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Abstract

Alveolar macrophages have been investigated for years by approaches involving macrophage
extraction from the lung by bronchoalveolar lavage, or by cell removal from lung tissue. Since
extracted macrophages are studied outside their natural milieu, there is little understanding of the
extent to which alveolar macrophages interact with the epithelium, or with one another to generate
the lung’s innate immune response to pathogen challenge. Here, we review new evidence of
macrophage-epithelial interactions in the lung and we address the emerging understanding that the
alveolar epithelium plays an important role in orchestrating the macrophage driven immune
response.

The lung protects against inhaled pathogens by activating defensive epithelial mechanisms
including release of anti-bacterial secretions and induction of protective inflammatory
responses. Although lung defense can be brought into play throughout the airway, here we
focus on immune responses in the alveolar compartment, which comprises the bulk of the
lung’s epithelial surface. Alveolar host-pathogen interactions can damage the alveolar
epithelium, causing loss of critical barrier properties that normally protect the alveolar gas
space against fluid entry from the adjoining vascular compartment. The resulting alveolar
edema is clinically recognized as Acute Lung Injury (ALI), a condition that predisposes to
the Acute Respiratory Distress Syndrome (ARDS) in which multi-organ failure causes high
mortality and morbidity[1]. Since specific therapies for ALI/ARDS are not available, better
mechanistic understanding of pathogen-induced alveolar inflammatory mechanisms may
lead to the development of new therapeutic strategies.

Important players in alveolar inflammation are resident alveolar macrophages, which are
pathogen sensors and promote immune cell recruitment in alveoli. Another important player
is the alveolar epithelium, which protects alveolar homeostasis and normally inhibits entry
of immune cells into the alveolar space. We review here the emerging understanding that
that cell-cell communication between these immune significant alveolar cell types might be
important for physiological alveolar homeostasis as well as for alveolar host-pathogen
interactions.
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Resident alveolar macrophages

Resident alveolar macrophages, which are constitutively present in the lung, differ from
recruited macrophages, which enter alveoli 2-3 days after onset of the primary inflammatory
response[2, 3]. Recruited macrophages initially promote and then later suppress
inflammation through multiple processes, including conversion of the macrophages from the
inflammatory (M1) to the anti-inflammatory (M2) phenotype, induction of efferocytosis
(phagocytosis of apoptotic cells) for neutrophil clearance, and secretion of cytokines such as
IL-10 and IL-1R antagonist [4, 5]. The biology of recruited macrophages has been discussed
recently [2-4] and will not be further considered here.

Resident alveolar macrophages are embryonically derived [6-9], originating as
erythromyeloid progenitors (EMPs) in the yolk sac on embryonic day (E) 8.5. EMPs
colonize the fetal liver by E10.5, then give rise to fetal monocytes that migrate to the lung
around E12.5[6, 8]. The newly developed fetal vascular system, which develops at about this
embryonic age may provide conduits for migration of fetal monocytes to the lung, although
cues that guide the migration are not known. The maturation of fetal monocytes to alveolar
macrophages occurs in the presence of granulocyte-monocyte colony stimulating factor
(GM-CSF) and is complete by the third postnatal day.

A popular methodological approach for studying alveolar macrophages is to recover
macrophages from the bronchoalveolar lavage (BAL) on the assumption that BAL
macrophages represent alveolar macrophages. However this assumption may not be entirely
correct. Although the mouse lung possesses approximately 4 x 10° alveoli[10], BAL
macrophage numbers tend to be in the order of 10°. Hence BAL macrophage numbers are at
least an order of magnitude less than the numbers expected if macrophages were present in
all alveoli and if BAL recovered all alveolar macrophages. This discrepancy is partly
explained by the lung morphological data. As indicated in the Table, the number of alveolar
macrophages factored by the morphologically estimated alveolar surface area[11] gives a
spatial distribution ratio of 0.3, suggesting one macrophage is present for every three alveoli.
This prediction was recently confirmed to a remarkable degree of similarity by optical
imaging of macrophage distribution in live alveoli[12]. We may expect therefore, that the
mouse lung contains approximately a million alveolar macrophages of which the BAL
accesses a small fraction.

The possibility that BAL macrophages differ from alveolar macrophages is supported by
optical studies of live alveoli, which indicate that alveolar macrophages are sessile and
adherent to the alveolar epithelium to the extent that BAL fails to remove these
macrophages[12]. Hence, BAL macrophages might represent a macrophage subset that
populates lung regions other than the alveoli, for example conducting airways that might be
subject to high shear during lavage. However some authors believe airway resident
macrophages are also sessile and resist washout by BAL[13]. It is possible that BAL
accesses macrophages that bind weakly to the epithelium. Although mechanisms that
underlie adhesion of alveolar macrophages to the epithelium remain unclear, possibilities are
that receptor proteins such as CD200R that bind ligands expressed on the epithelium[14]
subserve macrophage-epithelial adhesion. Interestingly, lung stretch induced by high tidal
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volume ventilation rapidly decreases BAL macrophage numbers[15]. This finding suggests
the intriguing, but untested possibility that an optimal level of alveolar stretch facilitates
macrophage adhesion to the epithelium, decreasing macrophage washout in the BAL.

The question of how resident alveolar macrophages carry out sentinel function against
inhaled pathogens has been of interest. According to one possibility, resident macrophages
continually patrol the alveolar surface. Recent evidence even indicates that alveolar
macrophages could serve as antigen carriers transporting pathogens to lung draining lymph
nodes[16]. Although these findings support the notion that under pathogen challenge a
subset of alveolar macrophages might migrate to lymph nodes, there is presently no direct
evidence that macrophages patrol alveoli. In fact live optical studies suggest the opposite in
that indicate sessile alveolar macrophages do not migrate from their home alveoli despite the
presence of bacteria in adjoining macrophage-free alveoli[12].

Alveolar homeostasis

Immune modulation by sessile alveolar macrophages might be attributable to unique
alveolar properties. Alveoli are cup-like structures in which the broad-rimmed opening
formed by the mouth of the cup opens into alveolar ducts that arise from terminal
bronchioles. Flat septa formed by squamous type 1 (AT1) cells account for 90% of the
alveolar surface. Cuboidal AT2 cells lie in the alveolar dome, most often in niches formed
by meeting points of adjacent alveolar septa[17]. We consider below unique features of
macrophage-epithelial interactions that might determine alveolar immunity.

1. Surfactant clearance

Alveolar surfactant, a mixture of phospholipids and surfactant proteins, forms a surface-
active layer adjoining the alveolar epithelium[18]. AT2 cells secrete surfactant, which floats
and spreads across the alveolar surface in the aqueous alveolar wall liquid (AWL). Alveolar
surfactant opposes the air-liquid interfacial tension, a surface-active force that acts on the
aqueous layer adjacent to the alveolar epithelium, tending to oppose alveolar expansion and
promote alveolar collapse. Hence, surfactant protects alveolar patency and gas exchange.
The surfactant layer varies in thickness from 1-3 micrometers, establishing a fluid barrier
that minimizes direct contact between inhaled pathogens with the air-facing surface of the
alveolar epithelium. Surfactant contains proteins A and D that bind bacteria disabling
negative bacterial interactions with the epithelium[19].

AT2 cells and resident macrophages clear alveolar surfactant to prevent phospholipid build
up in alveoli. Defective surfactant clearance causes alveolar proteinosis, a disease in which
large volumes of surfactant rich liquid accumulate in alveoli, causing respiratory failure.
Interestingly, airway instillation of bone marrow-derived macrophages effectively removes
the accumulated alveolar liquid[20], attesting to the critical role of macrophages in clearance
of alveolar surfactant.

Although each alveolus contains AT2 cells and therefore has the capacity to produce
surfactant, as we discuss above, not all possesses a macrophage. Hence spatial relations
between AT2 cells and resident macrophages of the alveolar region are likely to be important
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in regulating surfactant clearance. Although this morphologic understanding is lacking,
alveolar macrophages probably do not lie in close proximity to AT2 cells. Such an
arrangement could impair alveolar surfactant spreading as macrophages could prematurely
scavenge freshly secreted surfactant. However, mechanisms underlying delivery of
surfactant from sites of secretion at AT2 cells to surfactant scavenging macrophages are not
well understood.

2. Liquid secretion by the alveolar wall

The alveolar wall liquid (AWL) lining the alveolar wall defends against inhaled pathogens
by providing an aqueous layer at the airepithelial interface. Low-temperature microscopy of
the lung indicates that the AWL is distributed throughout the epithelial surface as an
uninterrupted liquid layer[21]. Lindert et al carried out real time studies of the AWL by
means of two-photon microscopy[22]. Microinjection of the water-soluble, membrane
impermeant fluorescent dye, FITC-dextran in the AWL resulted in spontaneous loss of FITC
fluorescence from the alveolar lining, indicating that the AWL is formed by alveolar water
secretion. The secretion was absent in mice lacking the gene for the cystic fibrosis
transmembrane activator receptor (CFTR), indicating CFTR-dependent CI~ secretion across
the alveolar epithelium causes AWL formation.

Lindert et al propose that the flow of the AWL occurs in an outward direction from the
alveolus such that the AWL flows from alveoli towards the alveolar duct and then to the
terminal bronchiolar epithelium that might absorb the liquid. Since all alveoli secrete AWL,
it is conceivable that this flow establishes a liquid stream that delivers alveolar pathogens to
sessile alveolar macrophages located downstream from sites of liquid secretion. Impairment
of AWL flow may decrease pathogen sensing by sessile macrophages, promoting alveolar
pathology[22].

3. Alveolar gap junctional channels (GJCs)

AT1 and AT2 cells communicate Ca2* signals through GJCs. The communication
coordinates mechanical stretch imposed on AT1 cells by lung expansion with Ca2*-induced
surfactant secretion by AT2 cells[23]. Recent findings indicate that approximately 40% of
sessile alveolar macrophages communicate Ca2* signals to the alveolar epithelium through
GJCs[12]. These findings raise the possibility that pathogen-induced Ca2* increases in
alveolar epithelial cells might be GJC communicated to activate sessile macrophages.
Pathogen-induced Ca?* increases in the alveolar epithelium could occur in response to
activation of receptors such as tumor necrosis factor receptor type 1 (TNFR1) that are well
expressed on alveolar epithelium[24-26]. Ligation of TNFR1 by Staphylococcus aureus
increases epithelial levels of cytosolic Ca2* [26]. Other pathogen-sensitive receptors that
may induce GJC transmitted Ca%* signals from the epithelium include toll-like receptors-2
and -4, which are expressed on alveolar epithelium and Club cells (also called Clara cells) of
the distal airway[27, 28]. However it is not known whether Club cells establish GJCs with
alveolar epithelium or alveolar macrophages. Although further studies are required, the
presence of alveolar GJCs suggests that non-migratory alveolar macrophages might achieve
sentinel function by taking advantage of interconnectivity amongst alveolar epithelia and
macrophages.
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4. Other modes of macrophage-epithelial crosstalk

Increasing evidence implicates microparticles in cell-cell communication. Microparticles
enclose cytoplasmic constituents from the originating cell [29-31]. In pneumonia or ARDS,
microparticles of epithelial, platelet and neutrophil origin are found in the BAL [29, 32, 33].
In vitro studies have shown that microparticles may regulate phagocytosis of bacteria[31].
Alveolar macrophages secrete microparticles containing the anti-inflammatory proteins,
SOCS1 and SOCS3[34]. Uptake of these macrophage-derived microparticles by the alveolar
epithelium provides a mechanism by which activated macrophages may inhibit alveolar
inflammation.

Alveolar inflammation

The development and resolution of alveolar inflammation depend on the interplay between
pathogen-activated pro- and anti-inflammatory signaling mechanisms. Alveolar pathogens
are likely to encounter sessile alveolar macrophages as the first set of immunity inducing
host cells. This critical proinflammatory role is evident in that inhibition of TLR4 signaling
in alveolar macrophages by cell-specific knockout of the TLR4 adapter, MyD88 blocks
LPS-induced lung inflammation[12]. New understanding indicates that concomitant with
proinflammatory induction, macrophages initiate an anti-inflammatory response. Although
these signaling mechanisms remain inadequately understood for macrophages /n situ, here
we summarize understanding derived from /n vitro macrophage studies that might apply.

Proinflammatory signaling pathways

Since alveolar macrophages face the inhaled air, inhaled pathogens can interact directly with
macrophage pattern-recognition molecules, such as TLRs. The immune response initiates as
receptor-mediated mechanisms activate macrophage secretion of cytokines such as TNFa..
TNFa ligates its receptor, TNFR1 that is constitutively expressed on the luminal aspect of
the alveolar epithelium[24], resulting in proinflammatory signaling between the alveolar
epithelium and the adjoining capillary endothelium. This proinflammatory crosstalk is rapid,
initiating in minutes as shown in studies in which TNFa was directly instilled in alveoli[24],
or in which the alveolar epithelium was injured by pore formation[35].

Another important mediator of acute lung injury is macrophage inflammatory protein-1
alpha (MIP-1a). Alveolar macrophages secrete MIP-1a after LPS-stimulation that in turn
seems to be related to the production of TNFa.. The secretion of MIP-1 alpha leads to
increased neutrophil recruitment and a worsening of ALI[36, 37]. Initially thought to be a T-
cell cytokine of the adaptive immune system, macrophage migration inhibitory factor (MIF)
promotes innate and adaptive immune responses through macrophage activation[38]. LPS
stimulates MIF release from macrophages [39]. Treatment with MIF-specific antibody was
shown to rescue mice from sepsis and MIF-deficient mice were protected form LPS-induced
sepsis[38].

The proinflammatory signaling cascade induced in alveolar macrophages has been addressed
in the context of the prototypic TLR4 ligand, lipopolysaccharide (LPS) that gram-negative
bacteria express on the outer membrane. This signaling involves myeloid differentiation
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factor 88 (MyD88), or TIR-domain-containing adapter-inducing interferon-beta (TRIF).
MyD88 is a central adapter protein shared by almost all TLRs. The association of TLR4 and
MyD88 recruits members of the interleukin-1 receptor associated kinase (IRAK) family and
tumor necrosis factor receptor-associated factor 6 (TRAF 6)[40]. While some IRAKS may
activate inflammation, IRAK-M may negatively regulate TLR-mediated signaling[41]. The
association of TLR4, MyD88, IRAK and TRAF6 finally leads to the activation of NFkB or
activating protein-1 (AP-1) that regulate inflammatory responses by inducing
proinflammatory cytokines[40].

The TLR4-mediated pathway through TRIF is dependent on TRIF-related adapter molecule
(TRAM, also known as TICAM2), which may be a required adapter linking TLR4 and
TRIF[40]. Macrophages of MyD88-deficient mice fail to produce proinflammatory
cytokines in response to LPS. However, activation of NFkB and mitogen-activated protein
(MAP) kinase family may still takes place and LPS may induce IFNB production by
macrophages and dendritic cells independently of MyD88[42]. In this context, TRIF may
activate a MyD88-independent TLR4 signaling pathway[43, 44]. Since production of several
inflammatory cytokines other than IFNB was reduced in TRIF deficient mice[43], it is
suggested that both MyD88- and TRIF-dependent pathways are required for a maximal
induction of inflammatory cytokines in response to LPS[40]. However in models of ALI
induced by airway instillation of LPS, secretion of pro-inflammatory cytokines, protein leak
and neutrophil recruitment to the lung are abrogated in mice deficient for the adapter
molecules MyD88 and Toll/Interleukin-1 receptor (TIR)-domain-containing adapter protein
(TIRAP) but independent of TRIF[45]. Further, mice lacking MyD88 specifically in alveolar
macrophages fail to develop LPS induced ALI[12]. These findings indicate that induction of
the MyD88 pathway in alveolar macrophages is critical for TLR4-induced lung injury.

LPS may also trigger acute lung injury through other receptors such as the ligation of
purinergic receptors. For example, CD14 dependent ligation of purinergic receptor P2x7
(P2x7R) induces calcium influx and ATP depletion in alveolar macrophages leading to
macrophage necrosis. The necrotic macrophages then release pro-interleukin-1 alpha (IL-1a)
that induces IL-1R-MyD88 signaling pathways on lung vascular epithelium[46].

Anti-inflammatory signaling pathways

LPS-induced alveolar inflammation may be inhibited by several mechanisms. The mouse
macrophage cDNA library contains a cDNA encoding for soluble TLR4[47], suggesting that
release of soluble TLR4 may provide a decoy receptor to mitigate direct LPS ligation on the
cell membrane. Recombinant soluble TLR4 inhibits LPS-induced NFKB activation and
TNFa production by macrophages in vitro[47]. TLR4 signaling is inhibited by activation of
the deubiquitinase, A20 that negatively regulates the TLR4 adapter, TNFa.-receptor
associated factor-6 (TRAF6)[48]. TLR4 ligation induces expression of micro-RNAs such as
miR-146a and miR-21 in macrophages[49, 50]. MiRs may inhibit lung inflammation in
response to LPS by downregulating receptor expression of TLR4 as shown for the let7-
miRNA family, or they may alter cytokine production profiles to negatively regulate pro-
inflammatory responses[51]. Amongst the best characterized are miR-146a and miR-21.
MiR-146a targets IRAK and TRAF6 to negatively regulate the MyD88-NFkB signaling
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pathway following bacterial infection[52]. MiR-21 promotes anti-inflammatory responses
by facilitating the production of IL-10[49].

Proteins involved in the TLR4 signaling cascade may have a dual function working through
negative feedback to mitigate inflammation. Members of the IRAK family have such dual
effects. Although required for MyD88-dependent proinflammatory signaling, some IRAKs
inhibit inflammation. IRAK M for instance is predominantly expressed in monocytes and
macrophages[53] and exerts an anti-inflammatory effect by inhibiting the association of
IRAK-1 with TRAF-6[41]. Another major regulatory feedback loop could be induced
through the activation of cellular kinases such as phosphatidylinositol 3’ -kinases (PI13Ks).
P13Ks belong to a family of signal-transducing enzymes that are divided into 3 classes based
on their structural characteristics and substrate specificity[54]. In vitro, class | PI3Ks could
specifically inhibit the effects of LPS-mediated activation of NFkB and cytokine production
in RAW cells, which is a monocyte-macrophage cell line[55].

The role of cell Caz*

Macrophage-epithelial interactions in alveoli involve Ca?* communication through GJCs.
The extent to which the communicated Ca2* signal modulates alveolar inflammation is of
interest. Multiple lines of evidence attest to the proinflammatory effect of Ca*. Thus in lung
epithelium, cytosolic Ca2* increases activate proteases such as calpain[26] that deplete
intercellular junctional proteins such as E-cadherin, facilitating alveolar influx of immune
cells across the diminished blood-gas barrier. Increase of cytosolic Ca2* may increase
mitochondrial Ca2*, causing increase of mitochondrial reactive oxygen species (ROS)[56],
hence ROS-induced mitochondrial damage and apoptosis. Increases of cytosolic Ca2* levels
in the macrophage can induce release of proinflammatory cytokines such as TNFa.

However, new understanding reveals that Ca2* can also be counter inflammatory. In LPS-
treated lungs, transmission of periodic Ca2* waves between sessile alveolar macrophages
and alveolar epithelium induces anti-inflammatory mechanisms[12]. The communication
occurs through connexin 43 (Cx43)-containing GJCs. Blocking the communication, for
example by deleting Cx43 in macrophages, worsens lung inflammation, indicating that
Ca?*-induced processes in the alveolar epithelium inhibit proinflammatory signaling.

The Ca?*-induced anti-inflammatory effect occurs through a signaling pathway in which
increases of the cytosolic Ca2* lead to binding of Ca2* to the Ca2*-receptor protein,
calmodulin (CAM). The Ca2*-CAM complex can activate multiple enzymes of the CAM-
kinase (CAMK) family, including CAMK-kinase (CAMKK), which occurs as the a and
isoforms (CAMKK1 and CAMKK2, respectively). Interest has focused largely on
CAMKKGP, which is ubiquitously expressed in tissues and is capable of activating the
metabolic maser regulator, AMP-kinase (AMPK)[57, 58]. Although the effects of CAMKKp
in relation to lung immunity remain inadequately understood, the consequences of
CAMKKpB-mediated AMPK activation are of potential interest. Alveolar epithelial AMPK
can be activated, for example by high CO2 levels[57]. In a bacterial model of ALI, AMPK
activation in the lung was shown to be immunosuppressive, hence protective against
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ALI[59]. Hence, the extent to which the Ca?*-CAM — CAMKKB — AMPK activation
cascade promotes lung repair in ALI requires further consideration.

The significance of the Ca2*-CAM cascade also relates to its downstream effects through
Akt phosphorylation. Akt is a serine/threonine kinase occurring in three isoforms all of
which contain three major functional domains: the N-terminal pleckstrin homology domain,
a serine/threonine catalytic domain, and a C-terminal regulatory domain. The canonical
pathway of Akt activation occurs through ligation of growth receptors that induce membrane
translocation of Akt. Subsequently, Akt phosphorylation at threonine 308 and serine 473
takes place through mechanisms involving PI3K activation [60]. This pathway of Akt
activation promotes neutrophil accumulation in LPS-treated lungs[61], and is implicated in
the susceptibility of COPD patients to influenza[62] and in the activated PI3K-& syndrome
characterized by repeated respiratory infections[63].

The immune significance of Akt activation lies in downstream effects involving nuclear
factor xB (NFxB). Inhibitory kappa-B (I1xB) proteins sequester dimers of the NFxB
proteins, c-Rel, p65, and p50 in the cytosol. The 1kB kinase (IKK) complex comprises
IKKa, IKKB, and IKKy (NEMO). Activated IKKP causes phosphorylation of IxB proteins
leading to their proteasomal degradation, releasing the sequestered proteins. Released NFxB
dimers, p50/p65 and p50/c-Rel migrate to the nucleus to initiate gene transcription. Ca2*-
induced activation of NFxB is attributed to activation of the Ca2*-CAM receptor protein,
CAMKII[64].

The extent to which Akt modulates the NFxB pathway seems to depend on the extent of Akt
activation. Chen et al addressed this issue in the kidney cell line, HEK293 in which IL-18
phosphorylated IKKp to activate NFxB. However, overexpression of Akt blocked NFxB
activation. The authors suggest that Akt might inhibit IL-1p-induced NFxB activation by a
negative feedback loop. Critical findings of this study were that Ca2* mobilizing agents such
as ionomycin or thapsigargin inhibited IL-1p-induced NF«xB activity, and that
overexpression of dominant negative CAMKK reversed the inhibition. These findings are
evidence that Ca2*-induced signaling mechanisms acting through CAMKK negatively
regulate NFxB.

A paradigm changing report by Yano et al indicates that CAMKKa causes non-canonical
Akt activation[65]. In this study, induced increases of cytosolic Ca2* in the neuroblastoma
cell line, NG108, or the fibroblast cell line, COS-1 caused CAMKKa dependent Akt
activation. Importantly, the effect was not inhibited by wortmannin, indicating that the
canonical pathway through PI13K was not involved. Further, the Akt activation was inhibited
through expression of dominant negative CAMKK, establishing the CAM-activated pathway
as the causal mechanism. A major downstream effect of Akt activation was serine
phosphorylation of the pro-apoptotic Bcl2 family member, BAD, resulting in sequestration
of BAD to protein 14-3-3. Accordingly, apoptosis of NG108 cells induced by serum
withdrawal was blocked to a major extent by exposing the cells to Ca* mobilizing
agents[66]. Together these findings indicate that the anti-apoptotic effect of Akt can be
induced by Ca?*-induced activation of CAMKKa..
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Recent findings by Westphalen et al reveal new understanding of the role of CAMKKa in
lung immunity[12]. These authors confirmed that wild type lungs express CAMKKa and
Akt. LPS treatment increased the association of CAMKKa with Akt, which was
phosphorylated on threonine 308, a marker of Akt activation. However, inhibition of GJC
channels between sessile alveolar macrophages and the alveolar epithelium blocked
phospho-Akt expression in alveolar epithelium. CAMKKa knockdown by short interfering
RNA decreased Akt phosphorylation and enhanced 1«B degradation and NF«B activation,
thereby enhancing BAL leukocyte counts. These findings indicate that in contrast to the
proinflammatory, P13K-Akt pathway, Ca?* communication between sessile alveolar
macrophages and the alveolar epithelium activates the CAMKKa-Akt pathway, inhibiting
NF«xB activation and protecting against ALI.

Effects of macrophage depletion

Cell depletion protocols have been applied to delineate specific functional roles for alveolar
macrophages. However, findings are confusing. Depletion of alveolar macrophages by
airway instillation of clodronate liposomes protected against ventilator- and ischemia-
perfusion-induced ALI[15, 67], supporting a pro-injury role for alveolar macrophages. By
contrast in the context of LPS or FAS challenge, clodronate had no effect on the lung
inflammatory response[68], or it exacerbated[69, 70], or decreased the response[71, 72]. In
Staphylococcus-challenged lungs clodronate increased mortality, but failed to increase
neutrophil counts in the BAL[73]. The clodronate studies imply that alveolar macrophages
may modulate alveolar inflammation differently for bacterial versus physical damage to the
alveolar epithelium.

Cell depletion studies have been carried out using the diphtheria toxin (DT) strategy. The DT
receptor (DTR) of primates, but not mice binds DT. Hence, transgenic mice can be
generated in which cell-specific promoters control DTR expression. DT treatment of DTR
expressing mice causes specific depletion of DTR-expressing cells. Accordingly, DTR has
been expressed in alveolar macrophages under control of the CD11c or the LySM
promoter[74, 75]. Findings indicate that depletion of resident alveolar macrophages by these
strategies mechanistically impacts severity of lung inflammation. Thus, macrophage
depletion is reported to increase mortality[74], lung inflammation [75, 76], and lung
bacterial load[73], consistent with the anti-inflammatory effect of alveolar macrophages.
However, macrophage depletion decreased BAL levels of the proinflammatory cytokine
IL-23[77], revealing a proinflammatory macrophage effect. Concerns have been expressed
that the DTR strategy might be associated with non-specific immune effects attributable to
depletion of cells other than macrophages[75, 76, 78]. For example, for strategies using the
CD11c promoter, the possibility that CD11c-expressing dendritic cells might also be
depleted confounds macrophage-related interpretations.

Conclusions and future directions

The availability of genetic reagents that allow expression of fluorescent proteins in alveolar
macrophages has enabled their direct in situ visualization by optical microscopy. The new
understanding indicates that in lung, sessile alveolar macrophages induce proinflammatory
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responses to LPS challenge, while a subset of sessile macrophages communicate
immunosuppressive CaZ* signals to the alveolar epithelium through GJCs (Figure). In future
research, we need to focus more strongly on these functional aspects, especially in regard to
mechanisms regulating pro- and anti-inflammatory roles of sessile macrophages, their
turnover and survival during the immune response, and their interactions with recruited
macrophages in facilitating lung injury resolution. In addition, there is scope to further
develop novel investigative approaches for /7 sitv understanding, as for example in human
lungs that are increasingly available from brain dead donors for mechanistic studies of
ALI[79]. Better understanding of the biology of sessile macrophages in their natural
environment will lead to new therapy for immune diseases of the lung.
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Figure.
Functional heterogeneity in sessile alveolar macrophages (SAMSs). The upper figure shows a

macrophage that forms gap junctional channels (GJCs) with the alveolar epithelium (right)
and one that does not (left). LPS challenge induces secretion of proinflammatory cytokines
from the macrophages, initiating alveolar inflammation. Ca2* waves (red arrows) originate
from the GJC-forming macrophage, then diffuse in the adjoining alveolar epithelium. The
lower figure shows that GJC transmitted Ca2* activates CAMKKa-induced signaling,
inhibiting inflammatory signaling in the alveolar epithelium (AE). Pathogen sensing by
sessile macrophages takes place as the alveolar wall liquid (AWL) convectively transports
pathogens caught in alveolar surfactant towards the macrophages.
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TABLE

Reported data

1. No. of alveoli per lung 4.2 x 108 Mercer 1994[10]
2. Surface area of an 5.7 x 103 Mercer 1994[10]
alveolus (sq microns)

3. Alveolar surface area per | 18 x 103 Stone et al 1992[11]
macrophage (square

microns)

Calculated data

4. Alveolar surface area per | 23.9 x 10°

lung? (12)

5. No. of macrophages per 1.3 x 108

Iungz

No. of macrophages per 0.3

alveoli®

'ZRow #1 multiplied by row #2;
2row #4 divided by row #3;

3row #5 divided by row #1
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