Encounters with Phagocytes • PHAGOCYTOSIS AND INFLAMMATION
Phagocytosis of microbes is a major innate host defense that limits the
growth and spread of pathogens. Phagocytes appear rapidly at sites of
infection in conjunction with the initiation of inflammation. Ingestion
of microbes by both tissue-fixed macrophages and migrating phagocytes probably accounts for the limited ability of most microbial agents
to cause disease. A family of related molecules called collectins, soluble
defense collagens, or pattern-recognition molecules are found in blood
(mannose-binding lectins), in lung (surfactant proteins A and D),
and most likely in other tissues as well and bind to carbohydrates on
microbial surfaces to promote phagocyte clearance. Bacterial pathogens seem to be ingested principally by PMNs, while eosinophils are
frequently found at sites of infection by protozoan or multicellular parasites. Successful pathogens, by definition, must avoid being cleared
by professional phagocytes. One of several antiphagocytic strategies
employed by bacteria and by the fungal pathogen Cryptococcus neoformans is to elaborate large-molecular-weight surface polysaccharide
antigens, often in the form of a capsule that coats the cell surface. Most
pathogenic bacteria produce such antiphagocytic capsules. On occasion, proteins or polypeptides form capsule-like coatings for organisms such as group A streptococci and Bacillus anthracis.
As activation of local phagocytes in tissues is a key step in initiating
inflammation and migration of additional phagocytes into infected
sites, much attention has been paid to microbial factors that initiate inflammation. These are usually conserved factors critical to the
microbes’ survival and are referred to as pathogen-associated molecular
patterns (PAMPs). Cellular responses to microbial encounters with

phagocytes are governed largely by the structure of the microbial
PAMPs that elicit inflammation, and detailed knowledge of these
structures of bacterial pathogens has contributed greatly to our understanding of molecular mechanisms of microbial pathogenesis mediated by activation of host cell molecules such as TLRs (Fig. 145e-3).
One of the best-studied systems involves the interaction of LPS from
gram-negative bacteria and the GPI-anchored membrane protein
CD14 found on the surface of professional phagocytes, including
migrating and tissue-fixed macrophages and PMNs. A soluble form
of CD14 is also found in plasma and on mucosal surfaces. A plasma
protein, LPS-binding protein, transfers LPS to membrane-bound
CD14 on myeloid cells and promotes binding of LPS to soluble CD14.
Soluble CD14/LPS/LPS-binding protein complexes bind to many cell
types and may be internalized to initiate cellular responses to microbial pathogens. It has been shown that peptidoglycan and lipoteichoic
acid from gram-positive bacteria as well as cell-surface products of
mycobacteria and spirochetes can interact with CD14 (Fig. 145e-3).
Additional molecules, such as MD-2, also participate in the recognition of bacterial activators of inflammation.
GPI-anchored receptors do not have intracellular signaling domains;
therefore, it is the TLRs that transduce signals for cellular activation due
to LPS binding. Binding of microbial factors to TLRs to activate signal
transduction occurs in the phagosome—and not on the surface—of
dendritic cells that have internalized the microbe. This binding is
probably due to the release of the microbial surface factor from the cell
in the environment of the phagosome, where the liberated factor can
bind to its cognate TLRs. TLRs initiate cellular activation through a
series of signal-transducing molecules (Fig. 145e-3) that lead to nuclear
translocation of the transcription factor NF-κB (nuclear factor κB), a
master-switch for production of important inflammatory cytokines
such as tumor necrosis factor α (TNF-α) and interleukin (IL) 1.
The initiation of inflammation can occur not only with LPS and
peptidoglycan but also with viral particles and other microbial products such as polysaccharides, enzymes, and toxins. Bacterial flagella
activate inflammation by binding of a conserved sequence to TLR5.
Some pathogens (e.g., Campylobacter jejuni, Helicobacter pylori, and
Bartonella bacilliformis) make flagella that lack this sequence and do
not bind to TLR5; thus efficient host responses to infection are prevented. Bacteria also produce a high proportion of DNA molecules
with unmethylated CpG residues that activate inflammation through
TLR9. TLR3 recognizes double-stranded RNA, a pattern-recognition
molecule produced by many viruses during their replicative cycle.
TLR1 and TLR6 associate with TLR2 to promote recognition of acylated microbial proteins and peptides.
The myeloid differentiation factor 88 (MyD88) molecule and the
Toll/IL-1R (TIR) domain-containing adapter protein (TIRAP) bind
to the cytoplasmic domains of TLRs and also to receptors that are
part of the IL-1 receptor families. Numerous studies have shown that
MyD88/TIRAP-mediated transduction of signals from TLRs and other
receptors is critical for innate resistance to infection, activating MAPkinases and NF-κB and thereby leading to production of cytokines/
chemokines. Mice lacking MyD88 are more susceptible than normal
mice to infections with a broad range of pathogens. In one study, nine
children homozygous for defective MyD88 genes had recurrent infections with S. pneumoniae, S. aureus, and P. aeruginosa—three bacterial
species showing increased virulence in MyD88-deficient mice; however, unlike these mice, the MyD88-deficient children seemed to have
no greater susceptibility to other bacteria, viruses, fungi, or parasites.
Another component of the MyD88-dependent signaling pathway is
a molecule known as IL-1 receptor–associated kinase 4 (IRAK-4).
Individuals with a homozygous deficiency in genes encoding this protein are at increased risk for S. pneumoniae and S. aureus infections
and, to some degree, for P. aeruginosa infections as well.
In addition to their role in MyD88-mediated signaling, some
TLRs (e.g., TLR3 and TLR4) can activate signal transduction via
a MyD88-independent pathway involving TIR domain–containing,
adapter-inducing IFN-β (TRIF) and the TRIF-related adapter molecule
(TRAM). Signaling through TRIF and TRAM activates the production
of both NF-κB-dependent cytokines/chemokines and type 1 IFNs.
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phagocytes. Epithelial cell entry appears, for instance, to be a critical
aspect of dysentery induction by Shigella.
Curiously, the less virulent strains of many bacterial pathogens are
more adept at entering epithelial cells than are more virulent strains;
examples include pathogens that lack the surface polysaccharide
capsule needed to cause serious disease. Thus, for Haemophilus influenzae, Streptococcus pneumoniae, Streptococcus agalactiae (group B
Streptococcus), and Streptococcus pyogenes, isogenic mutants or variants lacking capsules enter epithelial cells better than the wild-type,
encapsulated parental forms that cause disseminated disease. These
observations have led to the proposal that epithelial cell entry may be
primarily a manifestation of host defense, resulting in bacterial clearance by both shedding of epithelial cells containing internalized bacteria and initiation of a protective and nonpathogenic inflammatory
response. However, a possible consequence of this process could be the
opening of a hole in the epithelium, potentially allowing uningested
organisms to enter the submucosa. This scenario has been documented in murine S. enterica serovar Typhimurium infections and in
experimental bladder infections with uropathogenic E. coli. In the latter system, bacterial pilus-mediated attachment to uroplakins induces
exfoliation of the cells with attached bacteria. Subsequently, infection
is produced by residual bacterial cells that invade the superficial bladder epithelium, where they can grow intracellularly into biofilm-like
masses encased in an extracellular polysaccharide-rich matrix and surrounded by uroplakin. This mode of growth produces structures that
have been referred to as bacterial pods. It is likely that at low bacterial
inocula epithelial cell ingestion and subclinical inflammation are efficient means to eliminate pathogens, while at higher inocula a proportion of surviving bacterial cells enter the host tissue through the damaged mucosal surface and multiply, producing disease. Alternatively,
failure of the appropriate epithelial cell response to a pathogen may
allow the organism to survive on a mucosal surface where, if it avoids
other host defenses, it can grow and cause a local infection. Along
these lines, as noted above, P. aeruginosa is taken into epithelial cells
by CFTR, a protein missing or nonfunctional in most severe cases of
cystic fibrosis. The major clinical consequence of this disease is chronic
airway-surface infection with P. aeruginosa in 80–90% of patients. The
failure of airway epithelial cells to ingest and promote the removal of
P. aeruginosa via a properly regulated inflammatory response has been
proposed as a key component of the hypersusceptibility of cystic fibrosis patients to chronic airway infection with this organism.

