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Immune regulation by regulatory T cells

Summary

Regulatory T cells are proposed to play a central role in the maintenance
of immunological tolerance in the periphery, and studies in many animal
models demonstrate their capacity to inhibit inflammatory pathologies
in vivo. At a recent meeting [Clinical Application of Regulatory T Cells,
7-8 April 2005, Horsham, UK, organized by the authors of this review,
in collaboration with the British Society for Immunology and Novartis]
evidence was discussed that certain human autoimmune, infectious and
allergic diseases are associated with impaired regulatory T-cell function.
In contrast, evidence from several human cancer studies and some infec-
tions indicates that regulatory T cells may impair the development of pro-
tective immunity. Importantly, certain therapies, both those that act non-
specifically to reduce inflammation and antigen-specific immunotherapies,
may induce or enhance regulatory T-cell function. The purpose of this
review was to summarize current knowledge on regulatory T-cell function
in human disease, and to assess critically how this can be tailored to suit
the therapeutic manipulation of immunity.
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reactive lymphocytes by negative selection in the thymus is
considered pivotal to the former process, it is becoming

A number of mechanisms contribute to the capacity of the
immune system to discriminate self from non-self, facilita-
ting the maintenance of immunological tolerance to
self-antigens and the induction of protective immunity to
foreign antigens. Although the removal of immature self-

increasingly clear that regulatory T cells (Tregs) are equally
important in inducing and maintaining peripheral self-
tolerance and thus preventing immune pathologies. Two
broad categories of regulatory T cells have been described
(Fig. 1). The first is the thymus-derived naturally occurring

Abbreviations: APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated antigen-4; DC, dendritic cell; HBV,
hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; iDC, immature dendritic cell; IEN, interferon;
IL, interleukin; IT, immunotherapy; JIA, juvenile idiopathic arthritis; mAb, monoclonal antibody; NK, natural killer; NOD, non-
obese diabetic; RA, rheumatoid arthritis; TCR, T-cell receptor; TGF, transforming growth factor; TNF, tumour necrosis factor;

Tregs, regulatory T cells.
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Figure 1. The development of CD4" regulatory T cells (Tregs). The
thymus naturally produces FOXP3" CD4* CD25" Tregs, possibly by
high-affinity engagement of the T-cell receptor (TCR) with self-ligand
presented by the thymic stroma. In the periphery, some of the naive
CD4" CD25 T cells may also differentiate into FOXP3* CD4* CD25*
Tregs. Several inducible Tregs have been identified, including T helper
type 1 (Th1), Th2, Th3 and interleukin (IL)-10-producing Tregs. Thl
and Th2 cells are included here as signals that drive one of these line-
ages impair the development of the other (e.g. IL-12 and IL-4).
Although IL-10 Tregs and Th3 cells are shown in this figure to origin-
ate following appropriate stimulation of naive CD4" T cells, the possi-
bility that they derive from previously activated effector T cells exists.
iDC, immature dendritic cell; MHC, major histocompatibility com-
plex; TGF, transforming growth factor.

CD4" CD25" Treg subset that comprises 1-10% (estimates
vary) of the CD4" T-cell population in healthy adult
humans and mice."™ In addition, inducible antigen-speci-
fic populations, generated following a variety of antigenic
stimulatory regimes in vitro or in vivo, have been des-
cribed.*™® These secrete inhibitory cytokines such as inter-
leukin (IL)-10 and transforming growth factor (TGF)-B.*~7
Together, these cells are thought to play a specialized role
in controlling both innate and acquired immune responses.
We will not go into the biology of these cells as this sub-
ject has been covered extensively in a number of recent
excellent reviews, for example those by Sakaguchi® and
Hawrylowicz and O’Garra.”

Probably the greatest barrier to fully understanding the
function of naturally occurring CD4" CD25" Tregs in
humans is the lack of specific markers that define these
cells and distinguish them from activated effector T-cell
populations and other Treg populations. However, the
forkhead (winged helix) transcription factor forkhead box
P3 (FOXP3) has been suggested to represent a reliable
intracellular marker for naturally occurring Tregs.® Along-
side animal studies, a fascinating recent observation high-
lights the importance of Tregs in controlling human
immunity. Patients carrying rare loss-of-function muta-
tions in the Foxp3 gene develop a range of autoimmune
and inflammatory disorders referred to as immunodysreg-
ulation, polyendocrinopathy, enteropathy, X-linked syn-

drome [IPEX; also known as X-linked autoimmunity and
allergic dysregulation (XLAAD) syndrome]. This includes
type I diabetes, autoimmune thyroiditis, eczema, bleeding
abnormalities and chronic wasting.”'® These individuals
also demonstrate an increased susceptibility to infection
and an elevated incidence of allergic-type symptoms,
including severe eczema, increased serum immunoglob-
ulin E (IgE), eosinophilia and food allergy. The subse-
quent finding that FOXP3 is a transcription factor
selectively expressed in and essential for the development
of the CD4" CD25" Treg lineage suggests that a defect in
the naturally occurring Treg population underlies the
clinical manifestations in IPEX patients. More import-
antly, it implies that the presence and efficient function
of Tregs is required to maintain health. However,
although FOXP3 in mice seems to be exclusively
expressed by CD4" CD25"8" T cells with regulatory
function, in humans the situation is less clear, as FOXP3
appears also to be up-regulated upon activation of naive
CD4" CD25™ T cells'"'* and CD8" T cells.'* Be that as it
may, most studies on CD4" regulatory T cells use a com-
bination of CD25, cytotoxic T-lymphocyte-associated
antigen (CTLA)-4, FOXP3, IL-10 and/or TGF-f to define
Treg populations. Ultimately only the demonstration of
actual suppressive function confirms the presence of
Tregs. In this review we discuss the evidence for defective
(lack of or over-exuberant) naturally occurring and indu-
cible Treg activity in human disease and strategies that
aim to manipulate Treg function for therapeutic benefit.

Alterations in regulatory T-cell function in human
disease

Autoimmune disease

Recent studies have investigated whether human auto-
immune diseases are associated with defective numbers or
function of CD4* CD25" Tregs. In patients with multiple
sclerosis, purified CD4* CD25"" Tregs from peripheral
blood were found to have a reduced capacity to suppress
T-cell proliferation and interferon (IFN)-y production
ex vivo."> Similar defects in the capacity of peripheral
CD4" CD25" Tregs to inhibit T-cell proliferation were
described for patients with autoimmune polyglandular
syndrome type IL' type I diabetes,"> psoriasis'® and
myasthenia gravis.'” The percentage of CD4" CD25" or
CD4* CD25""" Tregs in the peripheral blood of these
patients was unaltered compared with healthy controls,
suggesting that a defect in Treg function rather than
number contributes to disease. Alternatively this may
reflect (i) an inability to distinguish between increased
numbers of activated CD4" CD25" effector T cells and
CD4" CD25" Tregs in the periphery, and/or (ii) an
increased migration of CD4" CD25" Tregs to the tissues,
and/or (iii) refractoriness of effector T cells and/or
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antigen-presenting cells (APCs) to regulation, all poten-
tially resulting from disease-induced activation.

In rheumatoid arthritis (RA), a recent study suggested
that CD4" CD25" 8" Tregs in the peripheral blood of
patients were normal in number and ability to suppress
T-cell proliferation but deficient in the ability to inhibit
T-cell and monocyte-derived cytokines, i.e. IFN-y and
tumour necrosis factor (TNF)-o.'® Interestingly, in
patients that received anti-TNF-o treatment this defect
appeared to be restored, and an increase in peripheral
Treg numbers was observed, suggesting that anti-TNF-o
therapy might lead to immunomodulation of Treg func-
tion. However, other studies on patients with RA or
juvenile idiopathic arthritis (JIA) showed that at the site
of inflammation (i.e. in the synovial fluid) the percentage
of CD4" CD25" Tregs was significantly increased com-
pared with the percentage in peripheral blood.'”** More-
over, these synovial Tregs were able to inhibit TNF-o
production'®?! and displayed an enhanced capacity
to suppress T-cell proliferation compared with their
peripheral blood counterparts.'”*® These results thus
might suggest recruitment/migration of Tregs from the
blood to the inflammatory site, rather than defective
function.

A recent study has extended the observations in arthri-
tis to suggest that CD27 distinguishes CD4" CD25" Tregs
from other effector populations in the synovial fluid of
patients with JIA, and that these cells demonstrate potent
suppressive function ex vivo, but that their inhibitory
function may be impaired in situ by high levels of IL-7
and IL-15.2> As the proportions of CD4" CD25" T cells
are unchanged or increased at the site of the autoimmune
lesions, for example the rheumatoid joint, therapeutic
intervention on the basis of Treg manipulation should be
concentrated on the use of mediators that enhance sup-
pressive function of existing populations rather than sim-
ply increasing regulatory cell numbers. A crucial question
in this regard is whether any enhancement of Treg func-
tion that may be achieved by appropriate therapy is sus-
tained once therapy is terminated.

Allergic disease

Studies from at least three separate groups have provided
evidence for impaired naturally occurring CD4" CD25"*
Treg-mediated inhibition of allergen-specific T helper type
2 (Th2) responses in allergic patients during active hay-
fever season’*** or in individuals who mount vigorous
Th2 responses to allergen.® Furthermore, depletion of
CD4" CD25" T cells from the peripheral blood of healthy
individuals reveals enhanced proliferative and Th2 cytokine
responses to various allergens including milk, nickel and
grass,”?”*® implying that naturally occurring CD4"
CD25" Tregs play an active role in suppressing allergen-
specific Th2 responses in healthy subjects.

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 1-9

Recent evidence also suggests an increased frequency or
ratio of CD4" CD25" IL-10-secreting T cells in healthy
individuals compared with individuals with allergic or
asthmatic disease.””>° It is unclear whether these cells rep-
resent naturally occurring CD4" CD25" Tregs or IL-10
Treg that may have been induced to increase CD25
expression upon activation in culture, highlighting the
lack of appropriate markers to distinguish the different
Tregs in humans. Furthermore, the induction of IL-10-
secreting Tregs is impaired in patients with severe asthma
who do not show clinical improvement upon steroid
treatment (glucocorticoid resistant).”® Finally, in situa-
tions where tolerance is ‘naturally’ induced, for example
in children who grow out of their allergy to cow’s milk
or in bee keepers who receive multiple stings, associated
increases in IL-10-producing and CD4" CD25" Tregs
have been reported.’>** These studies suggest both natur-
ally occurring CD4" CD25" Tregs and IL-10-secreting
Treg populations actively control immune responses to
allergen in healthy individuals and that their function
might be impaired in disease, particularly during chronic
antigen exposure,”® suggesting that novel therapeutic
strategies may need to target both Treg populations.

Infectious disease

The immune response to infection represents a complex
balance between the successful induction of proinflam-
matory antipathogen responses and anti-inflammatory
responses required to limit damage to host tissues. Tregs
undoubtedly play an important role in controlling this bal-
ance during infection, and the results can range from
highly detrimental to the host to highly beneficial to both
host and pathogen. The role of both naturally occurring
CD4" CD25" Treg and IL-10-secreting Treg in infection
has been the subject of several excellent recent reviews” >’
and we highlight here a few examples from studies in
humans.

Recent work on Helicobacter pylori-infected individuals
suggests that CD4" CD25" Tregs might contribute to
chronic infection by suppressing appropriate memory
T-cell responses to H. pylori.®® This is further supported
by the demonstration that infected patients have increased
frequencies of CD4" CD25" FOXP3™ T cells in the stom-
ach and duodenal mucosa as compared with uninfected
controls.”® Chronic exposure to pathogens might itself
result in the induction of a strong immunoregulatory
network, mediated by IL-10,*" and antigen-specific IL-10-
producing Treg cells have indeed been isolated from
helminth-infected patients.*'

CD4" CD25" Tregs also appear to be involved in chro-
nic virus infection. In patients with chronic hepatitis B
virus (HBV) and hepatitis C virus (HCV) infection,
increases in peripheral CD4" CD25" Treg numbers have
been described.**™** Moreover, depletion of CD4" CD25"
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Table 1. Targeting regulatory T cells (Treg) in
immune-mediated diseases

Diseases Therapeutic strategies Concerns
Cancer and Depletion of Tregs Induction of autoimmunity
infection Inhibition of Treg homing

Inhibition of Treg function
Autoimmune diseases, Induction of antigen-specific
allergy, transplantation Tregs in vivo
and infection Boosting of endogenous Tregs

Adoptive transfer of Tregs

infection

Increased susceptibility to

Risk of tumour development

Regulatory T cells (Tregs) contribute to many immune-mediated diseases either by hampering

effective immunity (e.g. in cancer and infection) or by failing to control unwanted immune

responses (e.g. in autoimmunity, allergy, certain infections and transplantation). Different

therapeutic strategies could be employed to inhibit or boost Treg function; however, the risk

of serious adverse side effects warrants careful consideration.

Tregs from peripheral blood from virally infected pati-
ents results in increased T-cell responses to HBV,
HCV, cytomegalovirus and human immunodeficiency
virus (HIV) antigens, implying that the presence of
CD4" CD25" Tregs prevents effective antiviral immu-
nity.**® A recent study on HIV-infected patients demon-
strated that decreased Treg numbers were associated with
immune hyperactivation in these patients.”” Immune
hyperactivation, however, is associated with disease pro-
gression, indicating that the presence of Tregs might have
some protective effect in HIV infection. Indeed, a recent
study showed that in asymptomatic HIV-infected patients
strong HIV-specific Treg function in vitro was correlated
with lower levels of plasma viraemia and higher
CD4":CD8" T-cell ratios."® These findings suggest that,
rather than being detrimental to immunity to infection,
intact Treg activity may be beneficial to HIV-infected
patients.

Cancer

Evidence from cancer patients suggests that increased Treg
activity may be associated with poor immune responses to
tumour antigens and contribute to immune dysfunction.
High numbers of CD4* CD25" Tregs have been found in
lung, pancreatic, breast, liver and skin cancer patients,
either in the blood or in the tumour itself.*~’
These Tregs were able to inhibit proliferation and IFN-y
production by CD4" and CD8" T cells, as well as natural
killer (NK) cell-mediated cytotoxicity. A recent study on
ovarian carcinoma patients elegantly demonstrated that
the presence of CD4" CD25" FOXP3" Tregs that sup-
press tumour-specific T-cell immunity inversely correlated
with survival.’* These Tregs preferentially moved to
and accumulated in the tumour and ascites, but not the
draining lymph nodes, with evidence for a role of
the chemokine CCL22 in directing Treg homing to the
tumour.

In addition to CD4" CD25" Tregs, IL-10-producing
Tregs may also contribute to ineffective anti-tumour

responses in cancer patients. Both CD4' CD25" and
IL-10-producing Tregs are found in Hodgkin lymphoma
infiltrating lymphocytes, which suppress mitogen- and
antigen-specific  peripheral blood mononuclear cell
responses.” A recent study reported that internalization
of primary myeloma cells by dendritic cells (DCs) resul-
ted in IL-10 production, but no IL-12 production, and
these DCs stimulated the generation of IL-10-producing
T cells.”® Besides IL-10, TGF-B produced by various cell
types, including Tregs, may inhibit the development of
effective tumour immunity in vivo.” Thus, for cancer
immunotherapy, strategies that deplete Tregs, inhibit their
function or block their migration, rather than enhance or
restore their function, are likely to be advantageous
(Table 1).

Clinical application — manipulation of regulatory
T cells

Treg-inducing therapies: existing evidence

Data are emerging that certain immune-based therapies in
humans, particularly in transplantation®”*® and allergy,”*
may result in the induction of Tregs in vivo. An important
early study demonstrated that CD4" T-cell clones isolated
from patients with severe combined immunodeficiency
who had successfully undergone allogeneic bone marrow
transplantation produced IL-10 and IFN-vy, but little IL-2,
and that these cells were associated with a lack of graft-
versus-host disease.”® Other examples have emerged from
allergen desensitization immunotherapy (allergen-IT),
which is essentially the oldest and only widely used anti-
gen-specific immunomodulation currently in use in
humans. It involves the injection of increasing concentra-
tions of specific allergen into the patient to induce immu-
nological tolerance and can be highly effective in selected
patient groups, although the treatment itself is not without
risk, and requires injections over several years for maximal
efficacy. Initial studies suggested that successful allergen-1T
was associated with immune deviation from a disease-

© 2006 Blackwell Publishing Ltd, Immunology, 118, 1-9
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promoting allergen-specific Th2 towards a Th1 phenotype.
However, more recently two studies by Bellinghausen
et al.®* and Akdis et al.** were the first to provide evidence
for allergen-IT-induced IL-10-producing Tregs, which are
now being widely demonstrated in additional allergen-IT
systems (reviewed by Robinson et al.>*). However, aller-
gen-IT appears to have little effect on naturally occurring
CD4" CD25" Tregs.®’ There remains a need for improved
allergen-specific therapies with the capacity to provide
safe, long-term relief from disease symptoms, and a num-
ber of novel approaches are currently being investigated in
experimental studies in humans (reviewed by Hawrylowicz
and O’Garra®).

A number of commonly used non-specific therapies
using drugs with anti-inflammatory properties have been
documented to induce anti-inflammatory cytokines and
to modify Treg function (extensively referenced in Haw-
rylowicz and O’Garra®). One such example is anti-TNF-o
therapy, as discussed above.'® Another, well-studied,
example is that of glucocorticoids, which induce IL-10
both in vivo and in vitro.°*®> Evidence supporting a role
for glucocorticoids and their beneficial effects on Tregs
includes reports that in asthma patients poor clinical
responsiveness to steroids correlates with poor induction
of IL-10 in CD4" T cells,”’ that FOXP3 and IL-10 mRNA
expression are significantly increased in CD4" T cells
from glucocorticoid-treated asthmatic patients,”* and
in vitro evidence that glucocorticoids may promote IL-10
synthesis and regulatory function of CD4" CD25" Tregs.®
Furthermore, particular combinations of immunosuppres-
sive drugs, such as 10,25-dihydroxyvitamin D3 in combi-
nation with glucocorticoids®® or mycophenolate mofetil®”
as well as glucocorticoids with B2-agonists,®® have been
shown to induce Tregs and/or tolerogenic DCs in mice
and humans and could be utilized to more efficiently
derive Tregs in vivo. One example is a study of the
administration of vitamin D3 to glucocorticoid-insensitive
asthma patients, which reversed the defective induction of
IL-10-secreting regulatory CD4" T cells in response to
glucocorticoids.”” Although the action of these drugs is
non-specific, it may be possible to harness these effects to
improve the efficacy and safety of other antigen-specific
approaches.’

Treg-inducing therapies: experimental/translational
protocols

A major therapeutic goal in autoimmune and allergic dis-
eases is to provide inhibitory mechanisms with the capa-
city to suppress inappropriate immune activation upon
disease-promoting antigen/allergen exposure, locally and
specifically, with minimal risk and damage to the host.
Two strategies which are the subject of active investiga-
tion are the adoptive transfer of ex vivo generated
CD4" CD25"% Tregs, which requires tailor-made therapies

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 1-9

for each patient, and the induction of appropriate Treg
populations in patients in vivo. Indeed, some studies have
now reached the ‘proof of principle’ stage.

In vitro Treg expansion and transfer

Recent studies have examined the potential to isolate
CD4" CD25"8" Tregs from peripheral blood and expand
them in vitro for re-injection into patients under clinically
controlled conditions. Efficient in vitro expansion of
human Tregs (up to 200- or even 40 000-fold) was repor-
ted upon stimulation of CD4" CD25" T cells with anti-
CD3/CD28 monoclonal antibody (mAb)-coated beads and
high doses of IL-2.”%”" The expanded cells retained the
expression of CD25, FOXP3 and lymph node homing
receptors and, importantly, were more efficient in suppres-
sion assays than freshly isolated Tregs. A different study in
rats reported on the use of an anti-CD28 superagonist
which preferentially expanded CD4" CD25" Tregs over
other T-cell subsets in vitro and in vivo.”*> Combining these
experimental approaches with protocols for the induction
of antigen-specific Tregs, for example via the transfection
with T-cell receptor (TCR) specific for the disease-promo-
ting antigen”” or in vitro priming with alloantigen,”* could
eventually lead to large-scale generation of tailor-made
Tregs with appropriate antigen specificity. Potential prob-
lems with expanding pre-existing Tregs are that such a
labour-intensive protocol needs to be adopted for each
patient, the purity and antigen specificity of Tregs need to
be extremely well controlled to avoid outgrowth of autore-
active T (effector) cells or Treg with inappropriate antigen
specificity (e.g. to pathogen-derived antigens), and there is
a risk of infection or transformation ex vivo.

Strategies to induce or boost Tregs in vivo

Recent studies have shown that non-regulatory CD4"
CD25™ T cells can develop into suppressor T cells depend-
ing on the way in which they encounter antigen, for exam-
ple as soluble or peptide antigen, or in the presence of
immunosuppressive drugs. One strategy is to target the
APC population. IL-10-producing Tregs are reportedly
induced by repetitive in vitro stimulation of naive T cells
with antigen-presenting immature DCs, although these
Tregs expand poorly in vivo.”” Proof of principle was pro-
vided in an elegant study by Steinman and coworkers
where immunization of human volunteers with a single
subcutaneous injection of influenza peptide-pulsed imma-
ture DCs resulted in a reduction in antigen-specific IFN-y-
producing CD8" T cells with a concomitant increase
in IL-10-producing cells relative to preimmunization.”®
Importantly, such a strategy requires that the DCs remain
‘frozen’ in their immature state in order to prevent
immune activation and potential autoimmune reactions,
and this represents a major research focus.
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Extensive evidence of the induction of IL-10-producing
Tregs following peptide administration in animal models
of autoimmune and allergic disease exists (reviewed by
Larche and Wraith””). However, use of self (glutamic acid
decarboxylase) peptides in non-obese diabetic (NOD)
mice and use of altered peptide-ligands in multiple scler-
osis patients have both been associated with severe side
effects.”®”® More encouragingly, in patients with recent-
onset RA, oral administration of the bacterial heat-shock
protein dnaJP1 — which contains sequence homology with
the shared epitope — resulted in a decrease in antigen-
induced IFN-vy, IL-2 and TNF-q, and an increase in IL-10
and IL-4 production and FOXP3 expression in peripheral
CD4" CD25" Tregs.®® Also, recently, in support of the
earlier findings in bee venom-specific IT by Akdis et al.,”?
it was shown that peptide immunotherapy in cat-allergic
asthmatic patients resulted in an increase in IL-10, a
decrease in IL-5 and the induction of a CD4" Treg popu-
lation that actively suppressed allergen-specific T-cell pro-
liferation.®” These and other ongoing studies are clearly
just a prelude to the testing, by a number of groups, of
antigen-specific therapies and induction of Tregs in clin-
ical interventions in humans.

Two recent reports highlight the potential for anti-
CD3 mAD therapy in patients with new-onset type I dia-
betes.*>® Patients treated with humanized non-mitogenic
anti-CD3 mAb (ChAglyCD3) early after disease onset bet-
ter maintained residual beta cell function and required
lower insulin doses at 18 months than the comparable
placebo-treated group.®’ This effect was most pronounced
in those patients who had initial residual beta-cell func-
tion at or above the 50th percentile of the total patient
group, suggesting that anti-CD3 mAb-based immune
therapy works best when the autoimmune-mediated
destruction is still ongoing. In the other study, early-onset
patients were treated with a single course of hOKT3gl
(Ala-ala) which resulted in improved clinical parameters
for at least 2 years in the absence of immunosuppressive
medication.®* Although not proven in these clinical stud-
ies, previous work by these groups in NOD mice indicates
that anti-CD3 mAb therapy might work via the induction
of immunoregulatory mechanisms, including those invol-
ving TGF-B and CD4" CD25" Tregs.** Other future can-
didates for mAb-based approaches to induce Tregs in vivo
could include anti-CD45RO/RB mAb (chA6), which was
shown to induce anergic and suppressive human antigen-
specific CD4" and CD8" T cells upon stimulation
in vitro.*

Treg-depleting therapies

In cancer, strategies that inhibit or deplete Tregs and
boost anti-tumour immunity are under investigation. In
mice, the removal of CD4" CD25" T cells with anti-CD25
depleting mAbs,*® albeit in combination with anti-CTLA-

4 mAb,¥ led to tumour rejection. However, a cautionary
note comes from studies using CTLA-4 blockade along
with tumour-specific peptide vaccinations in human
melanoma patients, which resulted in tumour regression
in some patients but also significant development of auto-
immunity in six of 14 patients, thus emphasizing the deli-
cate balance between tolerance and immunity.*® At
present, no depleting anti-CD25 mAbs are licensed for
use in humans, but eventually these findings might open
up novel immunotherapeutic avenues.

Concluding remarks and questions for the future

The field of therapeutic application of Tregs in immune-
mediated pathologies is at a very exciting crossroads.
Clearly, many questions remain regarding optimization of
strategies that target Tregs. We believe that some of the
critical issues are optimization of protocols for Treg
induction in vivo, a full understanding of the migration/
homing capacity of the different Treg populations, their
longevity and stability in vivo, especially upon therapeutic
induction, and the natural ontogeny of Tregs in child-
hood. In adults, transplantation, perhaps uniquely, offers
the opportunity to deliver antigen-specific Treg-directed
therapies prior to disease induction. Crucially, there is a
need to expand on existing experimental evidence that
Tregs can reverse established disease® rather than prevent
induction of disease, in order to apply these cells in a
clinical setting. A major concern to be resolved is the
question of how great is the potential for spreading of
immunosuppression and therefore how great is the threat
of inducing other unrelated immune pathologies. These
considerations notwithstanding, the enormous progress
achieved in our understanding of fundamental Treg bio-
logy, and in experimental protocols to isolate Tregs and
to generate them in vitro and in vivo, makes it likely that
in the next few years the experimental data will lead to
translational studies and even clinical trials in humans.
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