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Bacterial strategies for overcoming host
innate and adaptive immune responses
Mathias W. Hornef1, Mary Jo Wick2, Mikael Rhen1 and Staffan Normark1
In higher organisms a variety of host defense
mechanisms control the resident microflora and,
in most cases, effectively prevent invasive microbial disease. However, it appears that microbial
organisms have coevolved with their hosts to
overcome protective host barriers and, in selected cases, actually take advantage of innate host
responses. Many microbial pathogens avoid host
recognition or dampen the subsequent immune
activation through sophisticated interactions
with host responses, but some pathogens benefit
from the stimulation of inflammatory reactions.
This review will describe the spectrum of strategies used by microbes to avoid or provoke activation of the host’s immune response as well as our
current understanding of the role this immunomodulatory interference plays during microbial
pathogenesis.
Like all other higher organisms, humans have evolved in the continuous
presence of various microbes. In fact, many body surfaces are densely
populated by what we call the “normal microflora”, which is mainly
constituted of a variety of commensal bacteria, such as Bacteroides
thetaiotamicron and Lactobacillus species. These bacteria are harmless
and even beneficial under normal circumstances, but may cause local or
systemic inflammatory disease if the integrity of the hosts’ surface is
disturbed. On the other hand, pathogenic bacteria are able to invade sterile body sites, proliferate and cause substantial tissue damage or systemic inflammation, such as is seen after infection with Shigella dysenteriae or Mycobacterium tuberculosis. The success of many pathogens
relies on their ability to circumvent, resist or counteract host defense
mechanisms; yet some bacteria also provoke activation of the immune
system, which ultimately leads to disruption of the epithelial barrier and
bacterial invasion. Consequently, pathogens have provided many examples of how to avoid and manipulate host responses.
In this review, we will discuss how pathogens mechanistically avoid
recognition by the immune system, and how they interfere—or possibly could interfere—with innate or adaptive immune responses, should
recognition occur. We will examine the various steps that take place
during the course of infection, starting with microbial attachment and
colonization of host surfaces, which can eventually lead to invasion of
the epithelial cell layer and penetration to the subepithelial tissue, and
finally facilitate systemic dissemination of the microbes. We will dis-
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cuss the strategies these microbes use to modify or circumvent the host
defense mechanisms that come into play during this process, including
recognition by surface immune receptors, secretion of antimicrobial
effector molecules, internalization and degradation by phagocytes and
activation of the humoral as well as the cellular immune systems.

Attachment to and colonization of body surfaces
Bacteria are excluded from the host tissue by anatomical barriers that
consist of the skin and mucous membranes. The integrity of the mucosal surfaces is protected by active removal of bacteria, for example by
the acid environment of the stomach, the ciliary movement in the upper
respiratory tract and the continuous flushing with urine of the lower urinary tract. Thus, motility and attachment factors (so-called adhesins)
found in most pathogenic bacteria are essential for approaching cellular surfaces and withstanding mechanical removal. For example, lack of
expression of the major attachment factor toxin-coregulated pili (TCP)
in Vibrio cholerae, significantly reduces the severity of bacteriainduced diarrhea in humans1. Alternatively, the secretion of bacterial
toxins impairs protective functions and facilitates colonization. For
example, Bordetella pertussis, the agent that causes whooping cough,
paralyses the ciliary clearance function of the respiratory tract via the
release of cell wall constituents that induce nitric oxide–mediated ciliostasis2. Biofilm formation by the opportunistic pathogens
Pseudomonas aeruginosa and Staphylococcus epidermidis or the production of a protective bacterial extracellular matrix (“curli” surface
fibers) by Escherichia coli shield bacteria from the hostile environment
and might facilitate resistance against the host surface protective mechanisms3. Finally, the presence of an extensive resident microflora represents yet another means of effectively protecting the host’s mucosal
surfaces; this is illustrated by infection with the opportunistic pathogen
Clostridium difficile—the agent that causes pseudomembranous colitis—in patients undergoing antibiotic treatment, which results in disturbance of the enteric microflora. Thus, colonization by pathogens in
the presence of a resident flora requires successful strategies that enable
invading microbes to successfully compete for nutritional and spatial
resources and displace commensal organisms from the microbial niche.

Evasion of immune recognition by mucosal surfaces
Besides acting as mechanical barriers, vulnerable mucosal membranes
are covered with an array of soluble opsonizing factors, such as antibodies, that immobilize and remove approaching bacteria. Bacteria
counter this with the proteolytic degradation of secretory immunoglobulin. This method of evasion is used particularly by bacteria that colonize the upper respiratory tract; Haemophilus influenzae—an important
causative agent of respiratory tract infections—is one example of a
microbe that uses such mechanisms to prevent opsonization and Fc
receptor–mediated phagocytosis. Many types of epithelial cells have
the intrinsic ability to sense the presence of microbial organisms and
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respond specifically through the identification of conserved components of these microbes. These microbial structures are termed
pathogen-associated molecular patterns (PAMPs) and include parts of
the bacterial cell envelope, such as lipopolysaccharide (LPS), peptidoglycan and bacterial DNA. Recognition of microbial structures by host
cells relies on diverse families of genome-encoded receptors that allow
detection of infectious nonself particles and provide signals that activate the defense mechanisms4. One group of membrane receptors, the
toll-like receptors (TLRs), has attracted substantial attention due to
their role in cellular signaling and their importance during initiation of
the adaptive immune response5. The most effective strategy for avoiding innate recognition could involve steric shielding or modification of
exposed PAMPs. In fact, host-like bacterial capsular structures have
long been recognized as important virulence factors. Also, various LPS
species from different commensal as well as pathogenic bacteria show
some variance in the capacity to induce cytokine synthesis. Multiple
alterations in the structure of Salmonella LPS decrease the microbe’s
potential to provoke innate immune responses6. However, due to the
pivotal role played by most PAMPs in essential bacterial cell functions
as well as structure, major modifications might well decrease the viability and fitness of the bacterial intruders. Bacterial flagellin, which is
recognized by TLR5, might represent an exception; flagellin shows in
many Gram-negative bacteria as a result of phase and antigenic variation7. Also, although it is an important virulence factor for many bacteria (for example V. cholerae), it appears that flagellar expression is not
an essential contributor to the pathogenicity of the prominent enteric
pathogen Salmonella enterica serovar Typhimurium8.
The cellular process of pattern molecule recognition is only beginning to be understood. In addition to the need for soluble as well as
membrane-bound accessory proteins such as LPS-binding protein
(LBP), CD14 and MD-2, the cellular localization of a given TLR seems
to be highly specific. For example, TLR2 is situated on the plasma
membrane of macrophages and stays bound to its ligands—such as
yeast zymosan—even after internalization in the phagosome9. In order
for hypomethylated CpG motifs—a characteristic feature of bacterial
DNA—to be recognized, endocytosis must occur so that the cell can
signal through the intracellularly located receptor TLR910. TLR4 is
found on the surface of macrophages but in the Golgi apparatus of
intestinal epithelial cells, colocalized with its internalized ligand LPS11.
These examples demonstrate the complexity of TLR-mediated recognition processes, which involve ligand internalization, cell traffic and
fusion of subcellular compartments.
Although the exact relationship between ligand localization and
TLR-mediated signaling has not been determined, the possibility exists
that microbes inhibit or delay recognition by interference with membrane and vesicular trafficking. Alternatively, because expression of
recognition receptors seems to be organ-specific, recognition might be
avoided through the selection of certain favorable anatomical sites for
colonization and invasion12.
In contrast to the avoidance of immune recognition, some microbial
pathogens, under certain conditions, enhance immune-activation and
pro-inflammatory responses by producing maximally stimulatory pattern molecules. For example, S. dysenteriae, which causes bacillary
dysentery in humans, contains two copies of the msbB gene; one of
these genes is located on the virulence plasmid. The msbB gene product is involved in the biosynthetic pathway of lipid A, the immunostimulatory part of the LPS molecule. Deletion of the msbB gene in E.
coli leads to the production of hypoacylated lipid A with strongly
decreased pro-inflammatory activity. The second msbB gene encoded
by Shigella might be used to ensure complete acylation of lipid A and
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generate maximal stimulatory LPS. Cell activation is required to induce
intestinal leukocyte infiltration followed by disruption of the enteric
mucosal layer, which facilitates bacterial invasion13. As this example
demonstrates, inflammation during the early course of infection might,
under certain conditions, be advantageous. In contrast, long-term
microbial colonization requires that cellular stimulation and activation
of host defenses are avoided. This point is illustrated by Helicobacter
pylori, which colonizes the human gastric mucosa and causes chronic
infections in a large percentage of the human population. H. pylori activates stomach epithelial cells in a process that is mainly dependent on
proteins encoded by the CagA pathogenicity island14. After prolonged
colonization, part of the bacterial population in the stomach tends to
delete cag genes15. This may reflect a need to reduce the inflammatory
response as soon as microbial colonization is established. In addition, a
global modulation of virulence gene expression is associated with the
transition from acute to chronic infection of mice with S. enterica
Typhimurium16. In contrast, isolates of P. aeruginosa that chronically
colonize the lungs of patients with the inherited disease cystic fibrosis
continue to produce highly stimulatory LPS17. Biofilm formation and
low susceptibility to host defense molecules (such as antimicrobial peptides and complement) might provide sufficient protection to allow
P. aeruginosa to persist in the face of ongoing inflammation, which
enhances the supply of nutrients.
Recognition via host receptor molecules eventually leads to the activation of signal transduction cascades—including recruitment of
adaptor molecules, tyrosine phosphorylation and activation of transcription factors—and subsequent activation of defense responses
such as chemokine release and antimicrobial peptide production. An
alternative immune-evasion strategy might interfere with cellular signaling during the stages that follow actual recognition. However,
regarding microbial interference with TLR-induced signaling, only
one example—that used by the vaccinia virus—has been described18.
Possibly, disruption of immediate TLR-mediated signaling in host
cells requires a pace that simply is not easily achieved. The alternative,
then, would be to interfere with downstream signaling events. Active
suppression, at the molecular level, of an induced pro-inflammatory
immune response is demonstrated by S. enterica serovar Pullorum, the
agent that causes fowl typhoid. In contrast to the well studied serovar
Typhimurium—which causes inflammatory gastroenteritis in humans,
and high secretion of pro-inflammatory cytokines in polarized human
intestinal epithelial cells—S. enterica Pullorum produces only a minimal cellular response. More strikingly S. enterica Pullorum can suppress the pro-inflammatory activation of a subsequent exposure to
S. enterica Typhimurium through active inhibition of IκB ubiquitination19. Inhibition of cellular activation by commensal or pathogenic
microbes may therefore represent a strategy with which gastrointestinal mucosal tolerance to pro-inflammatory stimuli can be maintained
and host defenses avoided. Microbial strategies for the manipulation
or avoidance of surface defense mechanisms of the host epithelial barrier are illustrated (Fig. 1).

Resistance to antibacterial effectors on epithelial surfaces
In addition to their ability to attract professional immune cells, the epithelial body surfaces themselves provide effective innate antimicrobial
defense. A large variety of antimicrobial peptides protect the inner and
outer surfaces of most multicellular organisms against environmental
microbial pathogens. These locally secreted short peptides are highly
resistant to enzymatic degradation and show a net positive charge, which
facilitates their binding to prokaryotic cell surfaces. Antimicrobial peptide–induced bacterial killing involves attachment and integration of the
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peptide into the surface of the invading prokaryote and subsequent dis- brane might preclude modifications that allow resistance to the memturbance of membrane integrity20. A whole spectrum of adaptive mecha- brane-disturbing activity of antimicrobial peptides in the interest of prenisms used by bacteria lowers susceptibility to antimicrobial peptides serving the functional and structural integrity of the microbial cell20.
expressed by the host. Although they are considered relatively resistant to For example, a strain of Streptococcus pyogenes that is resistant to the
enzymatic digestion, degradation of at least some linear antimicrobial murine antimicrobial peptide Cramp shows growth inhibition in
peptides by bacterial proteases has been reported21,22, and active transport enriched culture medium31. Therefore, the importance of decreased susof peptides out of the bacterial cytoplasm also occurs23. Some bacteria de- ceptibility to antimicrobial peptides may, in most cases, lie in the comgrade extracellular matrix, and the resulting fragments bind to antimicro- petition with resident microbial organisms for nutrients and space
bial peptides and abolish their efficacy24. Bacterial membranes are much rather than resistance to the hosts’ immune defense. Resistance-enhancless susceptible to antimicrobial peptides than artificial membranes25. ing changes to LPS structure in Salmonella are tightly regulated by the
This might be explained by the fact that the negatively charged mem- PhoP-PhoQ and PmrA-PmrB two-component signal transduction sysbranes of many bacteria are modified by the addition of positively tems, which are central regulators of bacterial virulence6,32. The ability
charged residues. Staphylococcus
to monitor the environment and
aureus, the dominant causative
accordingly modify the cell wall
agent of purulent wound infections,
structure might allow the organmodifies its principal membrane
ism to adapt to specific requirelipid, phosphatidylglycerol, with
ments during infection and therelysine26 and adds D-alanine to teifore minimize the accompanying
high metabolic costs.
choic acid27. Both changes reduce
Another explanation for the lack
the net negative charge of the memof emergence of resistance to
brane. Similarly, under certain cirantimicrobial peptides is the
cumstances Gram-negative bacteria
simultaneous production of a varimodify the structure of their LPS so
ety of different peptides at most
they become less susceptible to
body sites. The simultaneous use
antimicrobial killing. For example,
of different antimicrobial subS. enterica Typhimurium can form
stances significantly impairs the
hepta-acylated lipid A (via the addidevelopment of microbial resistion of palmitate by the bacterial
tance, as is illustrated by the modprotein PagP), add phosphate and
ern multiple drug regimens prephosphoethanolamine to the core
scribed to treat tuberculosis or
polysaccharide and modify lipid A
HIV infection. A recent genetic
phosphate groups with ethanolanalysis has identified a large
amine and aminoarabinose. These
number of potential antimicrobial
alterations decrease the susceptibilpeptides in vertebrates, which furity of microbes to α-helical antimither increases the quantity and
crobial peptides or the cyclic
diversity of molecules identified to
polypeptide polymyxin6,28.
Figure 1. Strategies for bacterial escape from epithelial defense
date33. Accordingly, gene-deletion
Adaptation to antimicrobial
mechanisms. Prevention of opsonization (1) is required to facilitate colonizapeptides seems to play a critical
strategies
to prevent the expression
tion of host surfaces (2). Toxin secretion can paralyze the host’s defenses (3)
role in microbial virulence, as 11
of a single antimicrobial peptide
and disrupt its mucosal integrity (4). Microbial recognition and host responses—such as the secretion of antimicrobial peptides (5) or chemokine producout of 12 S. enterica Typhimurium
have so far failed to reveal a clear
tion (6)—can be impaired by modification of pattern molecule presentation or
mutants with decreased susceptiphenotype of enhanced susceptiinterference with intracellular signaling or cell trafficking (8). Microbe-induced
bility to host peptides, showed
bility to infection. (The only
self-uptake (7) and escape from the phagosome along with inhibition of intrareduced virulence in vivo29. Also,
exception is a report on mice deficellular recognition (9) or persistence in modified endosomes (10) can then
impede removal by host defense mechanisms. Green, host responses; orange,
cient in Cramp, the only murine
the mechanism used by the virubacterial components and interference with host defense strategies.
member of the cathelicidin gene
lence factor encoded by the S.
family, which showed enhanced
enterica Typhimurium mig14 gene
was recently identified: mig-14 mutants showed enhanced susceptibili- susceptibility to skin infection with S. pyogenes31.) In contrast, mice lackty to antimicrobial peptides30. Finally, S. aureus that was unable to ing the whole group of enteric α-defensins—as a result of deletion of the
modify phosphatidylglycerol with L-lysin and thereby reduce its nega- proteolytic enzyme matrilysin—showed an increased susceptibility to
tively charged surface membrane showed attenuated virulence in orally administered S. enterica Typhimurium; this demonstrates the
mice26. Thus, bacteria have evolved a number of mechanisms in order importance of enteric antimicrobial peptides in host defense34.
to adapt to surrounding antimicrobial peptides, and these mechanisms
A third reason for the lack of fully resistant bacteria may be the fact
appear to be important in the expression of full virulence. However, that the activity of antimicrobial peptides seems to be highly regulated
high concentrations of animicrobial peptides at vulnerable body sites in both at the transcriptional level and through enzymatic processing and
vivo do nevertheless impede microbial colonization and growth.
secretion35,36. Consequently, interference with antimicrobial peptide regWhy do bacteria not attempt full resistance to antimicrobial pep- ulation seems to represent another microbial strategy for avoiding
tides? One explanation may lie in the high costs to microbial organisms killing37,38. In addition, the continuous presence of high peptide concenthat the development and expression of resistance engender. The trations is restricted to defined and particularly vulnerable body sites
diverse and highly specific biological functions of the microbial mem- such as the mouth, airways and intestinal crypts (where the intestinal
www.nature.com/natureimmunology
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epithelium regenerates) as a
Mutations in the human NOD2
means of controlling the distribugene, which are involved in
tion of the normal flora39,40. The
cytosolic recognition of LPA, are
associated with Crohns’ disease,
situation in the intestinal crypts
an inflammatory bowel disease
illustrates this scenario well.
of unknown etiology47,48.
These small, gland-like appendices (with a volume of ∼4–6 µl)
Direct penetration of the skin
contain high concentrations of
is found with vector-born microantimicrobial peptides (estimated
bial diseases. In the case of Lyme
to be of the order of grams per
disease, the protective skin barriliter) that are produced by the
er is transversed by the bite of a
Paneth cells at the lower end of
tick. The tick translocates
the crypts and which effectively
Borrelia burgdorferi directly to
inhibit bacterial entry into the
the subepithelial space, where the
crypts and protect the site of
bacteria initiate systemic infecepithelial regeneration20,40. Diffution. Infection with the spirochete Leptospira in an example
sion into the comparatively large
of active transcutaneous migraintestinal lumen, absorption by
tion, as this bacterium has the
the mucus overlying the epitheliexceptional ability to actively
um and consumption through the
Figure 2. Bacterial defense against phagocytes. Bacterial defense stratepenetrate the skin without the aid
abundant intestinal microflora
gies against phagocyte engulfment include the induction of programmed cell
of any vector. Other bacteria such
results in a peptide concentration
death (1) as well as inhibition of uptake (2) by translocated effector proteins.
as S. pyogenes or Clostridium
below that required to inhibit bacEffector proteins can also be used to down-regulate other host cell nuclear
responses (3). Should phagocytosis occur, bacteria can escape from the endoperfringens, both prominent
terial growth. Therefore, restricted
some into the host cell cytosol (4) or interfere with endosomal trafficking as well
causative agents of soft tissue
secretion of antimicrobial pepas maturation of the phagosome (5) and the subcellular localization of defense
infections, bypass the epithelial
tides might help to avoid the
factors (6).
barrier via pre-existing injuries
development of microbial resisand use enzymatic degradation of
tance by minimizing the selective
the host’s extracellular matrix, toxin-mediated cell destruction or inducpressure on the surrounding resident flora.
tion of programmed cell death to spread themselves through intact tissue49. Yet another important mode of entry, bypassing the intestinal
Strategies for invading and crossing the epithelium
Invasion of the epithelial layer provides protection from surface defense epithelial barrier—used, for example, by Salmonella and Shigella—
molecules. For example, S. enterica Typhimurium invades epithelial occurs through a specialized cell type: the M cell. M cells overlay the
cells using a mechanism by which it induces its own uptake. The Peyer´s patches in the small intestine and can translocate luminal antimicrobe uses a syringe-like transfer apparatus—termed a type III secre- gens (and even intact bacteria) to the basolateral side of the epithelia for
tion system—to transfer two bacterial products, SopE and SopE2, uptake and recognition by the underlying cells of the immune system50.
directly from the bacterial cytoplasm into the eukaryotic host cell. Both However, once they are beyond this entry point, bacteria must defend
proteins act as nucleotide exchange factors that activate central regula- themselves against resident professional immune cells.
tors of the actin cytoskeleton, the small GTP-binding proteins CDC42
and Rac, and induce subsequent engulfment of the bacterium41,42. Escape from phagocyte responses
However, activation of these proteins also stimulates nuclear responses Upon arrival at the subepithelial space, bacteria encounter locally resithrough the transcription factors NF-κB and AP-1, ultimately leading to dent as well as newly infiltrated professional phagocytic cells that are
the secretion of pro-inflammatory cytokines and attraction of profes- attracted by the chemokine response of the overlying epithelial cells.
sional phagocytes. This immune stimulation is counteracted by yet The strategies used by bacteria to overcome this additional defense baranother translocated bacterial protein, SptP, which quenches the activat- rier are shown (Fig. 2) Phagocytes are equipped with a number of
ed GTP-binding proteins involved and thereby limits cell activation42. receptors that detect the presence of invading microbes and bind
Similarly, uropathogenic E. coli invade the bladder epithelium and opsonized microbial surfaces. Membrane-bound scavenger receptors,
thereby avoid clearance by surface host defense mechanisms43. lectins, Fc receptors and complement receptors as well as signaling
Internalized Shigella flexneri—which has a similar clinical profile to through TLRs may cooperate to determine the ultimate cellular
S. dysenteriae—produces and secretes IpaB, which mediates lysis of the response. This may lead to phagocyte maturation, activation of antimiphagosome and allows the bacterium to escape into the cytoplasmic crobial substances and secretion of pro-inflammatory cytokines, as well
space44. Actin nucleation and polymerization initiated by the bacterial as phagocytosis and microbial degradation.
Consequently, bacteria use a variety of strategies to avoid engulfprotein IcsA—which is located at the rear pole of the bacterium—
enables S. flexneri to move through the cytoplasm and enter neighbor- ment and degradation by phagocytes and facilitate proliferation and
ing cells, facilitating microbe evasion of activated immune reponses45. spread among host tissues51. Examples are the inhibition of phagocytoOne might assume that the cytosolic location provides optimal protec- sis by capsule formation or toxin-mediated cellular destruction and
tion from immune recognition and response. However, even the cytosol necrosis. In contrast, induction of apoptosis avoids the release of proseems to be equipped to detect the presence of bacterial pattern mole- inflammatory signals49. Host-induced apoptosis of lung epithelial cells
cules, such as LPS, mediated by members of the nonobese diabetic during infection with P. aeruginosa plays an important role in reducing
(NOD) protein family leading to a pro-inflammatory cellular response46. leukocyte infiltration and maintaining the essential function of the lung:
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the oxygenation of blood52. In contrast, Salmonella and Shigella both
actively stimulate pro-apoptotic pathways in order to paralyze phagocytic defense: SipB from S. enterica Typhimurium and the similar IpaB
from S. flexneri are translocated via a type III secretion apparatus into
the host cytosol. These proteins bind to caspase-1, which activates
downstream caspases and induces apoptosis53,54. The observation that
caspase-1–deficient mice are resistant to infection with wild-type
Salmonella suggests that this mechanism may contribute to the pathogenesis of this bacterium55. Yersinia enterocolitica YopP (like its
homolog Yersinia pseudotuberculosis YopJ) can also inhibit anti-apoptotic signals via the repression of NF-κB activation as well as stimulation of pro-apoptotic signals through LPS-mediated activation of the
TLR4 pathway56.
Y. enterocolitica and Y. pseudotuberculosis—which both cause enterocolitis and abdominal lymphadenitis—can inhibit phagocytosis by the
translocation of bacterial mediators that specifically disorganize the host
cell cytoskeleton preventing bacterial uptake by macrophages and polymorphonuclear leukocytes. Bacterial YopE RhoGAP activity promotes
the disruption of actin filaments by interaction with the Rho GTPases
Rac, Rho and CDC42. YopH destabilizes focal adhesion via dephosphorylation of the adapter protein p130Cas and inhibits phagocytosis that is
mediated by Fc receptors and complement receptors57,58. Once internalization has occurred, some bacteria—such as the food-born pathogen
Listeria monocytogenes, which is responsible for serious infections in
immunocompromised individuals—manage to survive, persist and even
proliferate in host phagocytes. To avoid degradation in the phagolysosome, L. monocytogenes is able to escape into the host cell cytosol by
means of a bacterial toxin, listeriolysin, which disrupts the endosomal
membrane59. Other pathogens such as Salmonella are able to manipulate
endosomal trafficking and recruit defense factors to the maturing vacuole60. S. enterica Typhimurium, for example, is able to reduce the
recruitment of NADPH oxidase and inducible nitric oxide synthase
(iNOS) to the vacuole through interference with vacuolar trafficking,
thereby preventing oxygen radical production and bacterial killing in
macrophages61–63. The fact that many different Salmonella mutants that
are able to down-regulate host iNOS activity could be isolated in a
screen of macrophage-adapted bacteria suggests that Salmonella use
several strategies for interfering with the host NO response60. And like
many other bacteria, Salmonella is able to detoxify oxygen radicals
enzymatically64. M. tuberculosis inhibits phagosomal maturation by
depleting H+ ATPase molecules from the vacuolar membrane65. This
leads to reduced acidification and allows intracellular survival and
growth.

Resistance to humoral defense mechanisms
Successful escape by microbes from internalization by phagocytes
opens the way for systemic spread in the host via the blood or lymph
vessels. However, the limited supply of essential nutrients such as iron
requires a high degree of adaptation to this environment. This is illustrated by the example of Yersinia, which carries genes that encode highaffinity uptake systems for ferric iron. In addition, bacteria will
encounter humoral defenses. Soluble factors such as the C-reactive protein (CRP), mannan-binding lectin (MBL) and serum amyloid protein
(SAP) are produced by the liver and function as opsonins. CRP and
MBL also act as alternative recognition molecules for the antibodyindependent activation of complement by binding to C1q, the activator
of the classical complement activation pathway. Both S. pyogenes and
Streptococcus pneumoniae possess surface structures that bind the
complement regulatory component factor H66,67. Factor H binding consequently promotes complement factor I–mediated degradation of C3b
www.nature.com/natureimmunology
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deposited on the bacterial surface and inhibits the release of chemotactic molecules, such as C5a and C3a, as well as formation of the membrane attack complex. Additionally, certain bacteria express proteases
that degrade C1q, C3, C4 and C5-C968. As we mentioned before, intracellular persistence and proliferation, such as that seen with S. enterica
Typhimurium, represents an opposite yet similarly effective strategy for
avoiding the limited growth factors as well as soluble humoral defense
molecules.

Bacterial interference with cytokine secretion
The innate immune system is clearly critical in the early control of bacterial replication and successful eradication of an infection. It is also
linked to the adaptive immune response, which helps clear the infection
and builds specific immunity with a memory component. Activation of
the adaptive response occurs through cytokine secretion, antigenic processing and presentation as well as proliferation and differentiation of
effector cells. Secretion of cytokines—particularly by effector T
cells—killing of cells harboring intracellular pathogens by cells with
cytolytic activity—such as CD8+ T cells—and antibody production by
B cells all then contribute to controlling bacterial infections. Examples
of the strategies bacteria use to deal with this complex defense network
are shown (Fig. 3).
The production of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin 1 (IL-1), IL-8 and IL-12 by host cells
upon sensing bacterial products is crucial in the innate and adaptive
immune responses to infection. These cytokines play a role in enhancing the bactericidal capacity of phagocytes, recruiting additional innate
cell populations to sites of infection, inducing dendritic cell maturation
and directing the ensuing specific immune response to the invading
microbes. Some bacterial pathogens have evolved mechanisms for
modulating cytokine production by host cells, which modifies the
host’s subsequent immune response.
Mycobacteria provide a good example of bacterial manipulation of
the cytokine response. These bacteria can induce the production of antiinflammatory cytokines, which dampen the immune response. Mycobacteria-infected macrophages produce IL-6, which inhibits T cell activation69, as well as the potent immunosuppressive cytokines IL-1070 and
transforming growth factor-β (TGF-β)71. IL-10 is immunosuppressive
in several ways72, including the inhibition of macrophage activation and
production of reactive oxygen and nitrogen intermediates, suppression
of inflammatory cytokine production as well as down-regulation of the
production of molecules important in triggering specific immunity (for
example the major histocompatibility complex (MHC) class II antigen
presentation complex and the costimulatory molecule CD86).
Mycobacterium-induced production of immunosuppressive cytokines
may also contribute to the generation of regulatory T cells, also called
T suppressor cells, that down-regulate immune activation. For example,
aerosol treatment of mice with killed Mycobacterium vaccae induces
regulatory T cells that prevent airway inflammation in an IL-10 and
TGF-β–dependent manner73. Similarly, B. pertussis exploits IL-10 in
order to down-regulate the host immune response. Bordetella filamentous hemagglutinin (FHA) induces IL-10 production by dendritic cells.
This induces naïve T cells to develop into regulatory cells that suppress
interferon-γ (IFN-γ) production by antigen-specific T cells74. Also the
LcrV protein produced by Y. enterocolitica induces macrophages to
secrete IL-10, which, in turn, suppresses TNF-α production75. Thus,
bacterial exploitation of host cell capacity to produce immunosuppressive cytokines, particularly IL-10, provides an effective means for
invading microbes to modulate host defense mechanisms and evade
immune recognition.
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Certain bacteria have evolved
inhibits IFN-γ–inducible MHC
mechanisms for interfering with
class II expression by interfering
the signal transduction pathways
with CIITA activation. The mechimportant in regulating expresanism used by Chlamydia to
sion of cytokines and other proinhibit activation of CIITA
teins involved in inflammation.
involves degrading the upstream
For example, YopP from Y. entestimulatory factor 1 (USF-1)
rocolitica and YopJ from Y.
which is required for IFNpseudotuberculosis inhibit NFγ–mediated CIITA induction and,
κB and MAPK (mitogen-activatthus, IFN-γ–inducible MHC class
ed protein kinase) signal transII expression92. In addition, C.
76–78
duction pathways . Thus,
trachomatis suppresses both constitutive and IFN-γ–inducible
Yersinia avoids the detrimental
MHC class I expression on
effects of pro-inflammatory
infected cells by degrading the
cytokines secretion by suppresstranscription factor regulatory
ing TNF, IL-1 and IL-8 producfactor X 5 (RFX5) in addition to
tion. In contrast to Yersinia inhiFigure 3. Bacterial defense strategies against the adaptive immune
degrading USF-193. As regulatory
bition of NF-κB activation, the
response. Strategies include the induction of immunosuppressive cytokines,
intracellular pathogen L. monocyfactor RFX5, a key component of
such as IL-10, IL-6 and TGF-β (1); inhibition of pro-inflammatory cytokine protogenes activates this transcripthe RFX transcription complex, is
duction; and surface expression of costimulatory molecules such as CD86 (2) by
tion factor as a potential means of
required for both constitutive and
antigen presenting cells (APC). Interference with bacterial uptake (3), phagosome
maturation (4) and antigen processing (5) as well as MHC class I and II expresincreasing its pathogenicity79,80.
IFN-γ–inducible MHC class I
sion (6) also lead to diminished antigen presentation. Inhibiting tyrosine phosexpression and the RFX complex
Listeria-mediated NF-κB activaphorylation of the T and B cell receptors (7) and activating the inhibitory CEAis required for MHC class II trantion of endothelial cells results in
CAM1 receptor on T cells (8) further decreases effector cell function. Certain
scription94, the ability of C. traincreased expression of the adhebacteria can also induce regulatory T cells (formerly called suppressor T cells)
sion molecules intercellular adhechomatis to degrade these tranthat dampen the immune response (9) or induce T cell apoptosis by enhancing
FasL expression on T cells (10).
sion molecule 1 (ICAM-1) and Escription factors provides an
selectin, and secretion of IL-8 and
effective means of blocking adapmacrophage chemoattractant protive immunity.
tein 1 (MCP-1)80. This attracts circulating phagocytes and promotes diapedesis and tissue infiltration. This “Trojan horse” mechanism directs Inhibiting T and B cell effector functions
Listeria-infected phagocytes to the subendothelial space, facilitating tis- Some bacteria interfere with the capacity of T and B cells—the effecsue spread and bacterial dissemination.
tor cells of the adaptive immune system—to carry out their functions.
For example, H. pylori Cag pathogenicity island-encoded genes induce
Fas ligand (FasL) expression on T cells and mediate apoptosis95. YopH
Bacterial interference with antigen presentation
Interfering with antigen processing and presentation is another strategy from Y. pseudotuberculosis also suppresses antigen-specific T cell actiused by bacterial pathogens to prevent stimulation of an adaptive vation and IL-2 production by inhibiting tyrosine phosphorylation of
immune response. For example, S. enterica Typhimurium mutants that components of the T cell receptor96. YopH also inhibits tyrosine phosconstitutively express the phoP-phoQ regulatory locus, which is impor- phorylation of components of the B cell receptor and suppresses uptant for survival in macrophages and bacterial virulence, are inefficient- regulation of the costimulatory molecule CD86 after B cell receptor
ly processed by macrophages for MHC class II presentation81,82. engagement with antigen96. The YopH-dependent inhibition of signalSimilarly, the vacuolating toxin VacA produced by H. pylori diminishes ing cascades associated with antigen receptor engagement is an addithe capacity of antigen-presenting cells to degrade internalized anti- tional immune evasion strategy to the above-mentioned capacity of
gens83. Also, M. tuberculosis shows several strategies for suppressing YopH to impair bacterial internalization97.
antigen presentation and T cell activation, including inhibition of phagoAnother bacterium that exploits the host receptor signal transduction
somal maturation (see above) and sequestration of mycobacterial anti- machinery in order to modulate immunity is Neisseria gonorrhoeae, a
gens from molecules required for T cell stimulation, such as MHC class sexually transmitted pathogen that causes urogenital infection. One
II presentation84–86. Mycobacteria also down-regulate surface expression class of the multiallelic, phase-variable Neisseria OPA proteins—
of MHC class II and CD1 and interfere with the presentation of antigens which bind various ligands and mediate uptake by host cells—binds
by MHC class II molecules87–90. Mycobacteria inhibit the transcription of members of the CD66 receptor family, also known as carcinoembryonIFN-γ–responsive genes, including the master regulator for MHC class ic antigen–related cellular adhesion molecule (CEACAM) family.
II expression, the class II transactivator (CIITA)89,91. As MHC class II CECAM1 is the only CEACAM molecule expressed on human lymexpression by resting macrophages is very low and IFN-γ is a potent phocytes, and the presence of an immunoreceptor tyrosine-based
inducer of MHC class II on these cells, the capacity of Mycobacteria to inhibitory motif (ITIM) in its cytoplasmic tail highlights its role as a
inhibit MHC class II expression by interfering with IFN-γ–mediated sig- coinhibitory receptor on CEACAM1+ cells. N. gonorroheae expressing
naling pathways provides a potent means for dampening critical CD4+ T a CEACAM1-binding OPA protein inhibits the activation and proliferation of CD4+ T cells stimulated by ligation of the T cell receptor98. This
cell responses to this bacterium.
Chlamydia trachomatis, a sexually transmitted pathogen that causes inhibitory effect was associated with increased recruitment of two tyrourogenital tract and ocular infections, also inhibits surface expression of sine phosphatases, SHP-1 and SHP-2, that are critical to the inhibitory
MHC molecules on infected cells92,93. Like Mycobacteria, C. trachomatis function of ITIM-containing receptors98. Thus, the capacity of
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N. gonorrohea to inhibit T cell activation in addition to antigenic variation of surface proteins including OPAs99 likely contributes to the poor
specific immune response observed in Neisseria-infected individuals.
Our current knowledge of the strategies used by bacteria to interfere
with innate and adaptive immunity and escape host defenses is largely
incomplete. Nevertheless, the diverse disciplines of immunology,
microbiology, infectious diseases and cell biology have contributed
much to the exciting progress we have made in our knowledge over
recent years. These studies have also revealed the complex interplay
between microbial pathogens and higher organisms. However, when
the role played by the host’s normal microbial flora is included in the
analysis, the complexity of bacteria-host interactions is even greater.
How does the host differentiate between its responses to pathogens and
commensals? One explanation is that the mucosal linings are tolerant
to microbes at locations colonized by the normal flora, and that innate
responses are induced only after bacterial intrusion beyond these barriers. However, even in the absence of pathogenic microorganisms, host
defense mechanisms are required to maintain the integrity of the
anatomical barrier against the resident microbial flora.
The need for continuous vigilance is illustrated by mice that are deficient in the production of bactericidal oxygen and nitrogen intermediates (gp91phox–/–NOS2–/–). Such mice spontaneously develop massive
abscesses that are caused by the normal flora of the intestine, respiratory tract and skin100. On the other hand, down-regulation of proinflammatory responses as well as enhancement of the intestinal barrier function appear to represent important functions of the normal
microbial flora. The intestinal commensal Bacteroides thetaiotamicron
protects host cells from complement-mediated cytotoxicity via the upregulation of DAF (decay-accelerating factor), a central regulator of
complement deposition on nucleated cells, and simultaneous enhancement of cutaneous repair and barrier functions101. Therefore, one might
assume that commensals, like pathogens, express factors that directly
or indirectly interfere with immune defense. However, the extent to
which commensal microbes apply similar strategies remains an important question that needs to be addressed. Another important factor that
should be taken into account is the heterogeneity of the host population:
the genetic polymorphisms of receptor or effector molecules, and also
the diversity of environmental conditions including the constitution of
the resident microflora. Upcoming studies will undoubtedly reveal further surprising details of the intriguing relationship between bacteria
and host immunity, and will hopefully provide us with the knowledge
to improve the prevention and treatment of infectious diseases in the
near future.
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