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Regulation of humoral immunity
by FoxP3™ regulatory T cells

Chang H Kim

FoxP3* T cells play critical roles in the regulation of B-cell function and humoral immune
response. FoxP3* T cells migrate to the T and B zones of lymphoid organs and the border
area between the two areas. Not only can FoxP3* T cells suppress B cells directly, but they
also suppress B-cell response indirectly through suppressing T-helper cells. Suppression of
T-helper or B cells by FoxP3* T cells results in limited activation and proliferation of B cells.
Consequentially, class-switch recombination and antibody production in B cells are
suppressed by FoxP3" T cells. Furthermore, FoxP3* T cells can kill activated B cells directly.
FoxP3* T cells can suppress both autoreactive B cells and antibody responses to foreign
antigens. The suppressive activity of FoxP3* T cells is regulated by cytokines, costimulators
and products of pathogens and normal microflora (i.e., Toll-like receptor ligands), which
may allow selective regulation of immune responses to self-antigens and commensals
versus pathogens by FoxP3* cells. Insufficient function or numbers of FoxP3* T cells in the
body could lead to aberrant B-cell response and autoimmune diseases in multiple organs.
Therefore, FoxP3* T cells are an important immune component that reins in potentially
over-active or self-reactive humoral immunity.
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FoxP3* cells as regulatory T cells
Regulatory T cells (T4 were initially identi-
fied for their suppressive activity on immune
response to self-antigens [1-7], but it was later
found that they can also suppress immune
responses to alloantigens [e-10], tumors [11,12]
and pathogens [1314]. The existence of T
that induce immune tolerance to self-antigens
was reported many decades ago [15-20]; how-
ever, the research on T in the 1970s was
based on the incorrect hypotheses that the
function of T, would be mediated by soluble
factors that do not exist [21]. In the mid-1990s,
it was demonstrated that T, express CD25
(the interleukin [IL]-2 receptor a-chain) [22].
This finding energized the research field and
we have witnessed a remarkable progress in
characterization of T in the last decade.
Although T, can be induced from non-T
in the periphery in certain conditions, the pres-
ence of thymus-derived regulatory cells is firmly
established [5,23241. A key feature of thymus-
derived T in mice and humans is that they

express FoxP3 (the product of the mouse Foxp3
gene) or FOXP3 (the human version).
FoxP3/FOXP3 is a member of the fork-
head/winged-helix family of transcriptional reg-
ulators. FoxP3 induces regulatory function in
T cells and increases the expression of cytotoxic
T lymphocyte antigen (CTLA)-4 and CD25,
but decreases 1L-2 production [25-28]. FoxP3
binds and suppresses nuclear factor (NF) of
activated T cells (NFAT) and NF-«xB [29], key
transcription factors required for activation of
immune cells. Therefore, FoxP3 acts as the T -
lineage-specific transcription-regulation factor,
while other factors play similar roles in T-cell
differentiation into different T-cell lineages,
such as T-helper (Th)1 cells (signal transducers
and activators of transcription [Stat]4, Statl,
T-box expressed in T cells and interferon [IFN]
regulatory factor-1) and Th2 cells (c-Maf,
NFATCc, Stat6, and GATA-3) [30].

In addition to the FoxP3* cells of thymic ori-
gin, Ty can be generated in response to anti-
gens in the periphery [31], pre-existing FoxP3*
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Thegs [321, antigen-presenting cells (33-36] and cytokines (tumor
growth factor [TGF]-B, IL-2, -10, -4 and -13) [37-40]. Further-
more, there have been reports on the roles of estrogen [41], vita-
min D3 [421 and prostaglandin E2 [43] in the generation of Tregs:
However, not all T-cell subsets with suppressive functions express
FoxP3 [441, and not all FoxP3" T cells express CD25 [45,46].
Although most FoxP3* cells are CD4* T cells [23,24,47], some are
CD8" cells [45.48]. Generally, T-cell function is mediated by
cytokines or cytokine-like molecules on cell surface. For example,
Th1 cells produce IFN-y, which activates macrophages and other
cells for cell-mediated immunity. Th2 cells produce I1L-4, -5 and
-13, which act on B cells, eosinophils and other cell types for
antihelminth function and immunoglobin (19)E response [49]. By
contrast, FoxP3* T cells express different effector molecules (e.g.,
TGF-B, CTLA4 and/or 1L-10) and do not or poorly produce
naive and Thl/2 effector cytokines (e.g., IL-2, -4 and
IFN-y) [50,51]. It should also be appreciated that there are differ-
ent types of CD4" T, in addition to the FoxP3" T cells. There
include Trl and Th3 cells. Trl cells are generated from naive
T cells in response to 1L-10 and produce IL-10 as their major
effector cytokine [52], whereas Th3 cells are induced in response
TGF-pB [385531. Some of Trl cells or Th3 cells could be FoxP3*
T cells, but they are independent of FoxP3 expression [s4].

Regulation of B-cell response

Antibody-mediated immunity begins with naive B cells in sec-
ondary lymphoid tissues. Naive B cells are generated in bone
marrow, but migrate to secondary lymphoid tissues for func-
tional maturation. Naive B cells are collected within the pri-
mary follicles of lymph nodes, Peyer’s patches, spleen and other
secondary lymphoid tissues [55-571. Primary follicles are formed
adjacent to T-cell zones where many T cells are localized. In the
absence of antigens that activate naive B cells and Th cells,
naive B cells migrate in and out of the primary follicles and cir-
culate in the blood. Upon antigenic stimulation, B cells
undergo activation and differentiation. B cells undergo initial
activation at the boundary of B-cell follicles and T-cell zones. In
the spleen, they become plasmablasts in marginal-zone-bridg-
ing zones (area between the T zone and the red pulp). Protein
antigens that are able to activate both Th and B cells are called
T-dependent antigens [se]. T-dependent antigens induce class-
switch recombination and somatic hypermutation in antibody
genes. During this process, B cells receive important stimula-
tory signals, such as CD40L and cytokines from Th cells [58,59].
Alternatively, T-independent antigens can directly activate
B cells and induce IgM and limited IgG responses without
forming memory [s0].

T-dependent antigens induce formation of germinal centers
(GCs). GCs are sites of B-cell activation and differentiation to
generate B cells that make class-switched and high affinity anti-
bodies to T-dependent antigens [s1,62]. Although GC B cells are
of the majority, T cells, follicular dendritic cells (FDCs) and
dendritic cells (DCs) are also present in GCs and regulate acti-
vation, selection and differentiation of GC B cells [61-63].
T cells in GCs (GC T cells) produce IL-10 and express CD40L

and inducible costimulator (ICOS). GC T cells activate GC
B cells and induce somatic hypermutation and class-switch
recombination [e3. GC T cells are highly efficient in helping
GC B cells, and induce expression of activation-induced cyto-
sine deaminase (AID) and class-switch recombination in devel-
oping B cells for production of class-switched Igs, such as
19G,_4, 19A;¢, and IgE in humans.

Migration of FoxP3* Tregs L0 B-cell sites of secondary lymphoid &
nonlymphoid tissues

An important feature of the suppression mediated by FoxP3*
Tregs i the requirement for physical cell-cell contact with target
cells, which implies that FoxP3* T cells must migrate next to
target cells to suppress them. T cells must express appropriate
trafficking receptors to migrate from blood to tissue sites [64].
Expression of CCR7 and CDG62L are required for T cells to
enter secondary lymphoid tissues, a4p7 and CCR9 to migrate
to the small intestine. Chemokine receptors (e.g., CCR4, 8 and
10) are implicated with skin-homing T cells. Chemoattractant
receptors (e.g., CCR1, 2, 4, 5, CXCR3, 6 and CRTH2) and
adhesion molecules (e.g., E- and P-selectin ligands) are impli-
cated with T-cell migration to sites of inflammation. Adhesion
molecules mediate attachment of T cells on endothelial cells
(called rolling and firm adhesion), and chemoattractants regu-
late the activity of integrins and induce chemotaxis [65]. T e
and conventional T cells share expression of many trafficking
receptors, and it appears that they co-migrate with conven-
tional T cells to secondary lymphoid and nonlymphoid tissues
fe6]. It was reported that human CD4"CD25" T, are located
in perivascular areas of fibrous septa of thymus (67]. These T
express CCR8, and its chemokine ligand CCL1, expressed by
either thymic medullary macrophages or fibrous septa epithelial
cells, could mediate such a localization in the thymic medulla.
In addition to CCR8, CD4'CD25" T, in human peripheral
blood express the Th2-type chemokine receptor CCR4 [es].
These circulating CD4'CD25" T, preferentially express cuta-
neous lymphocyte antigen (CLA) over the gut-homing receptor
a4p7 [s91, which indicates that many of the circulating T, can
migrate to the skin. However, many T are found in intestinal
mucosa in humans (7] and it was later shown that approxi-
mately 45% of memory FoxP3" T cells, present in human
peripheral and neonatal blood, actually express o4p7 [es].
Importantly, T are also found in T- and B-cell areas (also
called follicles) of secondary lymphoid tissues, where initiation
of humoral immunity occurs.

In secondary lymphoid tissues, many CD4*CD25" T are
found in T-cell zones [4871]. These T ., mainly express CCR7
and are chemotactically attracted to its ligand CCL19, a
chemokine expressed in the T-cell zones. However, this migra-
tion behavior rapidly changes upon antigenic stimulation of
Trege Upon activation, T, upregulate CXCRS and are
attracted chemotactically to a different chemokine CXCL13,
which is expressed in the B-cell zones and GCs of secondary
lymphoid tissues. Therefore, the change in chemotactic behav-
ior following T-cell activation is due, in part, to the switch in
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the expression of chemokine receptors, which occurs in
response to antigenic stimulation. In a subsequent study, we
found, using a monoclonal anti-FoxP3 antibody, that FoxP3*

to suppression of B-cell function. Using a T-cell-dependent
B-cell Ig-production system driven by pokeweed mitogen
in vitro [50], it was demonstrated that CD4'CD25" T, were

Thegs are found in T-B area borders and
within GCs [46], key areas where T-cell
dependent activation of B cells occurs.

Antibody-secreting cells or plasma
B cells, generated by T-dependent or -
independent antigens, migrate to bone
marrow or mucosal sites, such as intesti-
nal lamina propria [72-76). IgM- or 19G-
producing B cells express CXCR4 and
preferentially migrate to the red pulp
(spleen), medulla (lymph nodes) or bone
marrow, where CXCL12 is highly
expressed [771. For migration of 1gA-pro-
ducing B cells to the small intestine, the
CCR9 and CCL25 chemokine recep-
tor-chemokine pair is thought to be
important [78-81]. T 4 are widely found
at tissue sites of plasma B cells, including
bone marrow 2] and intestine [70]. T
are highly enriched in human bone mar-
row [82], and approximately 40% of the
CD4* T cells in mouse bone marrow are
Foxp3* T cells s31. Using chimeric non-
obese diabetic-severe combined immuno-
deficient (NOD-SCID) mice, it was
demonstrated that human T, migrate
to mouse bone marrow [s2]. Granulocyte
colony-stimulating factor (G-CSF) is a
potent mobilizer of bone-marrow cells,
including hematopoietic stem and pro-
genitor cells. It was demonstrated that
G-CSF mobilizes marrow T, to the
peripheral-blood system by decreasing
CXCL12 expression in marrow. CXCL12
is implicated in recruiting and retaining
CXCR4" cells in bone marrow [65,84], and
most Foxp3® T cells highly express
CXCR4 [s31. The exact function of T
at sites of plasma B cells is unknown.
Tregs could regulate the function of
plasma B cells because they can directly
suppress B cells [46]. Migration of FoxP3*
T cells to various tissues sites of B cells is
summarized in FIGURE 1.

FoxP3" cells regulate B-cell response

Suppression of T cells by T4 has been
extensively studied in vitro and in vivo. As
T cells provide positive signals for activa-
tion and differentiation of B cells into
antibody-secreting cells, it is likely that
suppression of T-cell function would lead
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Figure 1. Migration of FoxP3" T cells to tissue sites of humoral immune responses. Generally, most
FoxP3* Tregs €Xpress CD25, cytotoxic T-lymphocyte antigen-4, glucocorticoid-induced tumor-necrosis-
factor receptor, CD44 and tumor growth factor-p. Furthermore, some Foxp3* T cells variably express
CD62L, CD103 and a number of chemokine receptors. This suggests that multiple FoxP3* T-cell subsets
exist with heterogeneous expression patterns of trafficking receptors. Largely, FoxP3* T cells can be divided
into secondary lymphoid tissue-homing and nonlymphoid tissue-homing subsets. Secondary lymphoid
tissue homing T, express CCR7, CD62L and CXCR4, while nonlymphoid tissue-homing T, express other
chemokine receptors (CCR2-6, CCR8-10 and CXCR3-6) and adhesion molecules (E/P-selectin ligands).
FoxP3* T cells that are made in thymus emigrate and circulate in the blood system. These FoxP3* T cells are
secondary lymphoid tissue-homing T,.. CCR7 would guide their migration into the T-zones of secondary
lymphoid tissues. Upregulation of CXCR5 on Ty, 0ccurs upon activation by antigens. This would position
CXCRS5" Tqq, into the B-cell zones or T-B zone border. FoxP3™ T cells suppress both Th cells and B cells and
limit the production of antibodies to self-antigens, alloantigen and foreign antigens. Among the
nonlymphoid tissue homing Foxp3* T cells, some express a.4p7 and CCR9 and migrate to the gut, while
others express CXCR4 at high levels and migrate to bone marrow, where antibody secreting cells

are enriched.
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able to suppress mouse B cells and their production of Igs. This
suppression was mediated through TGF-p1, but not IL-10,
produced by CD4"CD25" T, In this regard, T, produce or
express soluble or membrane-bound TGF-B1 [s0].

Tregs Can suppress GC Tcells and T-cell-induced B-cell
responses, such as Ig production, survival and expression of AID
[71]. However, it was unclear which cell type was suppressed by
Tregs N the system. It could be T cells, B cells or both. In a subse-
quent study, we were able to demonstrate that FOXP3" T, can
directly suppress B-cell response in the absence of Th cells [46]. As
the same FOXP3" regulatory subset is able to suppress Th cells
independently of B cells, T, appear to suppress both B cells and
Th cells. At molecular levels, FOXP3" T, can directly inhibit
AID expression and Ig class-switch recombination in B cells. The
role of Ty, in T-cell-dependent B-cell antibody response has
been demonstrated in vivo in mice [s5]. In this study, antibody
depletion of CD25" cells lead to significantly increased antigen-
specific antibody production and affinity maturation, but had
relatively minor impact on T-independent antibody responses.
The mechanisms by which human T, suppress B cells or
Th cells are still unclear. Neutralization of TGF-B and/or 1L-10
had only marginal abolishing effects on the suppressive activity of
human T ., on B cells 46).

In addition to the roles of TGF-p and IL-10, the potential
roles of granzymes, CTLA4-indoleamine 2,3-dioxygenase (IDO)
and hemeoxygenase (HO)-1 have been suggested to explain the
suppressive activity of T, in mice and humans [23,86]. CTLA-4
appears to mediate some of the suppressive activity of T, on
target cells [67,871. CTLA-4 would activate B7 on target cells, such
as DCs, and the signal generated by the B7-CTLA4 induces
expression of IDO, an enzyme involved in the catabolism of the
amino-acid tryptophan [ss]. Depletion of tryptophan would sup-
press activation and function of target cells. HO-1 is another fac-
tor that may mediate the suppressive function of T, HO-1 is
an enzyme that converts heme to carbon monoxide, free iron and
biliverdin (a precursor of bilirubin) [ge]. Carbon monoxide is the
product of HO-1 that has anti-inflammatory effects [90] and sup-
presses IL-2 production [o13. HO-1 is induced by a variety of
stimuli in T cells, including FoxP3 expression [92].

Thregs May also kill Th cells or B cells to suppress their func-
tions. It was demonstrated that human T, express
granzyme A and display perforin-dependent cytotoxicity
against T cells, monocytes and DCs [93], while mouse T,
express granzyme B and kill target cells [o41. In this regard,
mouse CD4*CD25* T cells can kill antigen-presenting B cells
and decrease B-cell antibody response in a manner dependent
on perforin and granzymes [o5]. However, other T-cell subsets
also have cytotoxicity, and it is unclear whether T are better
than other T-cell subsets, such as cytotoxic T cells or non-
FoxP3* memory/effector CD4* T cells in killing target cells. It
remains to be determined if the cytotoxicity of T is really
important in vivo or it is just an in vitro phenomenon.

As an indirect mechanism, T, can significantly diminish
the antigen priming process in Th cells to suppress the expres-
sion of B-cell helping signals. Using an intravital multiphoton

microscopy technique that allows imaging live immune cell
interaction occurring deep in lymph nodes, it has been demon-
strated that T, suppress the interaction of antigen-specific
T cells and DCs [96]. In another intravital multiphoton micros-
copy study, it was observed that T, and non-FoxP3" T cells
do not significantly contact with each other during active sup-
pression [97]. In this situation, the preferential interaction part-
ner of T, of course, was DCs bearing antigens. One caveat
with the interpretation of the intravital study results is that
events occurring deep (>300 um) in the tissues cannot be visu-
alized. Another limitation is that rarely occurring events (e.g.,
interaction between T4, and B cells in GCs) are difficult to
be tracked.

Whatever the mechanism of suppression, the important func-
tion of FoxP3* T cells in regulation of humoral immune response
and maintenance of self-tolerance has been well demonstrated.
Depletion of T, by monoclonal anti-CD25 antibody resulted
in the production of autoantibodies [98,99]. T, activated in the
presence of IL-2 and T-cell receptor agonists, lose their suppres-
sive function, leading to autoantibody (antiparietal antibodies)
production and gastritis in nude mice [o9]. Depletion of T in
mice led to accelerated formation of GCs and B cell proliferation
upon immunization [e8]. Neutralization of the chemokine
CCL4, which attracts T, induced formation of autoantibodies
to double-stranded DNA (dsDNA), myeoloperoxidase and
cardiolipin [s8). In the presence of T, B cells that express the
B-cell receptor that are specific for dsSDNA and other self-anti-
gens become anergic (i.e., unresponsive) in normal mice. How-
ever, this B-cell anergy can be reversed by the helping signals of
Thcells, and this loss of B-cell anergy can be prevented by
CD4'CD25" T, by suppressing the Thcells [i0). Taken
together, the information provided in this section supports the
important roles of FoxP3" T cells in regulation of humoral
immunity to self- and nonself-antigens. Regulation of B-cell
responses by FoxP3* T cells is summarized in FIGURE 2.

Impacts of FoxP3* cells on diseases of the humoral
immune system
Tregs are required for maintenance of tolerance in humoral
immune responses and are implicated in many diseases of the
humoral immune system. Systemic lupus erythematosus (SLE)
is an autoimmune disease characterized by inappropriate regu-
lation of self-reactive B and T cells. In pediatric SLE patients,
the frequency of CD4"CD25" T, was significantly decreased
in patients with active SLE compared with normal controls and
patients with inactive SLE, and was inversely correlated with
serum anti-dsSDNA antibody levels [i013. Collagen-induced
arthritis (CIA) is a systemic antibody-mediated disease and a
popular model of rheumatoid arthritis. In a mouse CIA model,
CD25* cell depletion led to a significantly more severe disease
with higher antibody titers against collagen than that of control
mice [102].

Another convincing evidence for the important role of T
in humoral immunity came from a mouse strain that does not
have functional FoxP3 (scurfy mice) [103]. The mice have a
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Figure 2. Regulation of antibody response by FoxP3* T cells. Protein antigens, such as self-
antigens, would activate B cells and Th cells. Activated autoreactive B cells in the presence of Th cells
would lead to production of autoantibodies and autoimmunity. However, in the presence of FoxP3*

T cells that are reactive to self-antigens, activation of autoreactive B cells and Th cells would be
suppressed, leading to abortive response to self-antigens. In many autoimmune diseases involving
aberrant production of autoantibodies, the number and activity of FoxP3* T cells are severely reduced.
Activation of Th cells and B cells in the absence of optimal FoxP3™ cell activity leads to massive
production of Th2 cytokines that, in turn, amplifies the production of autoantibodies. On the other
hand, excessive FoxP3* cell activity may lead to insufficient antibody response to pathogens. Actually,
tumor cells and some pathogens increase the numbers of FoxP3* T cells to avoid host immune

to scurfy mice was generated [109]. These
FoxP3 mutant mice develop hyper-Th2
response, hyperimmunoglobulinemia E,
eosinophilia and allergic airway inflamma-
tion. In a mouse model of autoimmune
response to chromatin, T, were efficient
in suppression of B cell production of anti-
chromatin antibodies [110]. In this study, the
authors demonstrated that T, decreased
the expression levels of costimulator mole-
cule ICOS on Th cells and inhibited late
response in formation of autoantibody, but
did not suppress early responses, such as
initial activation of and follicular entry by
Thor B cells.

Tregs Play critical roles in regulation of
humoral immune response not only to
self-, allo- and tumor antigens, but also to
foreign antigens, including pathogens in
certain conditions. An important ques-
tion is why T4 suppress immune
response to pathogens. More often than
not, vigorous immune responses are
required to clear pathogens, and there-
fore, suppression could lead to uncon-
trolled infection that is harmful to hosts.
It is well established that infection with

frameshift mutation in the FoxP3 gene located in the
X chromosome and express a FoxP3 protein lacking the fork-
head DNA domain [w04. Scurfy mice develop a distinctive
external phenotype (scaliness in the skin, crusting of the eye-
lids, ears and tail, runting, reddening and swelling of the geni-
tal papilla) and die at the age of 2—4 weeks. Scurfy mice have a
severe lymphoproliferative disease evidenced by marked
splenomegaly, hepatomegaly, enlarged lymph nodes, severe
anemia and leukocytosis in a manner similar to the animals
deficient in TGF-B1 or CTLA-4 [105,106]. As the consequence
of the unregulated immune response, concentrations of
cytokines, such as IL-4, -6, -7 and TNF-o, are greatly
increased in these mice. T cells in scurfy mice are overly
responsive to the signals generated from ligation of TCR and
CD28 and are extremely active in helping B cells [107]. By con-
trast, T cells of FoxP3-overexpressing transgenic mice poorly
express CD40 ligand and are limited in helper function for
T-cell-dependent antibody production [26. All of the auto-
immune diseases in scurfy mice were prevented by transfer of
bone marrow or CD4*CD25" T cells from normal mice [108],
emphasizing the important role of FoxP3* T cells in regulation
of B cells and other autoimmune responses.

It is thought that Th2 cells play important roles in inducing a
hyperimmune response to allergens, promoting IgE production,
allergy and asthma. Th2 cells can be suppressed by T, and
therefore, Ty, are believed to regulate the humoral immune
responses leading to allergy. A FoxP3 mutant mouse strain similar

certain pathogens is linked to the onset of
specific autoimmune diseases [111,112]. FoxP3* T cells may pre-
vent emergence of autoimmunity following infection and they
can suppress hyperimmune responses to pathogens. Alterna-
tively, pathogens would take advantage of the regulatory cells
to evade immune responses to themselves. Pneumocystis carinii
is an opportunistic pathogen and causes pneumonia in
lymphopenic mice. Although CD4*CD25 T cells, when
injected into mice, induce immune response to P. carinii and
severe pneumonia, CD4'CD25" T, did not induce lethal
pneumonia and, actually, prevented the development of the
disease induced by CD4"CD25 T cells [13). This is a good
example where T, are required to prevent hyperimmune
responses to pathogens. Litomosoides sigmodontis are a parasite
that infects the thoracic cavity of mice and there is a dramatic
increase in T at the site of infection [113]. Depletion of T
or inactivation of their suppressive function by antibodies to
CD25 and GITR increased antigen-specific immune responses
and Killing of the parasites, suggesting that parasites can
exploit T to suppress antiparasitic humoral immune
response. However, T, did not alter the primary or second-
ary 1gG response to Streptococcus pneumoniae, where vigorous
antibody response to the pathogen is desirable [114].

It is unclear how T, achieve this level of selectivity in sup-
pression of immune responses. One possible mechanism is to
modulate the suppressive activity of T, by Toll-like receptor
(TLR) ligands. The TLR 4 ligand lipopolysaccharide (LPS) was
able to increase the activity of T, by tenfold and control naive
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CD4 T cell-dependent wasting disease in mice [115]. TLR2-
deficient mice are more resistant than wild-type mice to Cand-
ida infection, possibly due to reduced T, activity j116]. TLR2
agonists increase the survival and proliferation of T and,
consistently, T, are decreased in numbers in TLR2-deficient
mice. The TLRS5 ligand flagellin enhances the suppressive func-
tion and FOXP3 expression of human T 1171 All of these
reports support the positive roles of TLR ligands in enhancing
the activity of T . In certain situations, such as immune toler-
ance to cancer cells, however, TLR ligands can negatively regu-
late the suppressive activity of T, and help break the immune
tolerance [118]. Therefore, TLR ligands can both positively and
negatively regulate the activity of T 4. As TLR ligands origi-
nate from pathogens and normal microflora, the type of patho-
gens and their molecular constituents could determine the lev-
els of regulatory activity of FoxP3" T cells. Using the same
logic, normal microflora could further modulate the immune
response to pathogens. Other factors that can control the activ-
ity of T are cytokines (e.g., enhancement by TGF-g and
reversible suppression by IL-2) and surface costimulation recep-
tors (e.g., CD28, CTLA4 and GITR) [119,120]. Therefore, there
are a number of factors that can control the regulatory activity
of FoxP3* T cells and this would help achieve appropriate levels
of immunity to pathogens without breaking immune tolerance
to self-antigens.

Expert commentary & five-year view

FoxP3* T cells are programmed to migrate to the tissue sites
where B cells are enriched and humoral immune responses
take place. These tissue sites are found in secondary lymphoid
tissues (B-cell zone, T-cell zone, T-B border, marginal zones
of spleen or medulla of lymph nodes), the intestine (lamina
propria and Peyer’s patches) and bone marrow. Chemokine
receptors and adhesion molecules regulate migration of T
to T- or B-cell sites of secondary lymphoid tissues (CD62L,
CCR7, CXCR4 and CXCR5), the intestine (CCR9 and
a4p7) and bone marrow (CXCR4, E/P-selectins and VLA-4).
FoxP3* T cells, upon activation by antigens, suppress B cells
and Thcells to decrease humoral immune response to self
and foreign antigens. As B cell response in the absence of
T-cell response is relatively weaker than that requires T-cell
help, suppression of T helper cells than of B cells by T
would have a greater impact on overall humoral immunity.
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The suppressive activity of FoxP3* T cells is highly regulated
by TLR ligands, cytokines and costimulators, so that their
suppressive activity is specifically directed toward auto- and
hyper-immune responses initiated by foreign antigens, but
not toward necessary immune response to clear pathogens. It
remains to be determined how specific is the suppressive
activity of FoxP3" T cells for self- versus nonself-antigens.
Although many possible mechanisms have been proposed, it
is unclear with which mechanisms FoxP3* T cells suppress
humoral immune responses in various situations in vivo. Fur-
thermore, it is unknown whether FoxP3* T cells also suppress
marginal zone B cells or B-1 cells, which mediate T-cell-inde-
pendent humoral immune response. More studies in terms of
humoral immune response to T-dependent versus T-inde-
pendent antigens need to be performed to clearly assess the
extent of the role of FoxP3* T cells in regulation of humoral
immune responses.
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