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Foxp3+ Treg cells in humoral immunity
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Treg cells are essential for the maintenance of immune homeostasis and prevention of autoimmunity. In humoral 
immune responses, loss of Treg cell function causes increased levels of serum autoantibodies, hyper-IgE, spontaneous 
generation of germinal centres, and enhanced numbers of specialised T follicular helper cells (Tfh cells) controlled by 
the lineage-defining transcription factor BCL-6 (B-cell lymphoma 6). Recent studies have demonstrated that a subset 
of Treg cells [T follicular regulatory (Tfreg) cells] are able to co-opt the follicular T-cell program by gaining expression of 
BCL-6 and travelling to the follicle where they have an important role in the control of expansion of Tfh cells and the 
germinal centre reaction. However, the mechanisms by which they exert this control are still under investigation. In 
this review, we discuss the effects of Treg cells on humoral immunity and the mechanisms by which they exert their 
regulatory function.
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Introduction

The generation of high-affinity antibody is critical to protec-
tion from infectious disease and other threats. During the 
T-dependent antibody response, antigen-presenting B cells 
at the border of the T-cell zone form cognate interactions with 
Th cells and, following co-stimulatory interactions, may either 
form short-lived extrafollicular plasmablast cells—responsi-
ble for rapid but low-affinity antibody production (1)—or trav-
erse to the B-cell follicle. Once activated in situ there, B cells 
begin to proliferate and form a germinal centre where longer-
lasting, high-affinity responses are induced (2,3).

Although germinal centres are critical for the generation of 
protective antibody responses, their dysregulation may lead 
to autoimmunity (4). A  large proportion of B cells are auto-
reactive at an early stage of development (5) and, despite 
central tolerance mechanisms such as receptor editing, 
clonal deletion and anergy (6–8), autoreactive B cells are still 
present in the periphery. Additionally, somatic hypermutation 
within the germinal centre allows the generation of autoreac-
tive B cells during the response to foreign antigens (9) and 
also allows chromosomal translocations that have a causative 
role in the generation of lymphomas (10–12).

As such, it is evident that self-reactive germinal centres 
must be controlled to avoid autoimmunity but also that some 
level of regulation of even non-self-reactive germinal centres 
must be in place. This is achieved by a number of mecha-
nisms such as antibody feedback (13) and follicle-resident 
CD8+ T cells (14,15). However, in this article we will focus on 
the contribution of Foxp3-expressing Treg cells to the control 
of the humoral response. Various phenotypes of T cells have 
immunosuppressive properties, but the best understood are 
CD4+CD25+Foxp3+ Treg cells. These cells are critical to the 

regulation of humoral immunity as both mice and humans 
with loss of Foxp3 function have raised levels of serum anti-
bodies (16,17). More recently, it has also become clear that 
Treg cells are able to travel into the B-cell follicle and directly 
regulate the germinal centre response (18–20).

Treg cells

Foxp3+ Treg cells make up around 10% of peripheral CD4+ T 
cells and have a critical role in the maintenance of immune 
self-tolerance and homeostasis (21,22). The function of Treg 
cells is controlled by two key features: (i) the expression of 
the transcription factor Foxp3 (23–25), responsible for the 
maintenance of several key phenotypic factors in Treg-cell 
function such as CTLA-4 expression and repression of IL-2 
production and (ii) the maintenance of Treg-type epigenet-
ics, a specific DNA hypomethylation pattern that is required 
for the stability and full functional capabilities of Treg cells 
(26). In cases where expression of Foxp3 is lost, such 
as in the scurfy mouse strain and immune dysregulation 
polyendocrinopathy enteropathy X-linked syndrome (IPEX) 
patients, the resulting loss of Treg-cell function causes a 
range of severe immune disorders such as widespread 
autoimmunity, immunopathology and lymphoproliferation 
(17,24,27–29).

In terms of humoral immunity, Foxp3-deficient mice have 
uncontrolled germinal centre reactions and large numbers of 
plasma cells and T follicular helper cells (Tfh cells) (20,30). 
In the K/BxN mouse model of autoantibody-driven arthri-
tis, loss of Treg-cell function, owing to the introduction of the 
Foxp3 scurfy mutation, leads to accelerated production of 
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pathogenic autoantibodies and accumulation of spleenic 
plasma cells (30,31). In humans, B cells from IPEX patients 
produce large amounts of autoreactive antibodies (32). 
Another characteristic feature of the loss of Foxp3 function 
is hyper-IgE in both mice (33) and IPEX patients (29). This 
may be partly because of the disproportionate effect of the 
loss of Treg-cell function on IL-4, critical for IgE production, in 
comparison with other cytokines (34).

Although valuable information can be gained from the 
study of systems where Treg cells are absent from birth, it can 
be difficult to determine whether particular phenotypes are 
specifically the result of Treg-cell depletion or secondary to the 
high levels of inflammation seen in such circumstances. This 
issue has been addressed by models in which mammalian 
diphtheria toxin receptor is co-expressed with Foxp3, making 
Treg cells sensitive to diphtheria-toxin-induced cell death and 
allowing specific depletion of Treg cells in adult mice, which in 
turn leads to the induction of widespread autoimmunity simi-
lar to scurfy mice (35,36). The use of anti-CD25 antibodies to 
deplete Treg cells is also effective.

A number of studies have used these systems to address 
the consequences of peripheral Treg-cell depletion on the 
humoral immune response and the generation of autoanti-
bodies. CD25-based depletion of Treg cells leads to increased 
autoantibody production in a murine model of arthritis (37) or 
in lupus-prone NZB/NZW F1 mice (38). Accordingly, transfer 
of ex-vivo-expanded Treg cells into NZB/NZW F1 mice ame-
liorates disease (39). The maintenance of peripheral anergy 
in autoreactive B cells is a critical tolerance mechanism, 
preventing activation of autoreactive B cells (8,40,41). In the 
absence of Treg cells, normally anergic, dsDNA-specific B 
cells lose their anergic phenotype and, following provision 
of T-cell help, produce anti-ds-DNA antibodies. Transfer of 
CD25+ Treg cells prevents this process (42). Correspondingly, 
specific Treg-cell depletion via diphtheria toxin also leads to 
a loss of B-cell anergy (43). Glucocorticoid-induced TNFR-
related protein (GITR) is expressed at high levels on Treg cells 
and is important in their suppressor functions; depletion of 
GITR-expressing Treg cells also leads to the development of 
anti-myosin autoantibodies and myocarditis (44).

Since Treg cells are generated in the thymus through selec-
tion of high-affinity, self-reactive TCRs (45,46), their TCR rep-
ertoire is skewed towards recognition of self-antigens. This 
raises the question of whether Treg cells will be capable of 
efficiently recognizing complexes of MHC class  II (MHCII) 
plus foreign peptide or are restricted to control of self-reactive 
cells. Indeed several studies examining the effects of Treg-cell 
depletion on autoantibodies have shown no similar effect on 
foreign antigens (37,47).

Recent work by Lee et al. (48) demonstrates that the thymic 
selection process that results from Treg cell possession of 
high-affinity TCRs may be stochastic, rather than a certain 
TCR signal strength guaranteeing selection of either an effec-
tor T cell or a Treg cell. This has been addressed experimen-
tally by the Jenkins group using MHCII tetramers (i.e. specific 
antigen bound to four MHCII monomers to increase avidity) to 
demonstrate that Treg cells with foreign-antigen-specific TCRs 
are present in both the thymus and periphery of naive animals 
(49).When the same antigen was transgenically expressed, 
effectively converting it to a ‘neo’ self-antigen, numbers of 

both Foxp3– and Foxp3+ tetramer-binding cells were reduced 
due to clonal deletion. However, Foxp3+ cells were more 
resistant to deletion, ensuring that the ratio of antigen-specific 
Foxp3+ cells to Foxp3– cells is higher for self-antigens (49).

As a molecular mechanism of this self-skewing of the Treg-
cell TCR repertoire, CTLA-4 expression by developing Treg 
cells may play a key role. Both CTLA-4 and CD28 on T cells 
can bind either CD80 (B7-1) or CD86 (B7-2). Binding of CD28 
provides co-stimulatory signals to the T cell, but as detailed 
later, CTLA-4 interferes with this by depletion of CD80 and 
CD86 from the surface of APCs (50–52). CTLA-4 may thus 
attenuate the TCR signal to developing Treg cells, allowing 
self-reactive Treg cells that would otherwise receive a signal 
sufficiently strong to induce their apoptosis to escape nega-
tive selection (53).

Taken together, these findings suggest that Treg cells are 
able to control both foreign-antigen-reactive and autoantigen-
reactive cells but that the relative ratios between antigen-spe-
cific Foxp3– and Foxp3+ T cells are altered, dependent on 
recognition of foreign or self-antigens. For foreign antigens, 
there are more Foxp3– than Foxp3+ Treg cells, whereas for self-
antigens, there are more Foxp3+ than Foxp3– Treg cells. These 
different ratios mean that Treg cells may tightly control autore-
active responses, while the level of control of foreign reactive 
cells is less stringent but not non-existent, allowing proper 
immune responses to pathogens while still maintaining a level 
of control to prevent excessive responses.

Since the effect on the response to foreign antigens is likely 
to be more subtle, this may explain why it has not always been 
observed. Accordingly, it has been demonstrated that loss of 
Treg cells or T follicular regulatory cells (Tfreg cells; see below) 
may enhance humoral immune responses to foreign antigens 
(18,20,54). Treg cells also have an important protective role in 
a wide range of infection models (55). For instance, Treg-cell 
depletion enhances the CD8+ T-cell response to pathogens 
such as herpes simplex virus (56,57) and Listeria monocy-
togenes (58).

In some cases, Treg-cell effects on pathogen–host interac-
tions may be because of a broader role in damping inflam-
mation; however, the specificity of Treg cells for pathogen 
epitopes has been demonstrated in several studies. Treg cells 
that bind MHCII tetramers specific for peptides from influenza 
nucleoprotein are detectable following influenza infection 
(59) and their depletion during secondary infection enhances 
numbers of antigen-specific CD8+ cells, whereas Treg cells 
recognizing epitopes from the rJ2.2 stain of mouse corona-
virus block immunopathological damage and demyelination 
following infection (60).

Tfreg cells

A critical factor in the regulation of germinal centres is the 
availability of T-cell help (61,62). Recently it has become clear 
that a subset of CD4+ Th cells, Tfh cells, have a specialised 
function in providing T-cell help to follicular B cells (63,64).

Tfh cells form via a multistage process following initial con-
tacts with dendritic cells (DCs), leading to induction of the 
lineage-defining transcription factor BCL-6 (B-cell lymphoma 
6)  (65). This is followed by contact with cognate B cells 
delivering co-stimulation—via CD80/CD86 and inducible 
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co-stimulator ligand (ICOSL) binding T-cell CD28 and ICOS 
that allows the full commitment and maintenance of the Tfh lin-
eage (66–70). Expression of the chemokine receptor CXCR5, 
in combination with a loss of CCR7 expression, allows Tfh 
cells to travel into the B-cell follicle (71). Tfh-cell CD40 ligand 
(CD40L) expression provides help for B cells and produc-
tion of various cytokines, notably IL-21, by Tfh cells drives the 
survival, differentiation and class-switching of B cells (72,73). 
These actions expand and maintain the germinal centre 
reaction, allowing the generation of high-affinity antibody and 
production of long-lasting plasma cells and memory B cells 
(63,64).

The vital role of Tfh cells in the class-switching of antibody 
isotypes was underlined by elegant experiments demonstrat-
ing that cytokines produced by Tfh cells directly control B-cell 
isotype class-switching. T-cell–B-cell doublets were isolated 
from reporter mice producing the relevant cytokines, and it 
was found that B cells in contact with IL-4-producing Tfh cells 
had switched to IgG1 production, whereas B cells in contact 
with IFN-γ-producing Tfh cells had switched to IgG2a produc-
tion (73). Tfh cells also appear to have a critical role in the 
generation of IgE because inhibition of Tfh-cell IL-4 production 
has profound effects on IgE production, whereas loss of Th2-
cell IL-4 production had little effect (74).

Although it is clear that Tfh cells have a vital role in the 
development of protective responses to pathogens, their 
excessive expansion in ICOS-overexpressing mice leads to 
lupus-like pathology and autoantibody production (75,76). 
Correspondingly, in humans, large-scale expansion of Tfh 
cells is associated with severe systemic lupus erythematosus 
(SLE) (77), demonstrating the need for tight peripheral control 
of these cells.

Given the role of Treg cells in the control of humoral immu-
nity, an important question to answer was whether, similarly 
to Tfh cells, Treg cells are able to travel into the follicle where 
they might directly regulate the germinal centre reaction. 
Pioneering work from Lim and colleagues demonstrated that, 
upon activation, CD4+CD25+CD69– Treg cells are able to down-
regulate CCR7 while simultaneously upregulating CXCR5, 
allowing them to migrate into the B-cell zone (78). As a result, 
these Tfreg cells could be visualized in the germinal centres 
of human tonsillar sections (78,79). The Tfreg cells are able 
to suppress T-cell-dependent antibody production as well 
as directly inhibit antibody production by CD40-stimulated B 
cells in the absence of Th cells (78,79).

More recently, several groups were able to significantly 
expand on these earlier observations with the discovery that 
a subset of Treg cells are able to co-opt the Tfh-cell pathway by 
gaining expression of the transcription factor BCL-6 (18–20). 
These Tfreg cells are able to travel to the germinal centre and 
control the expansion of Tfh cells and germinal centre B cells 
(18–20). Similar to Tfh cells, Tfreg cells express high levels of 
CXCR5, PD-1 (programmed cell death 1) and ICOS, but differ 
from Tfh cells by a lack of IL-4, IL-21 and CD40L expression, 
while also expressing high levels of Treg-cell associated sup-
pressive molecules such as CTLA-4 and IL-10 (19). Tfreg cells 
appear to differentiate from natural Treg cells (which already 
have their regulatory phenotype in the thymus), rather than 
being a form of induced Treg cells (which develop their regula-
tory phenotype only in the periphery), and require many of the 

same signals as Tfh cells as their formation is dependent on 
CD28, and SAP (signalling lymphocytic activation molecule-
associated protein) signalling and interactions with B cells 
(18–20).

The in vivo role of Tfreg cells has been demonstrated by 
both adoptive transfer and bone marrow chimera of cells from 
CXCR5, BCL-6 or SAP-knockout (KO) mice. Interestingly, 
while it is clear that Tfreg cells control expansion of Tfh cells 
and germinal centre B cells, conflicting results were obtained 
regarding their control of the specific response to a foreign 
vaccine antigen. It was reported that a loss of Tfreg cells leads 
to an increase in antigen-specific B cells and the resulting 
antibody response (18,20). This contrasts with the observa-
tion that although total numbers of germinal centre B cells 
increased, there was an overall drop in the number of anti-
gen-specific B cells and the resulting serum antibody levels 
(19). It was suggested that a large increase in autoreactive 
cells effectively outcompeted antigen-specific B cells to the 
extent that antigen-specific antibody was reduced (19).

Earlier studies examining depletion of total Treg cells have 
also reported that Treg-cell depletion may (54) or may not 
(37,47,80) enhance the responses to foreign antigens. In our 
hands, we are able to generate both results using different 
Treg-cell depletion strategies, suggesting it is essentially a 
dose-dependent phenomenon.

Thus, we suggest a model in which temporary depletion 
of Treg cells leads to activation of antigen-presenting cells 
(APCs) and increased formation of Tfh cells without disrupt-
ing immune homeostasis, allowing antigen-specific cells to 
expand effectively. However, beyond a certain threshold, 
homeostasis is disrupted and the overwhelming numbers of 
antigen-non-specific or autoantigen-specific cells expand-
ing in the absence of Treg cells may prove deleterious to an 
antigen-specific response (Fig.  1). Indeed we have found 
that while short-term depletion of Treg cells around the time 
of vaccination leads to enhanced numbers of tetramer-bind-
ing Tfh cells and antigen-specific germinal centre B cells, 
prolonged Treg-cell depletion leads to high levels of Tfh cells 
and germinal centre expansion but a reduction in the total 
number of tetramer-binding Tfh cells, with the percentage of 

Fig. 1. Model of vaccine-specific and polyclonal responses and cor-
relation with level of Treg-cell depletion. As Treg-cell depletion increases, 
the vaccine-induced response to foreign antigens (blue line) is first 
enhanced by a loss of antigen-specific Treg cells and increased CD28 
signalling but later, the response is reduced by large-scale expan-
sion of autoreactive cells (red line) competing for resources.
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antigen-recognizing B cells dropping in correlation with ger-
minal centre expansion (J. B. Wing et al., in preparation).

Mechanisms of Treg-cell modulation of humoral 
immunity

Treg cells have a wide range of suppressive mechanisms that 
may be available for use in different contexts and depend-
ent on the level of stimuli that individual Treg cells have been 
exposed to (81). A  number of mechanisms by which Treg 
cells regulate humoral immunity either by direct contact with 
B cells or suppression of T-cell help have been proposed, 
which are summarized below.

CTLA-4
The inhibitory molecule CTLA-4 is highly expressed on the 
surface of Treg cells and plays a critical role in their inhibitory 
function both in vitro and in vivo by limiting availability of CD80 
and CD86 (52,82–85). CD80 and CD86 expressed by APCs 
provide essential co-stimulatory signals to T cells via ligation 
of CD28 in addition to TCR signalling (86). T cells from CD28-
deficient mice lack expression of CXCR5 and have a reduced 
ability to differentiate to Tfh cells (87,88), despite the near-total 
absence of Treg cells (89). As such, CD28-deficient mice also 
fail to form germinal centres (87,90).

Treg-cell-specific conditional KO (cKO) of CTLA-4 leads 
to the generation of fatal autoimmune and lymphoprolif-
erative disorders similar to those seen in Foxp3-deficient 
scurfy mice or full CTLA-4 KO mice (52,83,84). Total loss 
of CTLA-4 expression has profound effects on humoral 
immunity as effector T cells produce large amounts of IL-4 
leading to hyper-IgE production (82). In Treg-cell-specific 
CTLA-4 cKO mice, we have also previously reported hyper-
IgE and enhanced IgG in the serum (52). More recently we 
have observed high levels of spontaneous development of 
Tfh cells and germinal centres in CTLA-4 cKO mice, sim-
ilar to those seen in scurfy mice, suggesting that, in the 
absence of CTLA-4, other Treg-cell effector mechanisms are 
insufficient to regain control of humoral immunity despite 
a large number of Treg/Tfreg cells (20) (J. B. Wing et al., in 
preparation).

It is well established that CD80 and CD86 are critical for 
humoral immune responses and that it is possible to efficiently 
block their function with a solubilized form of CTLA-4 (CTLA-4–
Ig), resulting in drastically inhibited vaccine responses and 
reduced germinal centre formation (91,92). However, in vivo, 
the blocking effect of large doses of CTLA-4–Ig may not be 
an accurate correlate for the in vivo function of membrane-
bound CTLA-4 found on Treg cells, which appears to act pri-
marily via downregulation of surface expression of CD80/
CD86 on DCs and B cells (50,52).

The exact mechanism by which CTLA-4 is able to deplete 
CD80/CD86 had been sought for some time. However, recent 
elegant work by Qureshi et al. has shed light on this process 
by demonstrating that CTLA-4 is able to trans-endocytose 
CD80/CD86 from the surface of the APC and take it into the 
Treg cell, where it is then degraded (51). In addition to its role in 
the control of CD80 and CD86 expression, CTLA-4 may also 
directly inhibit the function of CD80/CD86-expressing DCs 
by inducing nuclear translocation of the transcription factor 

Foxo3, leading to a loss of IL-6 expression (93) or modulating 
tryptophan catabolism by induction of the immunoregulatory 
enzyme indoleamine 2,3-dioxygenase (IDO) (94).

CTLA-4 binding to B-cell CD80/CD86 may also have a 
direct effect on antibody production within established germi-
nal centres. Consistent with this notion, putative CD25+CD69– 
Tfreg cells are able to directly reduce B-cell antibody production 
in vitro, but this suppressive effect was partially abrogated by 
the addition of CTLA-4-blocking antibodies (79). However, 
definitive proof, such as a true understanding of the molecu-
lar pathways involved in this reverse signalling into B cells, 
has remained elusive.

As previously noted, CD28-, CD80- or CD86-deficient mice 
have impaired formation of Tfh cells (95,96). As such, it seems 
likely that the key role of CTLA-4 in humoral immunity may be 
via control of CD80 and CD86 expression by APCs and the 
resultant effects on Tfh-cell formation. Interestingly, it seems 
that B-cell expression of CD80 and CD86 is of particular impor-
tance, as addition of CD86-expressing B cells to CD86-KO 
mice is sufficient to restore formation of Tfh cells (95); and 
B-cell-specific expression of CD80 also affects Tfh-cell genera-
tion and subsequent production of plasma cells (96).

Interestingly, given the particular role of both Treg cells and 
CTLA-4 in the control of IgE production, Tian et al. demon-
strated that Treg-cell depletion has a disproportionate effect 
on IL-4 production (34). Although they interpreted this as 
evidence of control of Th2 cells, more recent evidence sug-
gests that IL-4 produced by Tfh cells may be critical for con-
trol of the IgE response (74). Given that both loss of Treg-cell 
function and Treg-cell-specific expression of CTLA-4 have a 
profound effect on the formation of Tfh cells, it seems likely 
that this characteristic hyper-IgE seen in Treg-cell-deficient 
mice and IPEX patients (29,33) may be due to the loss of 
Treg-cell CTLA-4-dependent control of Tfh-cell expansion and 
IL-4 production.

PD-1
The inhibitory receptor PD-1 is part of the same superfam-
ily as CD28 and CTLA-4 and is believed to be important in 
the regulation of a number of immune pathways (97). PD-1 is 
upregulated following activation of B cells, T cells and mye-
loid cells and notably, is highly upregulated on both Tfh cells 
and Tfreg cells, suggesting that it may have a role in the func-
tion of these cells (19,20,70).

PD-1 has been implicated in the control of humoral immunity. 
Total KO of PD-1 leads to dysregulation of humoral immunity 
in several settings. In BALB/c mice, anti-parietal autoantibod-
ies and anti-cardiac troponin I autoantibodies are produced 
(98,99), and in C57BL/6 mice, development of lupus-like dis-
ease and arthritis occurs, while anti-nuclear antibody levels 
are enhanced in autoimmunity-prone FcγRII-deficient mice 
(100). This increase in autoimmunity and autoantibody pro-
duction may be because of the observed expansion of Tfh 
cells in either PD-1-deficient mice or following PD-1 block-
ing (101,102). However, it seems that this dysregulation also 
results in a loss of quality as the generated Tfh cells may have 
reduced IL-4 and IL-21 expression leading to reductions in the 
numbers of long-lasting plasma cells (103) and the production 
of large amounts of low-affinity IgA in the Peyer’s patches that 
fail to properly control the gut microbiota (104).
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More recently, PD-1 expression has also been demon-
strated to be critical to maintaining normal Tfreg-cell function. 
In the absence of PD-1, Tfreg cells have increased suppres-
sive potential and have an enhanced ability to inhibit antibody 
production both in vitro and in vivo, presumably because the 
lack of PD-1 cell-intrinsic inhibitory signals allows the cells 
to become more highly activated (105). It seems likely that 
since Tfreg cells and Tfh cells are present in the B-cell follicle 
where stimulatory signals may be in excess, it is necessary 
for them to express inhibitory receptors such as PD-1 to pre-
vent their overactivation, leading to either autoimmunity or 
excessive suppression of the immune response for Tfh cells 
and Tfreg cells.

Expression of PD-1 ligands on Treg cells may also play a role 
in their suppressive function. Recently Gotot and colleagues 
demonstrated that Treg-cell-specific expression of PD-1 ligand 
1 and PD-1 ligand 2 directly inhibits the function of autoreac-
tive, PD-1-expressing B cells without the need for intermedi-
ate interactions with Th cells (106).

IL-10
The pleotropic cytokine IL-10 has a complex role in humoral 
immunity, having functions that may either inhibit or enhance 
the antibody response. In vitro, addition of exogenous IL-10 
to IL-4-stimulated human PBMCs suppresses IgE production 
and enhances IgG4 production (107,108) while also acting as 
a switching factor for human IgG1 and IgG3 (109). In addition, 
IL-10 stimulation of B-cells isolated from SLE patients, but not 
healthy donors, enhances their production of IgM, IgA and IgG, 
demonstrating that in certain pathological circumstances, IL-10 
may be capable of directly enhancing auto-antibody produc-
tion (110). Furthermore, following stimulation with IL-10, ger-
minal centre B cells upregulate Bcl-2 expression, preventing 
their apoptosis (111), although this does not appear to be the 
mechanism of enhanced antibody production from B-cells iso-
lated from lupus patients (110). On the other hand, IL-10 down-
regulates the inflammatory function of macrophages and DCs 
(112), a notion that is implicated in MRL-Faslpr IL-10-deficient 
mice which suffer an increased severity of lupus (113).

Total KO of IL-10 leads to inflammation in the gut mucosa 
(114). However, it is difficult to be certain to what extent 
results from total IL-10 KO mice are due to a loss of Treg-cell 
IL-10 production and not IL-10 production by other cells, 
notably other described immunoregulatory subsets such as 
Foxp3–CD4+ IL-10-producing Tr1 cells and IL-10-producing 
B cells (115,116). Interestingly, IL-10R KO mice also have 
quantitative increases in CXCR5+ T-cell formation following 
vaccination in addition to qualitative increases in IL-21 and 
IL-17 expression by said cells (117). However, since Treg cells 
themselves appear to require IL-10 signalling to maintain their 
full function and control of IL-17-producing cells, the possibil-
ity of reduced IL-10 signalling inhibiting Treg-cell function must 
be also be considered (118). Also, purified DCs from IL-10R 
KO mice had enhanced IL-6 and IL-23 expression following 
in vitro stimulation, again demonstrating a cell-intrinsic role in 
suppressing DC function (117).

IL-10 is not critical to the in vitro suppressive function of Treg 
cells (119,120). However, similar to full IL-10 KO mice, cKO of 
IL-10 in Treg cells leads to the development of colitis but not the 
systemic autoimmunity seen in Foxp3- or CTLA-4-deficient 

mice (120). The colitis does not seem to be primarily driven 
by autoantibodies but instead by IL-17-producing Th17 cells 
(121). As such, it appears that Treg-cell-expressed IL-10 
is most critical at maintaining immune homeostasis at the 
mucosal surfaces.

The role of IL-10 in humoral immunity is complex, since 
B cells, DCs, effector T cells and Treg cells all express 
IL-10R and can also produce IL-10 itself. Although there is 
currently little direct evidence that IL-10 produced specifi-
cally by Foxp3-expressing Treg cells is critical to the control 
of humoral immunity, it seems likely that given the ability 
of IL-10 to regulate DC function and Tfh-cell differentiation 
while also directly inhibiting production of at least some 
subclasses of antibody, particularly IgE Treg-cell production 
of IL-10 may have some role in the control of antibody pro-
duction. Importantly, Tfreg cells have been reported to have 
increased levels of IL-10 mRNA expression (19), suggesting 
that this may play some role in their suppressive function 
within the B-cell follicle.

TGFβ

The suppressive cytokine TGFβ has also been implicated 
in Treg-cell suppression of antibody responses. Membrane-
bound, but not soluble, TGFβ is able to mediate contact-
dependent suppression of B-cell antibody production (122). 
Additionally, in vitro treatment of Treg cells with anti-TGFβ anti-
body has been reported to suppress B-cell antibody produc-
tion, either by direct action on the B cells themselves (79) or 
via inhibition of T-cell help (54).

However, the role of TGFβ may be more complex than sim-
ple suppression of antibody responses, since it is also able to 
induce isotype-switching to IgA (123). As such, Treg-cell TGFβ 
production has been demonstrated to enhance the induction 
of IgA production in the mucosa (124).

Induction of B-cell apoptosis
A particularly direct mechanism by which Treg cells may con-
trol B-cell responses is by induction of their apoptosis. In 
vitro, activated Treg cells preferentially kill antigen-present-
ing B cells rather than bystander cells. Similarly, Treg cells 
from both human sufferers of SLE and lupus-prone NZB/
NZW F1 mice also induce B-cell apoptosis via granzyme 
and perforin (47,125,126). In addition to granzyme-based 
induction of apoptosis, Fas–FasL-induced lysis of B cells by 
Treg cells may occur (127). Interestingly Fas–FasL interac-
tions have also been recently demonstrated to be critical 
to the maintenance of germinal centre homeostasis (128). 
Currently no information on the role of apoptosis induction 
by Tfreg cells is available, but Tfreg cells have been reported 
to have decreased levels of granzyme B mRNA expression, 
suggesting that this particular pathway may not be critical 
to their function (19).

Conclusions

Treg cells have a vital role in the control of T-dependent 
antibody responses. Given their self-antigen-skewed 
TCR repertoire, it seems likely that Treg cells should pref-
erentially control expansion of autoreactive T- and B-cell 
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clones. However, sufficient evidence exists to suggest 
that Treg cells may also be important for the control of 
non-self-responses.

It is clear from the many proposed mechanisms that Treg-
cell modulation of humoral immunity is a complex process, 
likely to involve several different mechanisms acting either 
synergistically or redundantly. Given its clear effects on 
antibody production, we suggest that CTLA-4 is the core 
mechanism of Treg-cell function controlling the formation of 
germinal centres. However, Tfreg cells, similar to Treg cells 
from other sites where stimulatory signals are in excess (81), 
may utilize a range of other suppressive mechanisms such 
as IL-10 and TGFβ, thereby allowing them to play an impor-
tant role in the fine-tuning of established germinal centre 
responses (Fig. 2).

Polyclonal depletion of Treg cells is a valuable tool 
that has allowed us to assess the function of Treg cells in 
humoral immunity. However, because of the role of Treg 
cells in the maintenance of immune homeostasis, it is per-
haps too blunt a tool to allow fine modulation of antigen-
specific responses, due to the possibility of inhibiting the 
antigen-specific response following excessive expansion of 
polyclonal cells and the inherent risk of autoimmune side 
effects. In the future, it will be imperative to develop new 
methods that allow the preferential depletion or expansion 
of antigen-specific Treg cells following vaccination, allowing 
the enhancement or negation of antigen-specific responses 
while maintaining immune homeostasis by preserving the 
polyclonal Treg-cell repertoire.
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