation resolution have not dealt with transepithe-
lial elimination of leucocytes. Hence, specific mechanistic
data with proven in vivo relevance are as yet scarce in this
field and are beyond the scope of this review. A majority of
the human data on cell numbers, that we interpret, has
been generated in subjects with allergic rhinitis or asthma.
Similarly, lumen and tissue leucocyte numbers in murine
(mouse and rat) models of asthma have been instrumental
in building the present hypothesis. Supporting data further
emanate from studies involving severe neutrophilic asthma,
chronic obstructive pulmonary disease (COPD), inflamma-
tory bowel diseases (IBD) and interstitial cystitis. Through-
out this review, we put in vivo observations first (Persson
etal., 2001).

Different paths for elimination of
leucocytes from diseased mucosae
(Figure 1)

Efficient operation of the mucosal immune system requires
rapid locomotion of leucocytes. This concerns recruitment
from the circulation, motility through the interstitium to
sites of insults and transepithelial migration. The transepi-
thelial leucocyte egression is required for surveillance, senti-
nel and defence duties to be carried out in part on the
mucosal surface and, likely, also in the lumen. Migration of
neutrophils across the mucosa may be critical to a successful
combating of mucosal infections (Godaly etal.,, 2001).
Hence, it is reassuring that the transepithelial exit of granu-
locytes can occur without compromising the integrity of the
mucosal epithelial barrier (Martin, 2002; Erjefalt et al., 2004).
Indeed, an eosinophil-rich airway mucosa was emptied of its
granulocytes within minutes by the transepithelial route.
First, the subepithelial esinophils moved up between the
columnar epithelial cells to an apical location. A quantitative
elimination from the mucosa then occurred promptly
without any sign of epithelial injury even at the ultrastruc-
tural level; also note worthy, the speedy and complete elimi-
nation of the mucosal tissue eosinophils occurred without
any sign of eosinophil apoptosis (Erjefalt et al., 2004). Epi-
thelial restitution after shedding-like epithelial damage,
which does not injure the basement membrane, can be a
very rapid process in vivo (Persson et al., 2008). However, for
a well-functioning disease-resolving process, transepithelial
elimination of leucocytes would have to occur without
inflicting any injury at all.

To some extent, leucocytes may leave inflamed mucosal
tissues by reverse migration back into the mucosal microcir-
culation. Reverse migration has been proposed as a mode of
resolving inflammation in zebra fish (Huttenlocher and Pozn-
ansky, 2008). Buckley et al. (2006) have reported that a par-
ticular neutrophil phenotype prone to reverse migration
occurs in human peripheral circulation. However, there is as
yet no known role of reverse migration mechanisms in
human mucosal inflammation. In a more recent discussion of
inflammation resolution, Haworth and Buckley (2007) also
do not mention this mechanism. Summers, Rankin and
others discuss a particular homing in mice of senescent neu-
trophils to the bone marrow for destruction. However, the
authors expressed doubts whether this mechanism also oper-
ates in humans (Summers et al., 2010). In a figure legend,
these authors actually acknowledge that neutrophils in
inflamed tissues either die or ‘are lost to the body following
trans-epithelial migration’ (Summers et al., 2010). Pillay et al.
(2010) recently reported that neutrophils have a lifespan of
several days. This is much longer than previously thought
and has aroused some controversy. Their data have in fact
been re-interpreted by other authors to rather fit into the
established view of a lifespan of about 10 h of these cells
(Tofts et al., 2011). Neutrophils dwelling in inflamed tissues
are considered to have quite long half-lives (Summers et al.,
2010). However, as with other leucocytes, the turnover half-
life of neutrophils in inflamed mucosal locations is not
known in detail. Traffic between mucosal sites and regional
lymph nodes is a core activity of dendritic cells and lympho-
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There are several possible elimination pathways by which infiltrated leucocytes could disappear from inflamed mucosal tissues. Cytolysis/necrosis
and apoptosis — if phagocytic clearance is insufficient — are pro-inflammatory paths. Regional lymph nodes are essentially involved in two-way
traffic of lymphocytes and dendritic cells, and potentially other leucocytes too, but a role of this traffic in quantitative elimination of infiltrated cells
remains to be demonstrated. Similarly, it is not known if reverse migration of infiltrated leucocytes back into the mucosal microcirculation plays
a significant role in leucocyte elimination. Transepithelial exit has been considered pathogenic but is depicted here as a major mode of
non-injurious elimination of inflammatory leucocytes. Depending on the involved hollow organ, several clearance mechanisms contribute to final
elimination of leucocytes from the lumen. The elimination paths are potential targets for pharmacological effects.

cytes in immunity. As discussed below, this does not exclude
the possibility that a significant portion of these cells is elimi-
nated by exit into the lumen of hollow organs. Other leuco-
cytes, including the eosinophil, can also move to regional
lymph nodes (Korsgren etal., 1997). Quantitatively, this
appears to be a minor route compared with the bulk elimi-
nation of these mucosal dwelling cells across the epithelial
lining (Uller et al., 2006b).

On interpretation of leucocyte
numbers in the airway lumen

During development of inflammation, newly recruited leuco-
cytes may accumulate in the mucosal tissue rather than
leaving promptly across the epithelial lining. Data based on
lumen cells during this stage would underestimate the level
of infiltration in the mucosal tissue. At chronic inflamma-
tion, leucocytes appearing in the lumen of hollow organs
variably reflect the infiltrated state of the mucosal tissue
(Persson and Uller, 2010a). Chronic inflammation in sub-
groups of patients with COPD may exhibit large numbers of
granulocytes in the airway lumen with relatively low
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numbers in the airway wall. Given that removal from the
lumen is unchanged, such data suggest that some stable
disease conditions can be characterized by accelerated tran-
sepithelial granulocyte emigration (Persson and Uller,
2010b). Samples from the lumen in these cases will overesti-
mate the infiltration of granulocytes in the airway wall. Acute
allergen challenge of an allergic mucosa with constitutive
eosinophilia, as in guinea pig trachea, can produce immedi-
ate elimination of the mucosal-dwelling eosinophils. There is
then a brief period of tissue eosinophilopenia before de novo
recruitment of these cells has built up an inflammatory eosi-
nophilia. During this early post-challenge period, eosinophils
have thus abounded in the lumen whilst the underlying
mucosal tissue has lacked these cells (Erjefalt et al., 2004).
Hence, timing seems essential to interpret in detail the occur-
rence of leucocytes in the lumen of mucosal-lined organs.
Despite a significant variability, the ‘spill-over’ of airway wall
eosinophils into the airway lumen has made sputum samples
useful for monitoring disease severity and adjusting anti-
inflammatory steroid treatment in asthma and COPD
(Jayaram et al., 2006). Similarly, lumen eosinophils are often
(but not always!) a useful measurement of airway allergic
inflammation in animal models.



Resolution of leucocyte-mediated mucosal diseases

Transepithelial elimination of
leucocytes and resolution of
mucosal inflammation

Eosinophils, neutrophils, lymphocytes

The resolution phase after an attack of bronchial asthma has
traditionally been associated with sputum eosinophilia
(Salter, 1868). Furthermore, in a careful study, the gradual
clinical improvement in severe neutrophilic asthma (requir-
ing intubation) has been closely associated with markedly
increased numbers of neutrophils in tracheal aspirates
(Ordonez et al., 2000). Since severe asthma is treated with
large doses of steroids, theses drugs evidently permit elimi-
nation of granulocytes into the airway lumen. Animal model
data clearly demonstrate this permissive action in studies
where steroid treatment resolves established airway mucosal
eosinophilia. Also, this resolving effect occurs without induc-
ing eosinophil apoptosis (Uller et al., 2001).

There are three reported clinical studies that involve
examination of both bronchial lumen and wall eosinophils at
the resolution of an allergic asthma induced by allergen chal-
lenge (Aalbers etal., 1993; Frew etal., 1996; Brown etal.,
1998). Compellingly, the consistent picture emerging in
these studies is increasing numbers of lumen cells (examined
by bronchoalveolar lavage, BAL) along with decreasing
numbers of mucosal tissue cells. The resolving role of tran-
sepithelial egression is thus indicated by a negative correla-
tion between tissue and lumen eosinophils in these patients.
In a study on the course of leucocyte infiltration in human
allergen challenge-induced asthma, Lommatzsch et al. (2006)
extended previous BAL findings and demonstrated that
eosinophils, lymphocytes and neutrophils exhibited peak
numbers in the airway lumen during a prolonged resolution
phase post-allergen challenge.

Dendritic cells

A study involving asthmatic individuals examined occur-
rence of dendritic cells in the airway lumen following aller-
gen challenge. There was little immediate entry of these cells,
but the number of dendritic cells in the airway lumen had
grown markedly several hours after the allergen exposure
(Bratke et al., 2007). Dendritic cells in the lumen may be on
their way to final elimination; they may also have a role to
capture lumen allergens. Following sampling in the lumen,
dendritic cells could migrate back into mucosal tissues and
regional lymph nodes and present the allergen. Alternatively
and importantly, the intraluminal ‘sampling’ carried out by
dendritic cells and other phagocytes could be a significant
mode of eliminating both offending pathogens/allergens and
the capturer leucocytes by lumen clearance (Bellamy and
Nielsen, 1974). This possibility is supported by recent obser-
vations on bacteria-capturing effects of dendritic cells in the
gut lumen. These dendritic cells do not re-enter the tissue
(Nicoletti et al., 2011).

Mast cells

Occurrence of mast cells in the bladder detrusor smooth
muscle is almost a diagnostic in interstitial cystitis. Turnover
of the bladder mast cells in this disease clearly involves traffic

to and across the epithelial lining (Aldenborg et al., 1986). A
corresponding traffic of mast cells also occurs in allergic rhini-
tis and asthma. Juliusson et al. (1992) observed a progressive
increase of mast cells in the superficial nasal epithelium fol-
lowing allergen challenge in subjects with allergic rhinitis.
After a delay of a couple of hours, mast cells increased pro-
gressively also in the nasal airway lumen. This early indica-
tion of elimination of airway wall mast cells by epithelial
transmigration was followed by intriguing observations on
mast cell traffic in asthmatic individuals. Gauvreau et al.
(2000) thus made the ‘unexpected’ observation that the
number of bronchial lumen mast cells correlated quite well
with the magnitude of an allergen challenge-induced late
phase asthmatic reaction occurring many hours prior to sam-
pling of the lumen cells. These data actually extended previ-
ous observations by Crimi efal. (1991) who had obtained
bronchial biopsies early during resolution of allergen
challenge-induced late-phase reaction in asthmatics. Also at
this earlier time point, there was a highly significant correla-
tion between the number of superficial epithelial mast cells
(but still remaining in the tissue) and the intensity of the
late-phase bronchial reaction. These data, together with the
lumen findings by Gavreau efal., strongly suggest that
the epithelial mast cells were not only contributing to the
late-phase reaction, but they were also effectively eliminated
by migration into the bronchial lumen. There is little infor-
mation on the role of apoptosis of these cells. Hence, epithe-
lial transmigration currently emerges as a major mode of
disappearance of mucosal tissue mast cells in resolving
mucosal inflammation.

In summary, the resolution phase post-severe exacerba-
tions (involving anti-inflammatory treatments) and post-
allergen exposure (involving spontaneous resolution) is
characterized by increasing lumen numbers of lymphocytes,
dendritic cells and mast cells as well as eosinophils and neu-
trophils. The luminal route of clearance occurs in steroid-
treated as well as in untreated patients. In this context, effects
of smoking cessation in COPD are of interest: airway lumen
neutrophils and lymphocytes have increased for prolonged
periods of time along with clinical improvement of COPD
(Willemse et al., 2005; Louhelainen et al., 2009). Similar loss
of inflammatory cells across the gut mucosa may occur in
IBD. Successful treatment of IBD has thus been associated
with an early surge of faecal neutrophil indices (Malickova
et al., 2010). Leucocytes in the mucus component of faecal
cylinders have also been reported to be typical for IBD in
remission (Swidsinski et al., 2008). On a related note, anti-
TNF-o treatment of IBD has been clinically effective without
evidence of the favoured mechanism of increased leucocyte
apoptosis (Schreiber et al., 2007; Siegmund, 2009). These
observations underscore the importance of studying the
pharmacology of transepithelial traffic of leucocytes in resolv-
ing mucosal diseases.

Leucocyte apoptosis in resolving
mucosal inflammation

Lumen samples
Guided by the apoptotic-phagocytic paradigm authors have
looked for apoptotic granulocytes in airway-alveolar lumen
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samples obtained from patients with pulmonary
inflammation-respiratory distress syndrome (Grigg etal.,
1991), asthma (Gibson etal., 2001), COPD (Rytila etal.,
2006), cystic fibrosis (Watt ef al., 2005) and bronchiectasis
(Watt et al., 2004). It is clear that apoptotic leucocytes can
occur in the lumen samples. Occasional occurrence of mac-
rophage engulfment of apoptotic cells has also been seen in
this location in patients as well as in animal models.
However, a role of apoptosis and phagocytosis of leucocytes
in the lumen has not been compellingly demonstrated
(Persson and Uller, 2010a,b). Not even treatment with
acknowledged pro-apoptotic drugs (this property demon-
strated in vitro) such as the glucocorticoids has produced the
expected result. Contrary to predictions by the paradigm,
steroid treatment of asthmatics that reduced sputum eosino-
philia thus did not increase the number of apoptotic eosino-
phils, nor did it increase the number of macrophages that had
ingested eosinophils (Gibson et al., 2001). To explain lumen
neutrophilia in COPD, it has been hypothesised that compo-
nents of airway surface liquids from these patients would
increase survival of neutrophils, but this could not be dem-
onstrated (Rytila etal.,, 2006). Matute-Bello and Martin
(2003), who had unravelled anti-apoptotic actions of BAL
fluid obtained from patients with respiratory distress syn-
drome, have since argued that neutrophil apoptosis has little
to do with outcome in this disease.

It needs mentioning that apoptotic (dead) cells will not
migrate. It should, therefore, be difficult to draw any conclu-
sion at all about the role of apoptosis-phagocytosis in
mucosal tissues from studies of lumen cell samples.

Mucosal tissue samples

Studies specifically addressing the role of leucocyte apoptosis
in diseased mucosal tissues are warranted. This need is under-
scored by inconsistent data obtained in the relatively few
studies that have addressed the occurrence of apoptotic leu-
cocytes in the airway wall. As far as we can see, observations
in vivo in human and animal mucosal tissues have not dem-
onstrated the clear role of the apoptotic—phagocytic paradigm
that others, and we, have been seeking.

The notion that steroid treatment induces apoptosis of T
lymphocytes in human bronchial tissues has not been con-
firmed by studies involving asthmatic (Druilhe et al., 1998;
O’Sullivan et al., 2004) and COPD patients (Hodge et al.,
2005). One clinical experimental in vivo study focused on the
effects of steroids, specifically, on resolution of airway tissue
eosinophilia: Although treatment with glucocorticoids
speeded up resolution of allergen challenge-induced eosino-
philic rhinitis, any inducement of eosinophil apoptosis was
not detected in the airway wall of these patients (Uller et al.,
2010). Yet eosinophils do die in the airway tissues in asthma
and rhinitis. However, death most commonly is then by
primary cytolysis (without preceding apoptosis), causing the
deposition of clusters of protein-rich eosinophil granules in
the diseased tissue (Persson and Erjefalt, 1997; Uller et al.,
2004). This is a pathogenic mode of death that is reduced by
steroid treatment (Greiff et al., 1998). In agreement with
human findings, there is a striking lack of apoptotic eosino-
phils in steroid-treated airway-pulmonary tissues in animal
models of asthma (Uller et al., 2001; Uller et al., 2006a). Simi-
larly, other drug compounds such as R-roscovitine, with
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promising pro-apoptosis actions on eosinophils in culture,
currently fail to translate this effect into in vivo pro-apoptotic
actions in animal models of asthma (Farahi etal.,, 2011;
Rosenberg, 2011). R-roscovitine also failed to affect the reso-
lution of eosinophilic airway inflammation in vivo. In an
accompanying editorial to this work, Rosenberg (2011) high-
lights the role of transepithelial elimination of eosinophils.

A special example is the occurrence of airway tissue neu-
trophilia in association with steroid treatment of asthma and
COPD. The favoured explanation for this effect has been the
steroid-induced attenuation of neutrophil apoptosis that can
be demonstrated in vitro. However, as discussed elsewhere
(Persson and Uller, 2010b), in vivo data in patients, again,
cannot support the notion of a role of steroid-induced inhi-
bition of neutrophil apoptosis. The published human in vivo
evidence rather indicates that steroid treatment can reduce
airway epithelial transmigration of neutrophils (Persson and
Uller, 2010b). Hence, lumen neutrophil numbers is probably
a poor measure of anti-inflammatory efficacy of steroids.

Interventions impeding transepithelial
elimination of leucocytes

Investigators carrying out experiments in humans and
animals may have been surprised to find that airway lumen
leucocytes have increased when other accepted signs of
airway inflammation/disease have been reduced. Equally
paradoxical and surprising, in vivo studies have indicated
successful inhibition of the leucocytes in the airway-alveolar
lumen without the expected beneficial effect on the targeted
airway disease. Actually, the latter kind of observation should
ring bells of warning. Studies in animal disease models have
demonstrated that interventions (including anti-FAS mAb
treatment, inhibition of ICAM-2 and knock-out of MMP-7
and -9), which reduce lumen leucocyte numbers, have pro-
duced quite severe aggravation of hollow organ (airways)
inflammation. Explaining such deleterious effects, increased
accumulation of infiltrated inflammatory cells in mucosal
wall and/or parenchyma, indicating impeded transepithelial
elimination, has been demonstrated (Gerwin et al., 1999;
Corry et al., 2002; Uller et al., 2005) (Figure 2).

Animal model data further suggest that infectious agents
can impede transepithelial egression/elimination of leuco-
cytes. For example, aggravated responses to allergen chal-
lenges post viral infection (Sorkness et al., 2007) could be
explained by impeded transepithelial migration causing
increased airway tissue eosinophilia. Loughman and Hunstad
(2011) demonstrated that uropathogenic bacteria markedly
attenuated transepithelial neutrophil migration. This effect
expectedly reduced anti-bacterial host defence. Preventing
the epithelial passage of leucocytes may thus be a mechanism
by which viruses and bacteria in part can escape immune
surveillance and defence. This possibility makes it of interest
to explore if a reduced transepithelial elimination of leuco-
cytes contributes to the infection-evoked exacerbations of
asthma and COPD that now lack effective treatment.

Along with effects on eosinophilopoieses and esinophil
survival, eosinophil traffic may be under influence of IL-5. It
is also well known that anti-IL-5 antibody (mepolizumab)
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Figure 2

(A) When transepithelial exit from inflamed mucosae is inhibited by ‘anti-traffic’ drug treatment, leucocytes accumulate in mucosal tissues. In these
cases, reduced cellularity in samples obtained from the lumen can be associated with aggravated mucosal tissue inflammation. This drug
intervention effect also compromises immune defence at the mucosal surface. (B) It is suggested that drugs could be developed that speed up
transepithelial exit of leucocytes and thus contribute to resolution of mucosal inflammation. It is currently unknown which molecular targets would
be most suitable in this regard. (Several targets, integrin-dependent or -independent, are conceivably involved in the traffic through the tissue,
across basement membranes, between epithelial cells and in release from the epithelial surface.) Spontaneous or drug-induced resolution of
mucosal tissue inflammation is associated with a period of increased cellularity in the lumen of the involved hollow organ. During these periods,
the occurrence of increased numbers of inflammatory cells in lumen samples is not a measure of inflammation but reflects inflammation resolution.

treatment of asthmatic individuals effectively abolished eosi-
nophils in the airway lumen and in the systemic circulation
but had much less effect on the airway wall eosinophilia
(Flood-Page et al., 2003). It cannot be excluded that the
similar kinetics of eosinophils in airway lumen and cir-
culating blood in part reflect a direct traffic between these
two compartments. However, the location-dependent, anti-
eosinophilic response to mepoluzimab is also what one could
expect if transepithelial elimination of eosinophils had been
inhibited and no pro-apoptosis effect (none has been dem-
onstrated in vivo!) had been induced by the anti-IL-5 treat-

ment. Recently, a CCR1 antagonist was given to patients with
moderate COPD. A preceding study, involving an animal in
vivo model of neutrophilic inflammation, had demonstrated
that the CCR1 antagonist effectively reduced the occurrence
of neutrophils in BAL fluid samples. This was obviously an
accepted rationale for giving the drug to patients. However,
instead of the expected clinical efficacy, the CCR1 antagonist
significantly aggravated the COPD disease and induced one
serious exacerbation (Kerstjens et al., 2010). This negative
outcome report may have demonstrated the risk involved
in giving agents that inhibit transepithelial leucocyte
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traffic to patients with established airway-pulmonary
inflammation.

The pharmacological evidence of adverse effects evoked
by inhibition of transepithelial elimination of leucocytes
underscores the central role of this pathway in elimination of
leucocytes from inflamed mucosal tissues. Interventions that
may reduce transepithelial exit of inflammatory cells include
drugs (established, in trials, in pipelines and in silico) that
by various mechanisms inhibit adhesion molecules and
chemokines involved in the transepithelial traffic of leuco-
cytes in humans.

Experimental approaches and
future directions

Transepithelial traffic of leucocytes in murine (mouse and
rat) and guinea pig models of mucosal inflammation needs
validation in corresponding human diseases. An iterative
strategy of in vitro and in vivo approaches could then serve
the unravelling of involved mechanisms and their pharma-
cological control. Advanced in vitro approaches involving
increasingly complex three-dimensional techniques (Griffith
and Swartz, 2006) are emerging. When epithelial cells are
grown for a few weeks under air-liquid interface (ALI) con-
ditions, the cells differentiate to a multilayered epithelium
that includes ciliated cells and goblet cells. Such cultures
have structural features in common with in vivo airway epi-
thelium. They may also be more robust than a simple con-
fluent monolayer of epithelial cells culture. Thus, the ALI
culture technique may produce a barrier that is not so easily
damaged and that contain several of the paracellular path-
ways, and associated junction molecules, that are important
for the transepithelial migration of leucocytes. The use of
ALI epithelial cultures has been considered for several spe-
cific purposes (Sabroe et al., 2007; Rothen-Rutishauser et al.,
2008; Kesimer et al., 2009), but their utility in studies of
non-injurious egression of cells has not received much
attention. ALI epithelial co-cultures with leucocytes should
be helpful for studies of the pharmacology of transepithelial
elimination of leucocytes. Kato et al. (2002) have devised a
model involving epithelial cells co-cultured with granulo-
cytes and involving also different collagen gels. By this
approach, they have started to explore mechanisms that
stimulate and inhibit, respectively, the transmigration of
eosinophils and neutrophils. Porter and colleagues have
developed the notion of transepithelial elimination of leu-
cocytes by demonstrating potentially important mecha-
nisms of lymphocyte elimination by their test system of
epithelial monolayer and lymphocyte co-culture (Porter,
2008; Porter et al., 2008). By different focused approaches,
the pharmacology of inflammation resolution, as potentially
accomplished by transepithelial elimination of leucocytes,
could soon be significantly advanced.

The concept of a resolving role of transepithelial exit of
leucocytes may have started with purging of the airways, an
intervention that was considered therapeutic in ancient
medicine. By mid-1800, Hyde (Salter (1868) noted that reso-
lution of severe asthma was associated with generous pro-
duction of cell-rich sputum, and Julius Cohnheim (1882)
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underscored the advantageous outward transport of inflam-
matory tissue infiltrates available in mucosal lined hollow
organs. Still, in the 1970s, principal loss of leucocytes was
thought to occur across mucosal epithelial linings (Bellamy
and Nielsen, 1974). The challenge today, we think, is to
critically assess the actual importance of transepithelial loss
of leucocytes in different phases of mucosal inflammatory
diseases. Much of the data that we have reviewed above
have not been generated in studies designed specifically for
the study of different modes of inflammation resolution.
Thus, author and publication bias would be minimized,
which is important in this field where a hegemonic para-
digm exists. However, we need prospective studies address-
ing the relative roles of different leucocyte emigration
pathways as well as any contribution of cell death and
engulfment to effect inflammation resolution. We have not
found compelling patient data supporting the alleged role
of apoptosis—phagocytosis of mucosal leucocytes in sponta-
neous or drug-induced resolution of mucosal inflammatory
diseases. However, this does not exclude the possibility
that novel drugs can be produced that will contribute to
resolution of such diseases through targeting apoptosis/
phagocytosis-related molecular mechanisms. The molecular
biology of leucocyte locomotion in tissues and across epi-
thelial barriers has largely been addressed to unravel roles
and mechanisms of leucocytes in immune processes and
in pathogeneses of diseases. However, the molecular
mechanisms involved in the transepithelial migration of
tissue-dwelling leucocytes now need to be explored, in vitro
and in vivo, with the additional focus on inflammation
resolution.

Conclusion

Occurrence of inflammatory cells such as eosinophils, neu-
trophils, lymphocytes, dendritic cells and mast cells in the
lumen of mucosal lined hollow organs has demonstrated
that transepithelial elimination of such cells is operational
at disease resolution. Many clinical observations and phar-
macological in vivo evidence, accumulating in recent
decades, are compellingly supportive. Hence, transepithelial
migration emerges as a major mode of ridding diseased
mucosal tissues of inflammatory cells. However, a resolving
role of moving leucocytes into the lumen of hollow organs
has limitations. For example, a distinction must be made
between egression of infiltrated leucocytes across mucosal
epithelia where a swift further elimination of the lumen
cells can be expected to occur (nasal, tracheobronchial, gut
and bladder mucosae) and the bronchiolar-alveolar epithe-
lial linings where there is a risk of harmful accumulation of
lumen cells. Drugs that somehow impede the transepithelial
elimination of leucocytes may exhibit anything from
reduced efficacy of their anti-inflammatory profile to lethal
aggravation of existing inflammation. On the other hand,
transepithelial elimination-promoting drugs, combined
when needed with efforts to improve clearance of cells
from the lumen, can have a role in resolving mucosal
tissue inflammation in major respiratory and abdominal
diseases.
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