Respiratory Infections
Do We Ever Recover?
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Although the outcome of respiratory infection alters with age,
nutritional status, and immunologic competence, there is a growing
body of evidence that we all develop a unique but subtle inflamma-
tory profile. This uniqueness is determined by the sequence of
infections or antigenic insults encountered that permanently mold
our lungs through experience. This experience and learning process
forms the basis of immunologic memory that is attributed to the
acquired immune system. But what happens if the pathogen is not
homologous to any preceding it? In the absence of cross-specific
acquired immunity, one would expect a response similar to that of
a subject who had never been infected with anything before. It is
now clear that this is not the case. Prior inflammation in the res-
piratory tract alters immunity and pathology to subsequent infec-
tions even when they are antigenically distinct. Furthermore, the
influence of the first infection is long lasting, not dependent on the
presence of T and B cells, and effective against disparate pathogen
combinations. We have used the term “innate imprinting” to explain
this phenomenon, although innate education may be a closer de-
scription. This educational process, by sequential waves of infection,
may be beneficial, as shown for successive viral infections, or sig-
nificantly worse, as illustrated by the increased susceptibly to life-
threatening bacterial pneumonia in patients infected with seasonal
and pandemic influenza. We now examine what these long-term
changes involve, the likely cell populations affected, and what this
means to those studying inflammatory disorders in the lung.
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The lower respiratory tract is often referred to as part of the
common mucosal immune system when in fact it is entirely
different from other common members, especially the gut. The
bronchioles and alveoli do not have a resident commensal micro-
bial flora, and the lung is essentially sterile below the larynx.
Sterility is maintained by, for example, an array of antimicrobial
factors and mucus, which captures particulate matter that is
then transported out of the respiratory tract by ciliated epithe-
lium. This sterility is necessary for efficient gaseous exchange.
Oxygen already has to traverse the epithelial and endothelial
cell membranes and associated basement membranes before
even reaching a red blood cell. Commensals attached to re-
spiratory epithelium and immune cells to keep them in check
would impede this process. In the gut, commensals are vital to
compete with potentially more pathogenic organisms for at-
tachment sites and nutrients; some even secrete their own
antimicrobial substances. The lung, however, assumes that more
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inherent physical and chemical barriers will exclude pathogenic
microorganisms. Unlike the gastrointestinal tract, the lower
airways contain only sparse lymphoid tissue, which appears to
limit inflammation rather than promote it. Takabayshi and col-
leagues (1) have recently reported that alveolar macrophage
homeostasis is maintained by transforming growth factor (TGF)-B,
which is tethered to epithelial cells by the integrin avB6. During
successful infection of the lower respiratory tract, TGF-f is
released and the alveolar macrophage is allowed to perform its
antimicrobial and inflammatory roles. Homeostasis is restored
when macrophage-released matrix metalloproteinases trans-
form latent TGF-B into its active form. Dendritic cells (DCs),
although abundant in the healthy respiratory tract juxtaposed
with the basolateral surface of epithelial cells, are present in
an immature form that is less capable of priming naive T cells.
Microbial sampling, potentially via dendritic projections through
the epithelial cells and into the airway lumen, can cause their
activation, maturation, and migration, arming them to support
potent T-cell responses (2). The mechanism that returns these
cells to homeostasis is not known but may rely on the level of
Toll-like receptor (TLR) signals and/or the influence of paired
inhibitory receptors (3). Isolated B-cell follicles are also ob-
served in the healthy lung, the so-called inducible bronchus
associated lymphoid tissue (iBALT). As the name suggests, it is
inducible and associated with the larger airways. Recent work
suggests that this lymphoid structure also restrains its inflam-
matory potential. Respiratory influenza infection of wild-type
mice leads to excessive inflammation that is deleterious to the
host. If peripheral immunity is removed by deleting the gene for
lymphotoxin, iBALT remains intact. Furthermore, infection of
these mice with influenza results in a smaller immune response
that clears the pathogen without bystander tissue damage (4).
Less inflammation in this case is more; a concept that is sup-
ported by our data showing that a significant reduction (5-7),
but not elimination (8), of T cells does not impede pathogen
clearance or the deposition of sufficient immune memory to
rapidly blunt subsequent encounters.

These observations suggest that the problem in the respira-
tory tract lies with primary, not secondary, immune responses.
During a primary response, the frequency of antigen-specific
cells is low and so pathogens are allowed to replicate unchecked
for a significant period of time. This causes bystander tissue
damage and the release of high levels of inflammatory cytokines
and chemokines. The wave of cells recruited as a consequence,
coupled with the high antigen load, causes occlusion of the
airspaces and extensive bystander damage. During a secondary
response, however, antibody and memory T cells are poised to
reduce the antigen load. Reduced inflammatory signals and
a smaller antigen load results in a more contained and short-
lived immune response (see Figure 1). Collateral damage is
significantly reduced. Immunologic memory, in the context of
respiratory infections, is therefore beneficial. This acquisi-
tion of effectiveness with time is attributed to the adaptive
immune response leading to immunologic memory. How-
ever, there is increasing evidence in the literature that this
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Figure 1. The outcome of respiratory infection depends
on whether immunologic memory exists. In a naive host,
infection induces a highly inflammatory microenviron-
ment, and antigen-presenting cells loaded with antigen
track to the draining lymph node where they activate
CD4* and CD8* T cells (A). Further inflammatory cyto-
kines, produced due to unchecked viral replication, recruit
a large inflammatory infiltrate (B) that eventually occludes
the airways. Memory B and T cells migrate to the spleen
(O). In hosts with cross-reactive T and B cells, however,
antigen-specific cell migration occurs very quickly (D).
Viral replication is rapidly controlled leading to less in-
flammation (E). MLN = mediastinal lymph node.

time-dependent maturation occurs even when infections are
antigenically distinct.

HETEROLOGOUS IMMUNITY AND THE IMPACT IN THE
RESPIRATORY TRACT

In recent years, epidemiologic and animal model data have
demonstrated that one respiratory infection alters subsequent
immune responses to unrelated pathogens in the same site—an
effect that is long lasting (9-11). Prior lung infection with
influenza, for example, protects against respiratory syncytial
virus (RSV)-induced immunopathology and lymphocytic cho-
riomeningitis virus (LCMV)-infected mice exhibit heightened
clearance of the unrelated Vaccinia virus (11-13). The outcome
of infection history depends on the precise sequence of patho-
gens encountered. Influenza, for example, inhibits Vaccinia
replication but enhances LCMV and murine cytomegalovirus
(MCMV). The critical determinant appears to be the level of
lymphocytic infiltrate during the second infection (13). Bacterial
bacille Calmette-Guérin infection in the lung also leads to
a better outcome for subsequent Cryptococcus neoformans
infection, most likely because it skews the immune response
from a nonprotective Th2 to a protective Thl response (14). In
most, but not all, cases, the improved outcome to the second
infection is not explained by cross-reactivity in T- and B-cell
antigens. Rather, we believe the alteration is in the lung
environment itself or in innate immune cells.

Evidence for long-term modification of the innate immune
compartment is provided by studies where microbial products,
such as CpG DNA or a modified bacterial labile toxin (LTK63),
afford protection against an array of subsequent respiratory
pathogens (15, 16). This phenomenon of “innate imprinting” or
“innate education” can be defined as “the long-term modifica-
tion of a microenvironment, which will consequently lead to
a nonspecific, but more protective, immune phenotype to
a subsequent pathogen.” LTK63 reduces inflammation and
prevents immunopathology and illness associated with RSV
and influenza infection (16). Furthermore, elimination of RSV
is not compromised and clearance of influenza is actually
improved. The protective effect conferred by LTK63 lasts up
to 12 weeks after administration and is associated with the
maturation of myeloid cells. The protective effect conferred by
LTK63 does not depend on T and B cells, because innate
education can be induced in mice lacking T and B cells (RAG
knockout mice). This clearly defines a long-lasting modulation

that has occurred at the level of the environment or innate
immune compartment. Modulation of innate immunity in this
manner and in a site as sensitive as the respiratory tract has
clear therapeutic potential and may even be beneficial in
patients with immune deficiency.

In some parts of the world, an altered outcome to respiratory
infection by prior events may be due to a spill over of more
chronic infections. Helminthic infections, for example, are
highly prevalent in rural areas of Africa and generally induce
excessive Th2 cytokine—dominated immunity that could impact
on Thl-associated respiratory infections (17, 18). We have
recently reported that a colonic, restricted Citrobacter roden-
tium infection modulates the usual Th2-driven pathology to
lung C. neoformans infection by skewing the immune response
toward a Thl cytokine profile (19). Similarly, the induction of
regulatory T cells to one infection may impact on others in
a bystander fashion. Lung IL-10 production is enhanced after
a secondary pneumococcal or meningococcal challenge in mice
that have experienced an influenza infection, which in turn
impairs the neutrophils’ ability to clear the bacteria (20, 21).
Interestingly, IL-10 appears late in the immune response to
influenza and is sustained after clearance of the virus. Myco-
bacteria, malaria, and parasitic protozoa and helminths induce
high levels of immuno suppressive cytokines (TGF- and IL-10)
that could reduce immunity to subsequent or concurrent in-
fection in the respiratory tract. Vaccines proven to be efficient
in high-income countries might perform less well in low-income
countries (22) for the very same reasons.

Influences may also exist due to retention of acute patho-
gens, in whole or in part. This is mostly attributed to more
chronic pathogens, such as Mycobacterium tuberculosis, but
limited evidence also implicates acute viruses. M. tuberculosis,
together with other bacteria capable of establishing latent
infections, such as Chlamydia species, are reported to survive
within lung DCs, impairing their antigen-presentation capability
and subsequent capacity to stimulate T cells (23, 24). Con-
versely, in some instances, the low-level inflammation required
to keep a latent infection in check can lead to increased in-
flammatory responses to a second insult, as demonstrated for
adenovirus infection (25). Guinea pigs latently infected with
adenovirus have greater inflammatory responses after exposure
to cigarette smoke than do uninfected control animals (26). Sim-
ilarly, in patients with chronic obstructive pulmonary disease, an
association exists between increased inflammatory responses
and the presence of adenoviral protein and DNA in the lungs
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(27). However, not all latent infections have a deleterious effect
on the host. Persistence of MCMV or murine y-herpesvirus 68
(YHV68) in DCs and macrophages induces resistance to in-
fection with multiple unrelated bacterial pathogens. This pro-
tective effect is not restricted to the infected cells themselves
but also uninfected macrophages via the sustained production
of IFN-vy, which activates them (28).

Persistence of respiratory syncytial virus by identification of
viral mRNA has been described in murine models (29), and live
virus can live indefinitely within macrophages (30), but evidence
in humans is lacking. Analysis of patients with chronic obstruc-
tive pulmonary disease implies an ongoing infection as the
cause of exacerbation rather than influences of a persistent virus
(31). Persistence of rhinovirus, however, has been demonstrated
after asthma exacerbation (32) as have influenza antigens (33,
34), but not the viral genome (35).

The counterregulation between latent infections and the host
immune response is complex, and to a large extent its effect on
subsequent infections remains unknown. Considering that this
interplay between the latent pathogen and the host persists in
many cases for the lifetime of the infected individual, it presents
yet another potential mechanism by which the innate immune
response can be altered over time.

In all of these situations, we are not describing cross-reactive
acquired immunity but nonspecific influences from either what
has gone before or what is currently present. We are therefore
all unique because prior local or distal antigenic experiences
have shaped our responsiveness to future antigenic insults, all in
the absence of cross-reactive acquired immunity.

INNATE IMMUNITY—CAN IT REMEMBER?

We attribute “memory” to the adaptive immune response, but
research in invertebrates (36), in particular, implies that the
innate compartment is also modified long term by prior events.
Aging, and the associated exposure to more numerous infec-
tions over time, correlates with increased innate immune
activation in fruit flies, mice, and humans (37-39). Furthermore,
injection of the bacterial cell wall component LPS provides
long-lasting antimicrobial resistance in mealworm beetles when
subsequently challenged with a heterologous natural fungal
pathogen (40). Similarly, mosquitoes previously infected with
bacteria demonstrate a short-term reduction in infectivity of
a particular malarial parasite strain, which is believed to involve
the up-regulation of antimicrobial peptides by the first infection
(41). Antimicrobial peptides (abundant in the lung) alter with
age (39), with older Drosophila producing higher diptericin
levels after live bacteria infection than young adult flies. In
contrast, and somewhat surprisingly, the opposite is true after
exposure to killed bacteria. Although effects that alter with age
are attributed to senescence, another interpretation is that in-
nate immunity is more tightly regulated as time progresses due
to the experience of a greater number of infections. Thus, the
older flies have a more experienced innate immune system, and
therefore more focused production of diptericin, responding
vigorously only in the presence of an infectious pathogen. Sim-
ilar alterations in innate antibacterial peptides may also occur in
humans.

The innate immune system in invertebrates therefore learns.
This learning process, in the absence of adaptive immunity, also
occurs with homologous or closely related pathogens. Cope-
pods, which are miniature crustaceans, infected with a natural
parasitic tapeworm are capable of specific memory responses
and react more efficiently upon subsequent rechallenge with
antigenically similar pathogens (42). Likewise, Streptococcus
pneumoniae—infected Drosophila are protected indefinitely
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against an otherwise lethal second challenge with the same
bacteria (43). The mechanisms underlying this educated innate
immunity are currently unclear but are believed to require
phagocytes and the Toll receptor pathway. If this can happen in
invertebrates, then why not in vertebrates?

OTHER INNATE PARAMETERS THAT ARE
(OR LIKELY TO BE) PERMANENTLY MODIFIED
IN THE LUNG MICROENVIRONMENT

It is often assumed that homeostatic mechanisms restraining
innate immunity are overcome during infection but that, upon
elimination of the antigen, peace is fully restored. However, this
may not make evolutionary sense. If the innate immune re-
sponse to a particular pathogen almost killed the host on first
encounter, why would it repeat the excessiveness on encounter
with a homologous or closely related organism? In the context
of the lung, we are proposing that subtle long-term changes
occur in a multitude of different cell types, evidence for which
we now discuss.

Altered Epithelial Cells

Infections, disease, or environmental stresses are all capable of
inducing alterations in epithelial cells that may modify their
response to further stimulation. Influenza infection, for exam-
ple, enhances susceptibility to secondary bacterial infection by
exposing cryptic bacterial adhesins or receptors on epithelial
cells (44), and adenovirus enhances subsequent bacterial adher-
ence (45). The longevity of these alterations is assumed to be
transient but has never been investigated. Long-term changes
in epithelial cell phenotype and homeostasis are observed in
diseases such as asthma where structural changes increase
epithelium fragility and shedding and goblet cell hyperplasia
(46). However, although these are believed to be related to
persistent uncontrolled inflammation, their reversibility in the
absence of inflammation has not been investigated. There is
certainly a decline in the capacity of the elderly to resist
infectious disease, which may suggest defects in the barrier
function of epithelium or in its ability to sense them.

Epithelial cells up-regulate TLRs during RSV and influenza
infection, which may be mediated by the release of IFN by
infected macrophages (47-49). Whether such up-regulation has
an impact on secondary infection is unclear (50). Many of these
receptors share signaling pathway components and so changes
in the expression level or phosphorylation status of the mole-
cules within these pathways may interfere with the recognition
of subsequent pathogens. This may synergize and exacerbate
the inflammatory responses, as recently shown during bacterial
coinfection (51), or could lead to an attenuation of the signal. In
support of the latter, we have evidence for a long-term modifi-
cation in the responsiveness of lung epithelial cells to pathogen-
associated molecular patterns (PAMPS) after clearance of an
acute viral infection that results in poor recruitment of innate
immune cells and subsequent clearance of respiratory bacteria
(data not shown). This influence may occur during resolution of
the first infection when epithelial integrity is regenerated by
bone marrow progenitors or local stem cells in a process
controlled by interaction with underlying sentinel mesenchymal
cells, such as fibroblasts (52). These mesenchymal cells may be
altered by the primary infection and maintain the “memory” of
these inflammatory events to educate newly regenerated epi-
thelium.

The transformation of airway epithelial cells into secretory
epithelium containing mucus-secreting cells (mucous cell meta-
plasia) is a feature of many bronchial diseases in humans and
is also observed in numerous rodent experimental systems
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after exposure to inhaled sulfur dioxide (53), cigarette smoke
(54, 55), endotoxin (56-58), ozone (59), or neutrophil elastase
(60-62). These alterations are frequently long-lasting and persist
for weeks to months after exposure to the inhaled agent has
ceased. Airway metaplasia can persist in ex-cigarette smokers 2
or more years after they have stopped smoking (63). Such long-
term changes are likely to affect innate immune reactivity to
subsequent infections. Further evidence that epithelial cells are
modified for prolonged periods is provided by the development
of resistance to peroxide exposure through long-term changes in
epithelial cell biology and architecture, with changes in cyto-
skeletal structure and new molecular forms of p53 and heat
shock proteins observed. There are also reports of long-term
genome-wide reprogramming of gene expression in epithelial
cells in vitro (64). Epithelial 293 cells exposed to cellular
extracts from T cells take on T-cell properties through long-
term transcriptional changes, which persist for approximately
80 population doublings in culture. If this occurs in the lung
in vivo, then epithelial cell heterogeneity would be extensive
and depend on the type of prior antigenic insult and precise
composition of the cellular response.

Alteration of Endothelial Cells

Endothelial cells are known to display different characteristics
depending on their organ of origin within an individual, and
these characteristics are maintained in culture, suggesting that
endothelium can be irreversibly altered and “remember” the
conditions under which it differentiated even when those
conditions change (65). Even within the same organ, endothelial
cells show remarkable heterogeneity in size, shape, antigen
responsiveness, and susceptibility to disease such as atheroscle-
rosis (66). These differences are proposed to result from
exposure to varying conditions during the life of an individual.
There may be location-specific events—for example, the rate of
flow of fluid surrounding cells, or differences in conditions
relating to the health or behavior of the individual. For
example, ethanol-fed rats display increased susceptibility to
acute respiratory distress syndrome due to decreased endothe-
lial antioxidant activity and increased endothelial sensitivity to
tumor necrosis factor (TNF). Giant cell arteritis increases the
expression of cellular adhesion molecules on endothelial cells,
suggesting that this pathology can leave tissues more susceptible
to inflammatory infiltrate (67), and a high pathogen burden
correlates with increased susceptibility to atherosclerosis as
a result of endothelial dysfunction (68). Finally, age-related
deterioration of endothelial function (possibly by prior infec-
tion) is known to affect the nitric oxide signaling pathway,
impairing vasodilation and vasoconstriction, which can be re-
duced by exercise (69).

Permanent Alterations in Lymphatics

Even lymphatics do not escape the learning process and impact
on responsiveness to sequential waves of infectious disease.
Inflammation during respiratory infection causes the release of
fluid from blood vessels into the tissues (70), which the
lymphatic drainage system needs to clear to prevent obstruction
to oxygen transfer, breathlessness, and cough. Recently, evi-
dence shows that pulmonary Mycoplasma pulmonis infection
causes vascular endothelial growth factor (VEGF)-C-and
VEGF-D (produced by infiltrating macrophages, neutrophils,
and airway epithelial cells)-dependent genesis of new lymphatic
vessels, allowing interstitial fluid to be cleared efficiently before
edema can occur in the bronchioles (71). This in turn decreases
the amount of inflammatory cytokines and leukocytes that may
otherwise cause bystander damage to the lung. Because newly
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developed lymphatic vessels persist for prolonged periods of
time, the precise infection history of the host may determine the
efficiency of something as fundamental as fluid drainage.

In addition to the growth of new lymphatic vessels, new
lymphoid structures develop in the lung after infection (4, 72).
We alluded to iBALT earlier, which is sited at the peribron-
chial, perivascular, and interstitial areas of the lung. In the
absence of peripheral lymphoid tissue, immune responses gen-
erated in iBALT efficiently clear an influenza infection, with
delayed kinetics but lower bystander tissue damage (72). Thus,
previous infections, which induce the development of new lym-
phoid aggregates, may alter the response to subsequent un-
related pathogens. The development of these ectopic lymphoid
structures is not always beneficial. In autoimmune diseases, such
as rheumatoid arthritis and Sjogren’s syndrome, iBALT in the
lungs of patients is linked to increased tissue damage due to
enhanced collagen deposition and the development of fibrosis
(73). A previous lung infection may therefore exacerbate pul-
monary damage in patients with other chronic illnesses.

Can Natural Killer Cells Be Modified?

There is even evidence to suggest that natural killer (NK) cells
(which clear pathogen-infected cells and tumor cells through
direct cytotoxicity and secretion of cytokines) increase in the
circulation (74) and display phenotypic alterations (75) with
age. The decreased lytic activity of NK cells in the elderly (76)
has been attributed to age, but may represent a refinement of
reactivity due to past experiences. This is supported by a long-
term clinical study of healthy elderly patients in Japan, which
shows a positive correlation between decreased NK cell lytic
activity and prior infections (77). Patients who had experienced
an infectious episode in the 33 months before assessment had
lower NK cell lytic activity than those free of infection. Again,
these results suggest long-term changes to the innate immune
response as a consequence of prior infectious events.

Modification of Antigen-presenting Cells

It is often assumed that antigen-presenting cells (APCs) return
to their resting state once the pathogen is cleared. However,
CD11c-expressing cells are maintained in the lung and display
enhanced antigen presentation long after the resolution of an
influenza or RSV primary infection (78, 79), which may in-
fluence subsequent immunity to unrelated pathogens. In the
case of influenza infection, DCs that remain in the lung several
weeks after infection have a more activated phenotype and
enhanced ability to promote T-cell priming, a process that is
dependent on IFN-y (78) and controlled by cytotoxic yd T cells
recruited during the resolution phase of a bacterial infection
(80). The activation of APCs is conditioned by the local
environment in which they are primed, which may influence
the development of Th1/Th2 responses to subsequent pathogens
(81). Interestingly, purified microbial products, such as TLR
ligands or toxins, induce a sustained activation of APCs in the
lungs and provide generic protection to subsequent pathogenic
insult due to ameliorated T-cell priming (15, 16, 82). DC
migration can also be modulated by infection. For example,
Legge and Braciale showed that DC migration to the draining
lymph node is increased during the first 24 hours of infection but
is then impaired for prolonged periods (83).

Alveolar macrophages express a particular profile of pattern
recognition receptors, reside in the alveolar lumen (84), and
play a dynamic role in initiating as well as controlling inflam-
mation. They differentiate and functionally adapt depending on
the environmental factors and stimuli present in the tissue, but
in a steady state display a suppressive phenotype mediated by
the secretion of IL-10, nitric oxide, or TGF-B (85, 86). Alveolar
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macrophages also produce a state of reversible T-cell inactivation
that is mediated either by defective expression of costimulatory
molecules (87) or an increased expression of CD80 (88), a
receptor that preferentially binds to the negative T-cell receptor
CTLA-4. In the introduction we alluded to the possibility that
TGF-B plays a role in suppressing alveolar macrophage activity.
It is likely that secretion of granulocyte macrophage—colony
stimulating factor (GM-CSF), produced most probably by mes-
enchymal cells, does the opposite (89). The activity of alveolar
macrophages will therefore dictate the immune responsiveness
of the lung to future infection and will be influenced by prior
inflammatory events.

During the course of infection, the population of alveolar
macrophages in the airway consists not only of resident phago-
cytes but also of new monocyte-derived macrophages recruited
into the airway. Monocyte chemoattractant protein (MCP)-1/
chemokine (C-C) ligand 2 (CCL2) is essential for the recruitment
of monocytes, which differentiate into phagocytes and clear
residual apoptotic neutrophils present during the resolution of
acute bacterial pneumonia (90). CD11b-high subpopulations of
monocytes also populate the airway after pneumococcal chal-
lenge and are involved in the resolution of infection by clearing
cell debris. These cells are relatively long-lasting and their
expression of CD11b is dependent on the abundance of GM-
CSF (91). Whether or not GM-CSF is involved in prolonging
the presence of these cells in the airway is not known, but it is
not unreasonable to suggest that prior infection may influence
the number and activation of lung APCs and, in turn, affect how
subsequent pathogens are handled.

IS LUNG REMODELING A FEATURE OF
ACUTE INFECTION?

The tissue damage caused by some severe acute infections leads
to a repair process that modifies the matrix composition of the
lung (such as collagen and fibronectin deposition). To maintain
barrier function, the epithelium is regenerated either from bone
marrow progenitors or local stem cells in a controlled dynamic
and bidirectional cross-talk with mesenchymal cells such as
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Figure 2. Collagen deposition during Cryptococcus neoformans infec-
tion. Mice were infected intranasally with C. neoformans and lung
inflated and fixed in formalin 12 days later. Paraffin-embedded sections
were stained with periodic acid Schiff, and collagen deposition (blue)
and cellular infiltrate (brown) identified by light microscopy. Original
magnification, X 200.
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fibroblasts, which could also be potentially altered by a previous
infection (92). Whether the regenerated epithelium responds
differently in this context is unknown. Airway remodeling is
very often restricted to chronic conditions such as asthma or
fibrosis, and it is unclear whether some level of remodeling
occurs upon tissue injury induced by an acute infection. We
have observed excessive collagen deposition during respiratory
C. neoformans infection (see Figure 2) and are currently as-
sessing whether this is maintained after resolution of inflamma-
tion. Remodeling is classically controlled by TGF-3, a molecule
also involved in immunosuppression. Whether local TGF-8
controls the innate immune response to a secondary challenge
has not been directly addressed.

“INNATE ANTIBODY”

Innate “natural” antibodies are found in the circulation and at
mucosal surfaces, including the lung. They are predominantly
IgM, but IgA and IgG isotypes also exist (93, 94), all of which
are principally produced by B-1 cells, but immature/transitional
1 B (93) and marginal zone B cells are also implicated. The
principal advantage of innate antibody is immediate defense by
binding pathogens (nonspecifically) for opsonization, neutrali-
zation, and epithelial transfer while more classical acquired T-
and B-cell responses develop (reviewed in Reference 95). Cells
producing innate antibodies are long-lived and self-replenish-
ing, but do not expand after respiratory infections, although
some dispute this. In the case of influenza infection, B-1 cells
will produce IgM that is reactive to the virus; however, these
cells do not undergo class switching or recombination; they there-
fore do not undergo affinity maturation or induce “memory”

Figure 3. The influence
of infection on memory
T-cell  repertoires in
monozygotic twins. De-
spite the genetic similar-
ities, established mem-
ory T-cell pools will vary
depending on the infec-
tions encountered, the
degree of attrition that
may be affected by the
severity of infection, and
private T-cell specific-
ities. In this rather sim-
plified schematic in (A),
twin 1 becomes infected
with virus 1, whereas
twin 2 does not. Twin 1
will therefore have resi-
dent immune memory
to virus 1. In (B), both
twins experience infec-
tion 2, but the response
to this in twin 1 is less
because of innate adap-
ted influences from the first infection. Furthermore, in twin 2, homeo-
static suppression of T-cell expansion may be less. In (C), both twins
experience infection 3, which reduces the memory T-cell pool to
infection 1 (in twin 1) and infection 2 (in both twins) due to attrition
(see text). In (D), infection 4 gives rise to immunologic memory in both
twins but also an expansion of memory cells to infection, one due to
cross-reactive epitopes between viruses 1 and 4. (E) The heterogeneity
in the memory T-cell pools after multiple infections in identical twins is
shown. This heterogeneity and influence of previous infections could
also easily extend to innate immunity.
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(96). However, in the case of S. pneumoniae infections, these
cells undergo limited isotype switching, but no affinity matura-
tion, and therefore would develop a type of “innate memory”
(97). As this subset of cells undergoes selection, the innate
antibody response to subsequent infections would be altered.

B-1 cells are selected during the neonatal period to have
low reactivity to self-antigens, a process that maintains self-
replenishment. Such cells are more prevalent in the aging host
as they are selected for linearly throughout life (98). This evolu-
tion pushes a more selective innate response and will certainly
be affected by the precise sequence of prior infections. Each
person may therefore end up with their own unique repertoire
of innate antibodies.

CROSS-REACTIVE T-CELL REPERTOIRES AND CELLULAR
ATTRITION—SOMETHING HAS TO GIVE

In the preceding sections, we have attempted to highlight how
individual innate or resident cell populations adapt due to prior
infectious events in the lung and present evidence to suggest
that this may impact on subsequent unrelated organisms. There
is another phenomenon that is worth considering in this respect
(albeit briefly in this article): the influence of cross-reactive T
cells and immune senescence.

T cells recognize only a few contact points within a major
histocompatability complex (MHC) bound epitope. This, to-
gether with conformational changes that occur when the TCR
binds to MHC (99), means that an individual T-cell receptor
may recognize up to 10° different peptides (100). During
infection, this leads to cross-reactivity (101), which may be
advantageous (i.e., producing a diverse immune repertoire) or
detrimental and lead to pathologies such as autoimmunity (102,
103). Evidence in murine models suggests we cannot house all
of the altered or expanded cell repertoires after resolution of
infection due to space constraints. Some populations therefore
have to be sacrificed during each successive inflammatory event.
This is clearly evident within the T-cell compartment but may
also be true between cellular subsets. This may be especially
important when different subsets use similar growth factors
(e.g., IL-2 for NK and T cells) or are dependent on the same
chemokines for migration into inflamed sites. Should the growth
factor be limiting and one populations arrive in the lung before
the other, and in greater numbers, then it is more likely to use
the growth factor to its advantage at the expense of the later
population of cells.

Making way for new memory T-cell populations has been
elegantly demonstrated by Selin and colleagues (9) in murine
models, although evidence in humans is still limited. The early
attrition of memory T cells observed in the periphery during
numerous viral infections, including respiratory, is mediated by
type 1 IFN (104). This attrition is believed to reduce potential
cross-reactive memory cells that could otherwise skew the T-cell
repertoire and prevent the efficient clearance of the new path-
ogen (104). Longer term erosion of preexisting T-cell memory
by waves of infection is apparent in multiple infectious models
(105) and driven by homeostatic forces driving deletion to ac-
commodate others (106), an effect believed to be most signif-
icantly mediated by the early attrition phenomenon mentioned
above. The precise pools of memory cells affected may depend
on whether cross-reactive epitopes exist between the current
and previous pathogen (107) (see Figure 3). At present, how-
ever, attrition does not seem to be affected by antigen specificity.

In summary, as soon as the first antigen enters the lung, the
environment, cellular composition, and ability to react to sub-
sequent challenges are permanently modified. This modification
is not necessarily fixed but will adapt to each new situation,
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although the lung will never recover its original form. This
adaptation may be beneficial in some cases and prevent
bystander tissue damage (due to excessive inflammation) or,
in other cases, detrimental, allowing, for example, bacterial
colonization in the wake of an influenza infection. We are
therefore all unique, due to not only our genetic makeup and
private T- and B-cell specificities but also the precise sequence
and severity of infections and other diseases encountered
throughout life. Alteration of immune reactivity with time is
often attributed to simple aging, but this may also be influenced
by the accumulation of antigenic experience with time. This
heterogeneity, developed through experience, probably repre-
sents an evolutionary strategy ensuring survival of at least some
of the population. It also explains the diversity of immune
pathologies experienced during a single infection, the reason
why monozygotic twins do not succumb to the same diseases,
and the variability in response to vaccination.
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