
The impact of successive infections on the lung microenvironment

Introduction

One of the first observations that diseases are often the

result of concurrent or sequential infections dates from

the early 19th century, when cases of pneumoniae corre-

lated with the influenza (flu) epidemic.1,2 Subsequent

studies confirmed that secondary bacterial infections were

a major cause of severe flu-associated illness and death

(for an historical review, see Brundage3). Most epidemio-

logical studies indicate that the time lapse between flu

infection and bacterial pneumoniae is around 5–10 days,

in particular in the context of highly virulent influenza

strains such as in 1918. However, in some cases, increased

susceptibility to bacteria is seen even several weeks after

the resolution of the viral infection, suggesting a long-

term impact on the lung.4,5 The interaction between

viruses and bacteria is particularly relevant as it is

involved in many diseases, such as pneumoniae, sinusitis,

otitis media and gastroenteritis. Other examples are the

impact of human immunodeficiency virus (HIV) or para-

site infections on tuberculosis, hepatitis, opportunistic

infections and even vaccination efficacy, which are all

important health issues in developing countries.6 In addi-

tion, infections or exposure to microbial products can

also impact the development of autoimmune and allergic

diseases. For example, some respiratory infections exacer-

bate asthma, while living in less hygienic conditions dur-

ing childhood or chronic parasite infection protects

against the development of allergic atopy.7 The link

between infections and allergy is beyond the scope of this

review, but some causative mechanisms may also apply to

infectious diseases (for further reading, see Schaub et al.,8

Maizels9 and Kamradt et al.10). In addition to epidemio-

logical data, the development of animal models has been

instrumental in deciphering the mechanisms involved

in polymicrobial infections (Table 1 and reviewed by
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Summary

The effect of infection history on the immune response is ignored in most

models of infectious disease and in preclinical vaccination studies. No

one, however, is naı̈ve and repeated microbial exposure, in particular dur-

ing childhood, shapes the immune system to respond more efficiently

later in life. Concurrent or sequential infections influence the immune

response to secondary unrelated pathogens. The involvement of cross-

reactive acquired immunity, in particular T-cell responses, is extensively

documented. In this review, we discuss the impact of successive infections

on the infected tissue itself, with a particular focus on the innate response

of the respiratory tract, including a persistent alteration of (1) epithelial

or macrophage expression of Toll-like receptors or adherence molecules

used by subsequent bacteria to invade the host, (2) the responsiveness of

macrophages and neutrophils and (3) the local cytokine milieu that affects

the activation of local antigen-presenting cells and hence adaptive immu-

nity to the next infection. We emphasize that such alterations not only

occur during coinfection, but are maintained long after the initial patho-

gen is cleared. As innate responses are crucial to the fight against local

pathogens but are also involved in the maintenance of the homeostasis of

mucosal tissues, dysregulation of these responses by repeated infections

is likely to have a major impact on the outcome of infectious or allergic

disease.

Keywords: infection history; resolution of inflammation; innate response;

coinfection; lung imprinting; respiratory viruses; heterologous immunity
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Bakaletz11). Taken together, these experimental and epide-

miological reports show that one pathogen and its associ-

ated immune response can influence the way a second

unrelated pathogen is handled by the host.

One way in which the host copes with continuous

exposure to pathogens is by developing a memory

response to microbes in the form of antibodies and mem-

ory T cells. Of importance is the ability of this memory

response to cross-react and recognize related pathogens.

For example, a pool of memory T cells generated during

a first viral infection can cross-react with antigens from a

heterologous virus and modulate related immunopathol-

ogy.12,13 Cross-reactive adaptive immunity, however, does

not explain all, as even one single infection may influence

the response to totally unrelated pathogens. An alteration

of the expression or downstream signalling of innate

receptors which are known to recognize a broad range of

micro-organisms may provide an alternative explanation

for these observations. Although innate immunity does

not classically develop the memory phenotype we ascribe

to adaptive immunity, it is possible that innate pathways

may remain altered after resolution of infection. The aim

of this review is to discuss evidence of long-term modula-

tion of innate cell functions that is directly induced by

pathogens or indirectly influenced by activated cells gen-

erated by infection.

As the mucosa is a major portal of entry and replica-

tion site for many pathogens, studying the interaction

between microbes and the host mucosa is crucial to our

understanding of heterologous immunity. Mucosal tissues

are continuously exposed to pathogens or allergens and

are specially equipped with efficient mechanisms to

Table 1. Important parameters emerging from studies on mouse models of sequential infections and their outcomes

First infection Secondary infection Outcome

Detrimental outcome

Acute Influenza MCMV12,13 Increases viral load and pathology

S. pneumoniae2,29,57,98 Enhances susceptibility

Neisseria meningitides56 idem

LCMV Listeria37 idem

Chronic Schistosoma mansoni Vaccinia99 idem

Toxoplasma gondii Helicobacter felis100 Potentiates type I immunopathology

Helicobacter felis Toxoplasma gondii100 Suppresses the Type 1 protective response

Helminth Citrobacter rodentium47 Decreases the gut protective Th1 response

Virus46 Impairs protective response

Beneficial outcome

Acute Influenza RSV49 Reduces immune pathology

Influenza Vaccinia virus12 Reduces viral titre and pathology

LCMV

Citrobacter C. neoformans101 Reduced Th2 driven eosinophilia

Chronic Schistosoma mansoni Trichuris muris102 Resolves infection, Th2-switch

M. tuberculosis C. neoformans95 Reduces type 2 response

Trichinella spiralis Influenza virus103 Reduces immunopathology

Helminth Helicobacter felis48 Suppresses Type 1 responses

Malaria Hepatitis B51 Inhibits viral replication

LCMV, Lymphocytic choriomeningitis virus; MCMV, murine cytomegalovirus; RSV, respiratory syncitial virus.

Example of mouse models of sequential infections and their outcome. Several important parameters emerge from these studies:

(1) Chronic versus acute infection. Acute infection is characterized by an inflammatory phase followed by resolution where the inflammation is

dampened down, the pathogen cleared and the infected tissue repaired. In contrast, the persistence of an infectious agent during chronic infec-

tion changes the homeostasis of the tissue, such as the formation of granulomas by Mycobacterium species. This also provides a sustained source

of soluble anti-microbial or pro-inflammatory mediators and modifies the phenotype and functions of immune cells.

(2) Site of infection. It is expected that tissue damage and inflammatory mediators induced by an ongoing infection can condition the response

to another pathogen at the same site. However, this also occurs at distant mucosal sites suggesting that soluble mediators or migrating cells are

involved. For example, infection with the gut-restricted bacterium Citrobacter rodentium modulates the lung immunopathology induced by

Cryptococcus neoformans.101

(3) Timing. The timing between two successive infections is critical. The quality and magnitude of inflammation, pathogen load and immune

pathology vary during the course of an infection, and this is likely to influence the way a second pathogen is handled (see Fig. 1). In some cases,

the effect can be maintained long after the initial infection has resolved.49

(4) Outcome. The outcome of co-infection is not always detrimental for the host but is protective in many cases. The same infection may also

have an opposite effect, depending on the nature of the secondary pathogen. For example, influenza infection predisposes to Streptococcus pneu-

moniae but protects from RSV- or Listeria-induced immunopathology.49,57,104 Analysing of infections in which the outcome is improved com-

pared to those where the outcome is worse should point to specific innate pathways that are altered.
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prevent them from entering the host. These include

mechanical clearance (exclusion by the mucus layer and

epithelial cell shedding) and neutralization (by antibodies

and antimicrobial factors), but also rely on the activation

of sentinel cells such as epithelial cells and macrophages.

Although they share common features, mucosal tissues

are highly specialized and therefore have their own innate

effectors and level of immune homeostasis.14 For exam-

ple, while the respiratory tract is basically sterile below

the larynx, the gut carries a microbial flora that interferes

with more pathogenic micro-organisms. In this review,

we will focus on mucosal responses with a particular

emphasis on the respiratory tract. Many investigators

have studied the relationship between respiratory viruses

and bacteria, which is not surprising given that

respiratory infections represent the leading cause of mor-

tality world-wide.15 The mechanisms emerging from these

studies may also apply to other pathogen combinations

or to other mucosal tissues.

Direct alteration of innate cell function

Changes in pathogen recognition

Specific structures expressed by pathogens, called microbe-

associated molecular patterns (MAMPs), are recog-

nized by mucosal sentinel cells via pattern-recognition

receptors (PRRs) such as Toll-like receptors (TLRs). The

engagement of TLRs results in the activation of nuclear

factor (NF)-jB and the production of pro-inflammatory

and antimicrobial signals.16 An alteration in the level of

PRR expression or cellular re-localization of these recep-

tors as the result of an inflammatory episode will lead to

abnormal innate signalling and associated inflammatory

responses. For example, TLR expression and response are

compartmentalized in the gut epithelium to prevent con-

tinual recognition of commensal flora,17,18 although such

compartmentalization has not been described thus far in

the respiratory tract. Lung epithelial cells do, however,

up-regulate TLRs, in particular TLR3 and TLR2, upon

respiratory syncitial virus (RSV) and influenza infection,

which may be mediated by the release of interferon (IFN)

by infected macrophages.19–21 Whether such up-regula-

tion has an impact on secondary infection is unclear.22

Because many of these receptors share components of

their signalling pathways, changes in the expression level

or phosphorylation status of molecules within these path-

ways may also interfere with the recognition of subse-

quent pathogens. This may synergize and exacerbate the

inflammatory responses, as recently shown during bacte-

rial coinfection,23 or could lead to an attenuation of the

signal. TLR signalling is inhibited by several negative reg-

ulators downstream of the receptor.24 For example,

increased expression of one of these regulators, IL-1

receptor associated kinase (IRAK-M), correlates with the

unresponsiveness of alveolar macrophages to lipopoly-

saccharide (LPS) in a mouse model of abdominal sepsis.25

Commensals also inhibit TLR responses by directly inter-

fering with the signalling pathways in epithelial cells.26,27

Clearly, a previous infectious event could impact signifi-

cantly on responsiveness to the next, depending on how

long the first influence lasts and whether the subsequent

pathogen triggers similar signalling pathways.

Changes in epithelial adherence and antimicrobial
defences

Enhanced adherence of bacteria in the context of viral

infection has been extensively studied.28 In the case of

influenza and pneumococcus synergism, increased bacte-

rial adherence is proposed to be mediated by influenza-

expressed neuraminidase which exposes cryptic receptors

via the cleavage of sialic acids from surface glycoconju-

gates29 (Fig. 1). Adenoviruses also enhance bacterial

adherence.30 Various antimicrobial molecules are present

in the lumen of the gut (beta-defensins)31 or in the air-

ways (collectins)32 that have multifunctional properties,

including the ability to suppress macrophage responses

and to target different types of micro-organisms.33

Most of them are produced at steady state but can also

be up-regulated by TLR ligands.34,35 Altered expression of

such molecules with a broad range of specificity may

explain why one infection has a similar impact on

multiple secondary pathogens independent of antigenic

cross-reactivity.

Modulation of neutrophil and macrophage function

It is well established that viral infection reduces mono-

cyte and neutrophil function (for example the reduction

of chemotaxis and phagocytosis), which may affect

the clearance of secondary bacterial infections. Neutro-

phil apoptosis occurs during influenza36 and lympho

choriomeningitis virus (LCMV) infection,37 and suppres-

sion of monocyte and polymorphonuclear cell chemo-

taxis occurs in humans and in animal models of

influenza and herpes simplex virus infection.38–40 Sec-

ondary infections may be further affected by the inhibi-

tion of macrophage activation and phagocytosis by

influenza.41 RSV infection is known to induce cytokine

production and the up-regulation of costimulatory mole-

cules by alveolar macrophages, but reduces their antimi-

crobial function upon bacterial challenge.42 In addition,

innate cells, including macrophages, and epithelium are

susceptible to tolerance, which in the short term com-

promises subsequent inflammatory responses. A good

example of this phenomenon is cross-tolerance between

TLR agonists,43 which could explain why patients with

sepsis develop an immunosuppressive state characterized

by the hyporesponsiveness of their monocytes and
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increased susceptibility to pulmonary bacteria.44 A more

extensive description of how the macrophage phenotype

is modified by the local environment can be found in a

recent review by Gordon and Taylor.45

Modification of the cytokine milieu and
implications for the innate response

Immune polarization

The adaptive immune response to micro-organisms is

often characterized by the polarization of the cytokine

response. A type 1 cytokine response to viruses is charac-

terized by the production of IFN-c, tumour necrosis

factor (TNF)-a, interleukin (IL)-12 and cytotoxic CD8+

T cells. A type 2 cytokine response, in contrast, is associ-

ated with IL-4, IL-5 and IL-13 and is predominant in par-

asitic and fungal infections. Type 1 cytokines are known

to suppress type 2 responses and vice versa. Pathogens that

strongly polarize the immune response may modify the

type 1 and type 2 cytokine balance and/or effectors and

consequently the local environment in which immunity

to a concurrent micro-organism develops. For example,

chronic helminth infection induces a strong systemic type

2 response that impairs the protective response to

viruses46 and enteric bacteria47 and alleviates immuno-

pathology associated with detrimental type 1 responses

induced by Helicobacter.48 There is also evidence that

memory T cells may also influence the local environment

through bystander activation. For example, although they

do not cross-react with RSV, influenza-specific CD8+

T cells migrate to the RSV-infected lungs, produce IFN-c
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(c) 
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Resolved influenza infection 
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Figure 1. Model of secondary bacterial super-

infection at different stages after influenza

infection. On the left a schematic representa-

tion of the lung at different stages of influenza

infection is shown. The result of a secondary

bacterial infection is shown on the right. (a) In

naı̈ve lungs, bacteria are cleared rapidly as a

result of the antimicrobial activities of alveolar

macrophages and neutrophils that are recruited

in the airways. In this case, the integrity of the

epithelium is preserved which prevents the

bacteria spreading systemically. (b) At the peak

of influenza infection (day 7 to day 10 post

infection), the entry of the bacteria into the

lung parenchyma and the systemic compart-

ment is facilitated by the damaged epithelium

and increased adhesion of the bacteria. The

function of neutrophils and macrophages and

the level of Toll-like receptor (TLR) expression

are decreased as a result of the viral infection,

so that both the recognition and the clearance

of the bacteria are impaired. Overall, bacteria-

induced immunopathology and bacterial load

are increased and usually sustained as a result

of the viral coinfection. (c) After the resolution

of the initial viral infection, the TLR response

of alveolar macrophages and epithelial cells is

attenuated. This leads to an impaired recruit-

ment of neutrophils in the airways which may

explain the increased bacterial load observed in

post-influenza lungs. In the meantime, den-

dritic cells (DCs) remain in the lungs several

weeks after the infection is cleared and as a

result of a more activated phenotype they may

enhance the generation of an adaptive immune

response.
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and may therefore influence RSV-mediated eosinophil

recruitment and associated immunopathology.49 Polariz-

ing cytokines will also modulate the function of antigen-

presenting cells (APCs; see below) but also differentially

activate resident mucosal cells. For example, TNF-a acti-

vates epithelial cells and together with IL-1 increases

adherence of bacteria.50 Production of pro-inflammatory

cytokines will also increase innate cell recruitment at the

infection site. For example, improved hepatitis B virus

clearance in mice coinfected with plasmodium is caused

by an augmentation of innate effector cells in the liver

induced by the parasite.51

Taken together, these studies highlight the importance

of changes occurring in the local cytokine milieu during

an ongoing infection and its effect on subsequent local

responses.

Immunosuppressive cytokines: the role of IL-10 and
transforming growth factor (TGF)-b

The immunosuppressive role of IL-10 and TGF-b is well

documented in the gut, where they promote an inhibitory

environment that prevents excessive response to commen-

sals. These cytokines reduce cell recruitment and down-

regulate cytokine production by innate cells such as

macrophages (for reviews, see Moore et al.52 and Fitzpa-

trick and Bielefeldt-Ohmann53). Several studies point to a

role for IL-10 in the unresponsiveness of macrophages

during sepsis.54,55 Lung IL-10 production is also enhanced

after a secondary pneumococcal or meningococcal chal-

lenge in mice that have experienced an influenza infection

resulting in impaired neutrophil-mediated clearance of

bacteria.56,57 Interestingly, IL-10 appears late in influenza

infection and is sustained after viral clearance. TGF-b
expression directly suppresses eosinophilic disease driven

by Cryptococcus neoformans,58 is crucial for repair and

remodelling of tissues, and may play a role in the

resolution phase of the infection (see below). Raz and

colleagues recently proposed a homeostatic cross-talk

between epithelial cells and alveolar macrophages which is

controlled by TGF-b.59 Therefore, increased local levels of

TGF-b upon infection may alter mucosal homeostasis

and sentinel cell responses.

What is the source of these immunosuppressive cyto-

kines? Natural regulatory T cells (Tregs) are known to

accumulate at sites of infection and are thought to regu-

late excessive pathology or prevent autoimmune diseases

via the secretion of IL-10 and TGF-b, possibly after stim-

ulation by TLR ligands during secondary challenge.60,61 A

direct beneficial role for these cells is evident during bac-

teria-induced colitis or during chronic helminth infec-

tion.62,63 Long-term suppression of allergen-induced

eosinophil recruitment induced by heat-killed mycobacte-

rium correlates with the induction of Tregs.64 However,

classical CD4 T cells or macrophages can also secrete

these cytokines provided that they receive the appropriate

signal. Clearly, sustained expression of immunosuppres-

sive cytokines or retention of Tregs within the mucosa

may have an impact on subsequent immunity, especially

as Tregs may act in a bystander fashion.

Modulation of mucosal APC function

Ongoing infection may provide an adjuvant effect for

subsequent responses through the induction of costimu-

latory molecules and increased APC recruitment. For

example, respiratory infection induces dendritic cell

(DC) maturation and enhances immunity to an innocu-

ous antigen inhaled concurrently.65 The activation of

APCs is conditioned by the local environment in which

they are primed, and this influences the way in which

they control T helper type 1/type 2 (Th1/Th2) develop-

ment.66 Interestingly, purified microbial products, such

as TLR ligands or toxins, induce the sustained activa-

tion of APCs in the lungs and provide generic protec-

tion to subsequent pathogenic insults by ameliorating

secondary T-cell priming.67–69 DC migration is also

modulated by infection. For example, tracking of DCs

in the draining lymph node by direct labelling shows

that migration is increased during the first 24 hr of

influenza infection but then impaired, despite stimula-

tion by the TLR9 ligand CpG.70 This demonstrates,

together with the evidence described above, that infec-

tion directly affects antigen presentation and therefore

may modulate adaptive responses to concurrent or sub-

sequent pathogens.

Long-term modification of the microenvironment
after resolution of a primary acute infection

Sustained modification of the tissue
microenvironment after injury

Tissue damage caused by some severe acute infections

leads to a repair process that modifies the matrix compo-

sition of the lung (such as collagen and fibronectin depo-

sition), which may provide additional binding sites for

bacteria71 but also alter the tissue structure itself. To pre-

serve barrier function the epithelium needs to be regener-

ated either from bone marrow progenitors or from local

stem cells. This repair process is controlled by dynamic

and bidirectional cross-talk with mesenchymal cells such

as fibroblasts, which could also be potentially altered by a

previous infection.72 Whether the regenerated epithelium

responds differently once renewed is unknown. Airway

remodelling is very often restricted to chronic conditions

such as asthma or fibrosis, but some must occur after

acute infection in view of the level of tissue damage

observed. Interestingly, remodelling is classically con-

trolled by TGF-b, a molecule also involved in immune
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suppression (see above). In addition, repair mechanisms

are controlled by NF-jB, and this may interfere with pro-

inflammatory signals that are also dependent on NF-jB

activation. Matrix metalloproteinases (MMPs), which are

usually induced by infection or injury, may be central in

the alteration of homeostasis after resolution of infection.

Indeed, they play a dual role by participating in repair

mechanisms (for example by activating TGF-b73) but also

by modulating inflammatory responses (reviewed by

Parks et al.74). For instance, matrilysin (MMP7) is essen-

tial for the regeneration of the airway epithelium after

mucosal injury75 but also directly activates defensins76

and modulates the chemokine gradient and neutrophil

transmigration.77 Whether MMP expression is sustained

after resolution of one infection in order to modulate

successive infections remains to be formally proven. How-

ever, should a second pathogen enter the lung during res-

olution and repair of the first then the immunological

and pathological outcome is likely to be severely altered.

Infection also induces persistent lymphatic vessel hyper-

plasia.78 Mycoplasma pulmonis infection induces a robust

lymphangiogenesis driven by vascular endothelial growth

factor (VEGF) produced by inflammatory cells migrating

into the airways. After resolution of the infection by anti-

biotic treatment, the network of newly synthesized lym-

phatic vessels persists in the airways several weeks after

the infection. A change in the lymphatic network is likely

to influence the outcome of a subsequent infection as this

provides conduits for enhanced drainage and migration

of activated APCs to the draining lymph nodes. Further

studies are needed to look at the role of angiogenesis and

lymphangiogenesis in sequential infection models.

Maintenance of cell populations in the mucosa
after infection

Concomitant with the resolution phase of infection is an

increase in CD11c+ cells in the lungs of infected animals,

as shown for respiratory viruses.79,80 In the case of influ-

enza infection, DCs, which remain in the lungs several

weeks after the infection is cleared, are more activated

and have an enhanced ability to promote T-cell priming,

a process that is dependent on IFN-c81 (Fig. 1). The

increase in DCs and macrophages may be controlled in

part by cytotoxic cd T cells recruited during the resolu-

tion phase of a bacterial infection.82,83 The number of

alveolar macrophages is also increased after acute bacterial

infection.84,85 Alveolar macrophages and DCs are often

depleted during infection and it is possible that newly

recruited cells differentiating into mature APCs acquire a

novel phenotype as a result of the modification of the

microenvironment.

T lymphocytes specific for respiratory viruses are also

maintained long after infection.86–88 Their retention may

be mediated by collagen-binding a1b1 integrin expressed

on memory T cells89 and correlate with the persistence of

antigen after resolution of infection or inflammation.90–92

This is, however, a matter of debate.93 Some of these per-

sisting T cells are found in lymphoid structures in the lung

parenchyma called inducible bronchus-associated lym-

phoid tissue (iBALT).81,94 iBALT is visible up to 6 months

after influenza infection in mice (AD, unpublished data)

and is potentially important for the local re-stimulation of

memory T cells and B cells and their potential bystander

effect on subsequent heterologous infection. Interestingly,

iBALT shares some features with Peyer’s patches present

in the gut or isolated follicles found in the colon. Because

Peyer’s patch formation is in part controlled by commen-

sals, the development of iBALT shows that successive

pathogen exposure can induce the neo-formation of ecto-

pic immunological structures and consequently shape the

mucosal immune system.

Long-term desensitization to inflammatory signals

We have recently described several examples of how suc-

cessive infections result in the modulation of subsequent

immunopathology.49,67,68,95 A common observation in all

these studies is the reduction in cell emigration into the

airways, which is a crucial risk factor for airway damage.

We recently found that alveolar macrophages are desensi-

tized to TLR stimulation after influenza infection and

that the effect is maintained long after inflammation is

resolved (Fig. 1). TLR-induced production of chemo-

kines is reduced in post-flu lungs and this impairs the

recruitment of cells into the airways. While such desensi-

tization may be beneficial for the host in alleviating over-

all immunopathology, the reduced neutrophil recruitment

in particular compromises the clearance of respiratory

Streptococcus and Pseudomonas infection.96 Interestingly,

similar results were found in the gut as responsiveness of

intestinal epithelial cells to TLR activation is impaired

immediately after birth by exposure to exogenous endo-

toxin.97 While there is no bacterial flora in the distal lung,

repetitive exposure to microbial products may induce a

similar beneficial hyporesponsiveness. Whether resident

sentinel cells are directly affected by infection or subse-

quent remodelling events and/or whether this is main-

tained through cell renewal remains to be determined.

Concluding remarks

Many mechanisms can explain why the host responds dif-

ferently to heterologous pathogens, from a simple breach

of the mucosal barrier to subtle alterations in immune

modulatory mechanisms. However, recent evidence

reviewed here indicates that the innate immune system is

also shaped by a history of infection. In addition to the

necessity of preserving the integrity of the mucosal bar-

rier, mucosal sites are astonishingly plastic and are there-
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fore likely to evolve through successive experiences

(Fig. 1). Although studies of systemic infection with high

dose of viruses may be informative, the challenge in this

field is to investigate the cellular and molecular mecha-

nisms at mucosal sites, where the education of the

immune system is crucial for efficient protection against

pathogens. In particular, identifying the molecules

involved in increased susceptibility or protection against

subsequent infection may have a significant impact on

therapeutic strategies to tackle infectious diseases.
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