
Foxp3
+ regulatory T cells, immune stimulation and

host defence against infection

Introduction

The fluid balance between immune activation required for

optimal host defence against infection and immune sup-

pression that maintains tolerance by averting autoimmu-

nity is stringently regulated. This allows immune effectors

with the potential to cause catastrophic damage to host

tissues to be actively silenced during homeostasis, but also

rapidly unleashed in response to infection. Accordingly,

the cell-associated and cytokine signals that stimulate the

activation of immune effectors have been intensely inves-

tigated for developing new therapeutic strategies for

boosting desired immune responses during infection or

immunization. On the other hand, understanding how

ubiquitous immune suppression signals are selectively

silenced during immune activation, and the extent to

which they limit optimal host defence against infection

has lagged behind. This bottleneck has been overcome with

the identification of a distinct CD4+ T-cell subset with

immune suppressive properties called regulatory T (Treg)

cells.1–3 Although Treg cells were initially identified as the

CD4+ T-cell subset that constitutively express the interleu-
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Summary

The immune system is intricately regulated allowing potent effectors to

expand and become rapidly mobilized after infection, while simulta-

neously silencing potentially detrimental responses that averts immune-

mediated damage to host tissues. This relies in large part on the delicate

interplay between immune suppressive regulatory CD4+ T (Treg) cells

and immune effectors that without active suppression by Treg cells cause

systemic and organ-specific autoimmunity. Although these beneficial roles

have been classically described as counterbalanced by impaired host

defence against infection, newfound protective roles for Treg cells against

specific viral pathogens (e.g. herpes simplex virus 2, lymphocytic chorio-

meningitis virus, West Nile virus) have been uncovered using transgenic

mice that allow in vivo Treg-cell ablation based on Foxp3 expression. In

turn, Foxp3+ Treg cells also provide protection against some parasitic

(Plasmodium sp., Toxoplasma gondii) and fungal (Candida albicans)

pathogens. By contrast, for bacterial and mycobacterial infections (e.g.

Listeria monocytogenes, Salmonella enterica, Mycobacterium tuberculosis),

experimental manipulation of Foxp3+ cells continues to indicate detri-

mental roles for Treg cells in host defence. This variance is probably

related to functional plasticity in Treg cell suppression that shifts discor-

dantly following infection with different types of pathogens. Furthermore,

the efficiency whereby Treg cells silence immune activation coupled with

the plasticity in Foxp3+ cell activity suggest that overriding Treg-mediated

suppression represents a prerequisite ‘signal zero’ that together with other

stimulation signals [T-cell receptor (signal 1), co-stimulation (signal 2),

inflammatory cytokines (signal 3)] are essential for T-cell activation in

vivo. Herein, the importance of Foxp3+ Treg cells in host defence against

infection, and the significance of infection-induced shifts in Treg-cell sup-

pression are summarized.
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kin-2 (IL-2) receptor, CD25, subsequent landmark studies

have since established that the lineage-defining and master

regulator for Treg cells is dictated by expression of the

forkhead box P3 transcription factor, Foxp3.4–6

Infants who develop a fatal rare constellation of clinical

features that includes refractory eczema, diabetes, thyroid-

itis, colitis, infection susceptibility and generalized wasting

called the immunodysregulation polyendocrinopathy

enteropathy X-linked (IPEX) syndrome have mutations in

either the foxp3 promoter or coding sequence resulting

in defective Treg cells.7–9 Similarly, mice with naturally

occurring or targeted defects in foxp3 develop similar

clinical features (lymphoproliferation, colitis, weight loss,

diabetes and ruffled hair) associated with systemic au-

toimmunity, and become moribund within 20–25 days of

birth.6,8,10 Accordingly, Foxp3+ Treg cells are essential for

maintaining peripheral immune tolerance in humans and

mice, and these parallels in clinical features with Treg

deficiency illustrate the usefulness of mouse models to

investigate how Treg cells may control other facets of the

immune response.

In this regard, shortly after their identification as a

distinct CD4+ T-cell lineage, numerous studies using

various representative mouse models of parasitic, viral

and bacterial infections have described an important role

for CD25+ CD4 T cells in compromising host defence

by suppressing the activation of protective immune

components.11–20 As the ablation of CD25-expressing

cells almost uniformly augmented resistance with

reduced recoverable in vivo pathogen burden, Treg cells

were appropriately described as ‘a dangerous necessity’

based on their detrimental roles in host defence and

essential roles in sustaining immune tolerance.21 How-

ever, with the subsequent identification of Foxp3 as the

lineage-defining marker for Treg cells, and the up-regu-

lation of CD25 expression on activated T cells that

occurs after infection, the conclusions of initial studies

using CD25 expression as a surrogate marker for Treg

cells deserve critical re-evaluation using experimental

strategies that identify and manipulate these cells based

on Foxp3 expression.

This review will summarize the recent literature

describing infection outcomes and the immune response

to infection using approaches that manipulate Treg cells

based on Foxp3 expression, and frame these conclusions

in the context of previous studies evaluating the impor-

tance of CD25+ CD4+ Treg cells and the epidemiology of

human infection. Although an over-simplification, this

analysis will be subdivided for pathogens that primarily

cause acute versus persistent infection. For each type of

infection, the impacts resulting from the manipulation of

Foxp3+ cells in infection outcomes, relevance of Foxp3+

Treg-cell antigen specificity and individual Foxp3+ cell

intrinsic molecules in mediating immune suppression are

discussed (Table 1). Lastly, how shifts in Treg-cell sup-

pression impact infection outcomes and our more basic

understanding for how T cells are activated in vivo are

also summarized.

Host defence against acute infection

Pathogens that cause acute infection stimulate the acti-

vation of protective immune components almost imme-

diately after infection. When the pathogen dose or

initial rate of pathogen replication are below a preset

threshold (lethal dose), innate immune components keep

the infection at bay until pathogen-specific adaptive

immune effectors that more efficiently mediate pathogen

eradication are expanded and mobilized. On the other

hand, with higher inocula, these normally protective

responses are overwhelmed and the host succumbs to

infection. It is in this latter context that initial studies

using Foxp3DTR transgenic mice that co-express the

high-affinity human diphtheria toxin (DT) receptor with

Foxp3, allowing Foxp3+ Treg cells to be selectively

ablated with low-dose DT, first uncovered somewhat

paradoxical protective roles for these cells in host

defence. For example, the ablation of Foxp3+ cells before

intra-vaginal infection with herpes simplex virus 2

caused accelerated mortality that was associated with

delayed recruitment of protective immune cells into the

vaginal tract and draining lymph nodes, and more

recoverable virus at the site of infection.22 These protec-

tive effects were not limited to mucosal infection with

this pathogen because mice that had undergone Foxp3+

cell ablation also contained increased titres of lympho-

cytic choriomeningitis virus after systemic infection that

was associated with reduced lymph node chemokine lev-

els.22 Similarly, Foxp3+ Treg-cell ablation before West

Nile virus infection in mice caused increased mortality,

worse clinical disease scores, and accelerated weight loss

that were each associated with higher viral loads in the

brain and spinal cord.23 These results also parallel the

lower frequency of Treg cells in humans with symptom-

atic West Nile virus infection, and an increased ratio of

Treg cells to effector T cells in patients with mild com-

pared with severe Dengue virus infection.23,24 Accord-

ingly, these first studies investigating infection

susceptibility using Foxp3DTR mice to ablate Treg cells

based on Foxp3 expression established protective roles

for these cells in host defence against specific viral

pathogens.

In this regard, although Treg-cell ablation using anti-

CD25 antibody had been reported to exacerbate inflam-

matory lesions in herpes simplex virus 1-induced stro-

mal keratitis, manipulating Treg cells in this manner

also accelerated the eradication of this virus.13,14 There-

fore, despite the potential for other inherent differences

in these more recent studies where Treg cells were

ablated based on Foxp3 expression compared with
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CD25 expression, these findings suggest that differences

in how Treg cells are manipulated can lead to discor-

dant conclusions. In particular, because CD25 expres-

sion is up-regulated by effector T cells upon activation,

experimental approaches that exclusively identify and

manipulate Treg cells based on this surrogate marker

do not discriminate between activated effector T cells

stimulated by infection and bona fide Treg cells. There-

fore, initial conclusions regarding the role of Treg cells

in host defence for each specific pathogen using strate-

gies that manipulate these cells based on CD25 expres-

sion should be interpreted with caution, and re-

investigated using Foxp3-specific reagents for experi-

mentally manipulating Treg cells.

Consistent with these newfound beneficial roles for

Foxp3+ Treg cells in host defence after viral infection,

similar protective roles for Foxp3+ cells have also been

described for other types of pathogens. For example,

after infection with Plasmodium berghei in a mouse

model of cerebral malaria, the expansion of Treg cells

using IL-2 cytokine antibody complexes confers protec-

tion against severe disease that is associated with

reduced parasite burden.25 These protective effects were

the result of expanded Foxp3+ cells because their abla-

tion in infected mice where Treg cells are susceptible to

DT-induced ablation eliminated the impacts of IL-2

cytokine antibody complex treatment.25 On the other

hand for malaria infection in humans, Treg-cell fre-

quency appears to correlate more directly with parasite

biomass and disease severity, which illustrates more

complex roles for Treg cells, immune stimulation and

immune-related disease sequelae for human malaria

infection in humans that are not recapitulated in

mice.26–30 Interestingly, despite the increasingly estab-

lished importance of Treg cells in Plasmodium infection,

the experimental ablation of Treg cells from baseline

levels using Foxp3-specific reagents did not significantly

impact infection susceptibility.25,31 These findings illus-

trate that the potential importance of Treg cells in host

defence for some infections is better appreciated using

gain-of-function experimental approaches. Similarly,

Treg-cell expansion with IL-2 cytokine antibody com-

plexes also averts the natural collapse in Foxp3+ cells

after Toxoplasma gondii infection and rescues mice from

fatal immune pathology triggered by this infection.32

Furthermore, Foxp3+ Treg cells also synergize with T

helper type 17 (Th17) effector CD4+ T cells in eradicat-

ing Candida albicans after oral infection.33 Taken

Table 1. Impacts of Foxp3+ cell manipulation on host defence

Class Pathogen Impacts of Foxp3+ cell manipulation on host defence References

Virus Herpes simplex virus 2 Protective Foxp3+ cell ablation accelerates mortality and increases

viral load

22

Lymphocytic

choriomeningitis virus

Protective Foxp3+ cell ablation increases viral load 22

West Nile virus Protective Foxp3+ cell ablation increases viral load and mortality 23

Parasite Plasmodium berghei Protective Foxp3+ cell expansion protects against severe disease and

reduces pathogen burden, which are each reversed by

Foxp3+ cell ablation

25

Plasmodium berghei No effect Foxp3+ cell ablation from baseline levels has no impact

on survival or pathogen burden

25,31

Toxoplasma gondii Protective Natural collapse of Foxp3+ Treg cells following infection

results in fatal infection that is reversed by Treg-cell

stabilization using interleukin-2 cytokine–antibody

complexes

32

Heligmosomoides polygyrus No effect No changes in pathogen burden with Foxp3+ cell ablation 68

Fungi Candida albicans Protective Tregs co-transferred with effector CD4+ T cells enhance

fungal clearance

33

Bacteria Listeria monocytogenes Detrimental Foxp3+ cell expansion results in increased pathogen

burden that is reversed by Foxp3+ cell ablation

36

Salmonella enterica Detrimental Foxp3+ cell expansion during pregnancy results in

increased pathogen burden that is reversed by Foxp3+

cell ablation

36

Salmonella enterica Detrimental Foxp3+ cell ablation accelerates bacterial clearance and

effector T-cell activation

59

Mycobacteria Mycobacterium tuberculosis Detrimental Selective depletion of Foxp3+ cells in mixed chimera mice

reduces pathogen burden

58

Mycobacterium tuberculosis Detrimental Adoptive transfer of pathogen-specific Foxp3+ cells blunts

effector cell expansion and increased pathogen burden

70
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together, these findings indicate Foxp3+ Treg cells play

more generalizable protective roles that extend to host

defence against parasitic and fungal pathogens.

On the other hand, using similar gain-of-function and

loss-of-function experimental approaches for in vivo

manipulation of these cells, Foxp3+ Treg cells have consis-

tently been shown to impede host defence following

infection with bacterial pathogens. This is best illustrated

in the context of pregnancy-associated infection suscepti-

bility where the physiological expansion of maternal Treg

cells required for sustaining tolerance to paternally

derived allo-antigens expressed by the developing fetus

occurs.34,35 In particular, following allogeneic mating

using defined strains of inbred mice that more closely

recapitulates the magnitude of maternal Treg-cell expan-

sion found in human pregnancy, mice with expanded

maternal Treg cells are markedly more susceptible to

infection with intracellular bacterial pathogens like Liste-

ria monocytogenes and Salmonella enterica, each with a

natural predisposition for prenatal infection.36–39 Recipro-

cally, pregnancy-associated susceptibility to these patho-

gens was eliminated with maternal Foxp3+ cell ablation

when allogeneic pregnancies were established in Foxp3DTR

female mice followed by the initiation of DT treatment

beginning mid-gestation.36 However, given the necessity

for sustained fetal tolerance maintained by expanded

maternal Treg cells, the ablation of these cells although

beneficial for host defence also triggers fetal resorption

and pregnancy loss.34–36 In a similar fashion, the expan-

sion of Foxp3+ Treg cells within the first 3 days after

intranasal Francisella tularensis infection has been

described to blunt early innate host defence that may

represent a unique immune evasion strategy for this

pathogen.40

The significance of expanded immune suppressive

Foxp3+ Treg cells in compromising host defence against

prenatal infection is further supported by increased

susceptibility to Listeria for non-pregnant mice with

expanded Foxp3+ Treg cells that express a constitutively

active isoform of signal transducer and activator of tran-

scription (STAT)-5b, and reduced susceptibility with the

ablation of expanded Treg cells in these and control mice

with baseline levels of Treg cells.36,41 Therefore, while

intracellular bacterial pathogens like Listeria and Salmo-

nella are capable of in utero fetal invasion,39,42,43 infection

susceptibility during pregnancy is not simply the result of

the presence of fetal tissue that is susceptible to direct

invasion, and instead more likely reflects systemic defects

in host defence dictated by expanded maternal Treg cells.

These findings with experimental Listeria infection in

mice are also consistent with the epidemiological features

of this infection in humans where a significant portion of

disseminated maternal infection cases occur without

evidence of fetal direct invasion.38 Hence, the physiologi-

cal expansion of maternal Foxp3+ Treg cells during preg-

nancy compromises host defence, and these immune

defects are exploited by pathogens like Listeria and Salmo-

nella with a predisposition for prenatal infection.

Importantly, since the expansion of maternal Treg cells is

blunted during syngeneic pregnancy, where the only

potential sources of antigen heterogeneity between mater-

nal and fetal antigens are those encoded on the Y chro-

mosome, the importance of expanded maternal Treg cells

in host defence for other prenatal pathogens may have

been overlooked in previous studies, and deserve re-inves-

tigation using allogeneic pregnancy.

The impacts on host defence dictated by the physiolog-

ical expansion of immune suppressive Treg cells also have

broader implications beyond this instance of prenatal

infection susceptibility. For example, the progressive

expansion of Treg cells among peripheral CD4+ T cells

occurs with aging throughout the lifespan of humans and

mice.44–47 In particular, individuals over 60 years have a

threefold increased proportion of Treg cells compared

with individuals less than 40 years.44,45 In turn, when

pregnancy-associated cases are excluded, individuals over

60 years are also markedly more susceptible to dissemi-

nated Listeria infection compared with those < 60 years.48

Reciprocally following natural West Nile virus infection,

symptomatic infection is more common in younger than

older individuals, and these findings are consistent with

the protective role provided by Treg cells in this infec-

tion.23,49 However, the expansion of Treg cells with aging

alone does not explain other epidemiological data for this

infection where individuals over 70 years compared with

those aged 20–69 years have fivefold increased mortality

with West Nile virus infection.50 Together, these findings

suggest that other physiological changes with aging play

more significant roles in infection-induced mortality

despite the expansion of protective Treg cells. Neverthe-

less, these results illustrate how physiological shifts in

Treg cells probably dictate naturally occurring variations

in susceptibility to specific pathogens among individuals.

Although these results may suggest that susceptibility to

some infections, and bacterial pathogens in particular, are

unavoidable consequences of pregnancy and aging, the

increasingly established heterogeneity and functional spe-

cialization among Foxp3+ cells also opens up the exciting

possibility of therapeutically dissociating the Treg-cell-

mediated detrimental impacts on infection susceptibility

against some pathogens from their protective roles in

other types of infections and their beneficial roles in

maintaining immune tolerance.51–54 For example, Treg

cells are enriched for cytotoxic T-lymphocyte antigen 4

(CTLA-4) expression, and the sustained ablation of

CTLA-4 exclusively in Foxp3+ cells throughout develop-

ment results in non-specific T-cell activation and systemic

autoimmunity.55,56 Importantly, whereas CTLA-4 ablation

in Foxp3+ cells reproduces some features of Treg-cell defi-

ciency, it does not recapitulate the more rapid onset of
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fatal systemic autoimmunity in mice with naturally occur-

ring or targeted defects in all Treg cells because of defects

in Foxp3.4,6 In contrast, sustained ablation of IL-10 in

Foxp3+ cells throughout development results in minimal

systemic autoimmunity, but instead causes inflammation

limited to sites with contact to the external environment

such as the skin, lung and intestine.57 This discordance in

phenotype with sustained ablation of defined molecules in

Foxp3+ cells illustrates non-overlapping and specialized

context-specific roles for individual Treg-cell intrinsic

molecules in immune tolerance. However, the ablation of

each Treg-cell intrinsic molecule throughout development

using this approach precludes the investigation into how

each molecule impacts host defence against infection,

which ideally requires the synchronized and coordinated

ablation of each molecule in all Foxp3+ cells in adult mice.

Using adoptively transferred Treg cells containing targeted

defects in individual Treg-cell intrinsic molecules to

reconstitute Foxp3+ cell ablated mice overcomes this tech-

nical barrier for systemically interrogating the importance

of each Treg-cell intrinsic molecule in host defence against

acute infection. Our initial studies using this approach

illustrate that Treg-cell intrinsic IL-10, but not CTLA-4,

participates in compromising host defence against Listeria

monocytogenes.36 Therefore, establishing the Foxp3+ cell

intrinsic molecules that compromise or augment host

defence, and dissociating these from the Treg-cell intrinsic

molecules required for sustaining immune tolerance rep-

resent pivotally important next steps in this exciting area

with enormous translational implications.

Host defence against persistent infection

In contrast to acute infection, where the expansion of

pathogen-specific adaptive immune effectors generally

coincides with pathogen eradication, pathogens that cause

persistent infection have developed strategies to evade and

co-exist with pathogen-specific immune components. On

the other hand, allowing pathogen persistence by damp-

ening immune activation may also be beneficial when

immune-mediated collateral damage to the host out-

weighs injury caused by pathogen persistence. In this

regard, Treg cells play important roles in counterbalanc-

ing immune effectors during persistent infection. This

was first described 10 years ago for Leishmania major

infection, where immune suppression by CD25+ CD4+

Treg cells was found to promote pathogen persistence in

the skin after intra-dermal infection.11

More recently, these findings have been recapitulated

for other persistent infections using more refined strate-

gies that allow Treg-cell manipulation based on Foxp3

expression. For example, the ablation of Foxp3+ cells

based on selective expression of the Thy1.1 congenic mar-

ker in mixed bone marrow chimera mice before pulmo-

nary infection with Mycobacterium tuberculosis stimulates

more robust effector CD4+ T-cell interferon-c production

and reduced pathogen burden at the site of infection.58

Similarly, Foxp3+ Treg cells provide a similar protective

role in a model of typhoid fever caused by persistent Sal-

monella infection in Nramp1-resistant mice.59 At early

time-points following infection when the activation of

effector T cells is blunted and progressively increasing Sal-

monella bacterial burden occurs, Treg-cell ablation in

Foxp3DTR mice accelerates the activation of effector T cells

with significant reductions in recoverable bacteria.59 In

turn, at later time-points during persistent Salmonella

infection when effector T cells are already activated and

progressive reductions in pathogen burden naturally

occur, the impacts of Foxp3+ cell ablation are marginal-

ized with only modest incremental augmentation of effec-

tor T-cell activation and no significant changes in

pathogen burden.59 Hence, Foxp3+ Treg cells blunt effec-

tor T-cell activation that impedes pathogen eradication,

and the significance of Treg-cell-mediated immune sup-

pression can shift and dictate the tempo of some persis-

tent infections. Although these results suggest that Treg

cells play detrimental roles in host defence by preventing

pathogen eradication, the reduced susceptibility against

secondary infection related to low-level pathogen persis-

tence for other pathogens (e.g. Leishmania and Plasmo-

dium) illustrates that Treg cells may in fact provide

protection against more severe disseminated infection with

potentially fatal consequences.30,60,61 It will be interesting

to investigate if these Treg-cell-mediated protective activi-

ties against secondary infection are more broadly applica-

ble for other pathogens that cause persistent infection.

The co-expression of many effector CD4+ T-cell line-

age-promoting transcription factors by Foxp3+ Treg cells

that allows functionally distinct Treg-cell subsets to

expand in parallel with effector T cells has been recently

established. For example, Treg cells that express the Th1

lineage defining transcription factor T-bet expand with

Th1 effector CD4+ T cells following Th1 stimulation con-

ditions, whereas the ablation of T-bet specifically in

Foxp3+ cells results in uncontrolled Th1 inflammation

and autoimmunity.62 Similarly, Foxp3+ cell expression of

the transcription factors signal transducers and activators

of transcription (STAT)-3, interferon regulatory factor

(IRF)-4, B cell lymphoma protein (BCL)-6 and GATA-3

have each been shown to suppress other specialized effec-

tor CD4+ T-cell subsets that would otherwise cause

unchecked self-reactive inflammation.63–67 Importantly, the

specialization and dynamic regulation among these various

Treg-cell subsets also play important roles in coordinating

and fine-tuning immune responses after infection. For

example, under Th1 inflammatory conditions triggered by

M. tuberculosis, T-bet-expressing Treg cells and effector T

cells both expand and are recruited into the sites of infec-

tion creating a balanced response that facilitates pathogen

control, but not eradication.62 On the other hand, under

� 2011 The Authors. Immunology � 2011 Blackwell Publishing Ltd, Immunology, 136, 1–10 5

Foxp3+ regulatory T cells and host defence against infection



Th2 inflammatory conditions triggered by pulmonary thy-

mic stromal lymphopoietin or intestinal Heligmosomoides

polygyrus infection, T-bet+ Treg cells fail to accumulate

and are instead replaced by Treg cells enriched for the Th2

promoting transcription factor GATA-3.62,67 Interestingly,

although the ablation of Foxp3+ Treg cells early after

H. polygyrus infection augments parasite-specific effector

Th2 responses and intestinal inflammation, no significant

impacts of pathogen burden or fitness were identified.68

Specialization among Treg cells during persistent

infection is not limited to expression of CD4+ T-cell

lineage-defining transcription factors, but also extends to

individual cell intrinsic molecules that probably mediate

immune suppression. Foxp3+ Treg cells recovered from

the pulmonary lymph node and lung selectively up-regu-

late expression of inducible T-cell co-stimulator (ICOS)

and programmed death (PD)-1 at relatively early and

late time point respectively, after aerosol M. tuberculosis

infection whereas these shifts do not occur for Treg cells

in lymph nodes that do not drain the site of infection.58

Similarly when the impacts of Treg-cell ablation are pro-

gressively reduced from early to late time-points after

systemic Salmonella infection, Foxp3+ Treg cells in the

spleen progressively lose CTLA-4 expression that is

replaced by increased glucocorticoid-induced tumor

necrosis factor receptor (GITR) expression.59 Hence,

functionally distinct Treg-cell subsets that express unique

combinations of cell intrinsic molecules accumulate and

shift throughout the course of persistent infection. Estab-

lishing the role of individual Treg-cell intrinsic molecules

in dictating the progression of persistent infection, and

investigating how cell intrinsic shifts in expression of

each effector CD4+ T-cell lineage defining transcription

factors controls Treg-cell suppression represent impor-

tant next steps in further unravelling the dynamic inter-

play between Treg cells and effector T cells in host

defence during persistent infection.

In addition to the parallel accumulation of lineage-spe-

cific Treg cells and effector T cells, the co-expansion of

Foxp3+ and Foxp3) CD4+ T cells exhibiting the same

specificity for pathogen-associated antigens also occurs

during some persistent infections. For example, Treg cells

and effector T cells with specificity to the same pathogen-

expressed antigen expand in parallel following intradermal

Leishmania, pulmonary M. tuberculosis, systemic Salmo-

nella, or intracerebral coronavirus infections.59,69–71 By

contrast, for other infections including those caused by

Listeria monocytogenes in immune-competent mice and

persistent Friend retrovirus in B-cell-deficient and CD8+

T-cell-deficient mice, only the selective expansion of path-

ogen-specific Foxp3) effector CD4+ T cells occur.72,73

However, for persistent infections that prime the expan-

sion of pathogen-specific Treg cells, these cells are likely

to play pivotally important roles in pathogen persistence

because augmenting the absolute numbers of these cells

in M. tuberculosis-infected mice results in dose-dependent

increased pathogen burden and delayed expansion of

pathogen-specific effector T cells.70 Similarly, Foxp3+ Treg

cells with specificity to defined species of enteric com-

mensal bacteria are found in intestinal tissues, and these

cells selectively avert intestinal inflammation in colonized

mice.74 Hence, with the identification of more microbe-

specific MHC class II peptide antigens and the

development of enrichment tools to track very small pop-

ulations of antigen-specific CD4+ T cells,75 microbe-spe-

cific Foxp3+ Treg cells will undoubtedly be shown to play

more significant roles in regulating both host defence and

immune homeostasis. In this regard, interrogating the dif-

ferentiation stability for pathogen-specific Treg cells, and

investigating if the functional plasticity described for Treg

cells with specificity for self-antigen is applicable for

infection-induced Treg cells represent important areas for

further investigation.71,76,77

Plasticity in Treg-cell suppression

Given the active immune suppression by Treg cells that

occurs in vivo, counter-regulatory mechanisms that over-

ride Treg-cell suppression must be engaged when immune

activation occurs naturally during infection or immuniza-

tion. In this regard, several infection response pathways

have been shown to bypass the impacts of Treg-cell sup-

pression. For example, stimulation of antigen-presenting

cell (APCs) with highly conserved microbial ligands (e.g.

lipopolysaccharide or CpG DNA) through Toll-like recep-

tors (TLRs) drives effector T-cell proliferation despite the

presence of Treg cells.78 This is in large part mediated by

IL-6 production by activated APCs because effector T-cell

proliferation is reduced when IL-6-deficient APCs or this

cytokine are neutralized in co-culture.78 Similarly, other

purified TLR agonists and inflammatory cytokines that

induce the maturation of dendritic cells and augment

expression of cell surface molecules that promote T-cell

stimulation (e.g. CD80, CD86 and MHC) have also been

reported to override Treg-cell suppression through IL-6-

independent pathways.79–81 Even in the absence of APCs,

cell-intrinsic stimulation through defined TLRs can also

trigger shifts in Treg-cell suppression. For example, puri-

fied TLR2 agonists stimulate reductions in suppressive

potency for mouse Treg cells, and TLR8 agonists trigger

similar reductions in potency for human Treg cells.82–84

On the other hand, microbial ligands can also augment

Treg-suppressive potency. Mouse CD25+ Treg cells selec-

tively express TLR4, and lipopolysaccharide stimulation

augments their suppressive potency;85 whereas flagellin

stimulation via TLR5 augments the suppressive potency

of human Treg cells.86 Taken together, these in vitro stud-

ies illustrate the enormous potential whereby microbes

and the response to infection can influence immune acti-

vation through shifts in Treg-cell suppression.
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The cumulative impacts whereby pathogens that

express multiple TLR ligands and the ensuing immune

response on shifts in Treg-suppressive potency have also

been characterized for green fluorescent protein-positive

(GFP+) cells recovered from Foxp3GFP reporter mice

directly ex vivo following infection.87 For example, at rela-

tively early time-points during persistent Salmonella infec-

tion, when the activation of effector T cells is blunted and

the pathogen burden is progressively increasing, the sup-

pressive potency for GFP+ Treg cells is augmented.59

Conversely, at later infection time-points when effector

T cells are highly activated and progressive reductions in

pathogen burden occur, the suppressive potency for

Foxp3+ cells is reduced. Together with the waning

impacts of Foxp3+ cell ablation with infection progres-

sion, these results illustrate how shifts in Treg-cell sup-

pression can dictate the tempo of persistent infection.59

Similarly, following acute Listeria infection, reductions in

suppressive potency are found for GFP+ Treg cells that

immediately precede the expansion of pathogen-specific

effector T cells.88 The expansion of circulating Treg cells

with increased suppressive potency is associated with

increased parasite burdens for patients with severe malaria

infection.26 However, no significant changes in suppres-

sive potency were found for Foxp3+ Treg cells isolated

directly ex vivo after Plasmodium berghei infection in

mice.31 Nevertheless, these findings illustrate how infec-

tion-induced shifts in Foxp3+ Treg-cell suppressive

potency may play important and increasingly appreciated

roles in infection outcomes.

Importantly, the plasticity in Treg-cell suppression can

also be exploited for boosting the immune response of

vaccines against pathogen-specific or tumour-associated

antigens.76,89,90 In this regard, reduced Treg-cell suppres-

sion after stimulation with various purified microbial

ligands suggests that classical vaccine adjuvants derived

from crude microbial preparations may simulate

immune activation by overriding Treg-mediated immune

suppression. Indeed, the transient ablation of Foxp3+

cells alone during stimulation with purified peptide is

sufficient to trigger the robust activation, expansion and

formation of memory CD8+ T cells, which confers pro-

tection against subsequent Listeria infection in an anti-

gen-specific fashion.88 Similarly, Foxp3+ cell ablation

augments the expansion and activation of antigen-spe-

cific CD8+ T-cells primed by the live attenuated viral

vector modified vaccinia virus Ankara.91 These findings

are consistent with the enhanced vaccine-induced immu-

nogenicity that occurs with Treg-cell ablation using anti-

CD25 antibody treatment, and the sustained priming of

protective CD8+ T cells by attenuated Listeria even in

mice lacking all known signal 3 inflammatory cyto-

kines.92–97 Hence, overriding immune suppression by

Treg cells probably plays pivotally important roles in

stimulating protective T-cell responses in vivo. However,

while immune adjuvants and vaccine vectors have tradi-

tionally been evaluated for their ability to activate T cells

indirectly through stimulation of professional APCs that

in turn elaborate defined stimulation signals [T-cell

receptor (signal 1), co-stimulation (signal 2), and

inflammatory cytokines (signal 3)],95,97,98 overriding

active suppression by Treg cells probably represents a

more fundamental prerequisite ‘signal zero’ essential for

stimulating effector T-cell activation in vivo. Although

this term has recently been used to describe the activa-

tion of innate immunity or chemokine gradients that

each also participate in T-cell activation,99,100 we pro-

pose that this descriptor is more appropriate for over-

riding the impacts of suppression mediated by Treg cells

and other immune suppressive cells, which actively

restrains T-cell activation (Fig. 1).

Concluding remarks

Since the identification of Treg cells as a separate and

defined lineage of CD4+ T cells, there has been an

Immune homeostasis Immune stimulation

Antigen-presenting
cell

Antigen-presenting
cell

Signal 1, 2, 3

Teff

TeffTeff

TeffTregTreg Effector
T-cell

Tregs suppress effector
T-cell activation

Reduced Treg suppression unleashes
effector T-cell activation

Signal
zero

Figure 1. Model whereby overriding Foxp3+

regulatory T (Treg) cell-mediated immune

suppression represents a prerequisite ‘signal

zero’ for effector T (Teff) cell activation in

vivo. During immune homeostasis, Treg cells

actively suppress effector cell activation. Fol-

lowing immune stimulation, Treg-cell suppres-

sion is blunted allowing effector T-cell

activation through previously described cell

intrinsic stimulation signals [T-cell receptor

(signal 1), co-stimulation (signal 2), inflamma-

tory cytokines (signal 3)].
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explosion of studies describing the role these cells play in

almost every aspect of the immune response. With the

establishment of Foxp3 expression as the lineage-specific

marker for Treg cells and the development of transgenic

mouse tools for manipulating Foxp3+ cells in vivo, new-

found protective roles for these cells in host defence

against some infections have been uncovered. In turn, for

other infections, the detrimental roles played by Foxp3+

cells in host defence have been reinforced. Along the way,

an amazing degree of heterogeneity and functional

specialization for Foxp3+ Treg cells in terms of antigen

specificity, paralleled differentiation along effector CD4+

T-cell lineages, and use of individual cell intrinsic mole-

cules to mediate context-specific immune suppression

have each been established. Coupled with increasing

refined approaches for expanding human regulatory T

cells or manipulating the suppressive potency of these

cells using purified adjuvants,89,90,101,102 these multiple

layers of heterogeneity in regulatory T cells reveal many

exciting opportunities for therapeutically dissociating the

detrimental and beneficial impacts that these cells play in

host defence against infection and immune homeostasis.

In concluding the seven-volume Chronicles of Narnia

series, C.S. Lewis described their adventures as only ‘the

cover and title page’. In this regard, given the enormous

latent potential and arsenal of immune effectors uncovered

with the identification of immune suppressive Treg cells

together with the ongoing disproportionate burden of

infection-related diseases that negatively impact human

health, more potent and efficacious immune-mediated

therapies for infectious disease treatment and prevention

are poised for development. With the identification of Treg

cells and the tremendous translational potential associated

with therapeutically manipulating newly established facets

of the dynamic interplay between Treg cells and immune

effectors, chapter one of a great story related to reduced

burden of infectious diseases is ready to be written.
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