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Abstract CD4"CD25"&"FoxP3" T regulatory cells
(Tregs) are immunodominant suppressors in the immune
system. Tregs use various mechanisms to control immune
responses. Preclinical data from animal models have con-
firmed the huge therapeutic potential of Tregs in many
immune-mediated diseases. Hence, these cells are now on
the road to translation to cell therapy in the clinic as the
first clinical trials are accomplished. To date, clinical
research has involved mainly hematopoietic stem cell
transplantations, solid organ transplantations, and autoim-
munity. Despite difficulties with legislation and technical
issues, treatment is constantly evolving and may soon
represent a valid alternative for patients with diseases that
are currently incurable. This review focuses on the basic
and clinical experience with Tregs with adoptive transfer of
these cells, primarily from clinical trials, as well as on
perspectives on clinical use and technical problems with
implementing the therapy.
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Key Points

Cells characterized by the CD4TCD25"€"FoxP3+
phenotype are responsible for maintaining immune
tolerance and suppression of excessive immune
responses.

Preclinical animal studies have confirmed the
therapeutic potential of T regulatory cells (Tregs)
and pave the way for their use in therapy in humans.

Clinical trials of this therapy continue in many
research centers worldwide, mainly in hematopoietic
stem cell transplantation, the induction and
maintenance of tolerance to solid organ
allotransplants, and the treatment of autoimmune
diseases.

1 Introduction

Regulatory T cells (Tregs) are a population of lymphocytes
whose role is to regulate and suppress excessive responses
from other immune cells. Tregs are able to control a variety
of other subsets, such as activated effector cells [T con-
ventional (Tconv) cells], and inhibit antigen-presenting
cells (APCs), natural killer (NK) cells, B cells, and innate
immunity [1-3]. In the 1970s, Gershon and Kondo [4]
introduced an hypothesis of a cell population that regulated
the immune system. However, it was not until 1995 that
Sakaguchi et al. [5] presented the first firm evidence that
the hypothesis was true. They used a mouse model to prove
that a lack of cluster of differentiation (CD)4*CD25" T
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cells resulted in autoimmune-mediated multiple organ
dysfunction [5]. This syndrome was also later associated
with mutation of the foxp3 gene, a master regulator of
Tregs, defined as “scurfy” in mice and IPEX (immune
dysfunction, polyendocrinopathy, and enteropathy,
X-linked) syndrome in humans [6]. Tregs responsible for
the syndrome are characterized by a CD4TCD25"e™
FoxP3™1 phenotype, originate from the thymus, and are
often called natural Tregs (nTregs or tTregs). Other regu-
latory subsets also exist within CD4" T cells: primarily so-
called induced or peripheral Tregs (iTregs or pTregs,
respectively) with Trl cells and T-helper (Th)-3 cells,
which are generated by the conversion of conventional
CD4™" T cells at the periphery [7]. However, nTregs are
drawing attention as a potential cellular medicine because
of their stability and pronounced suppressive effects when
administered in vivo [8].

2 Biology of T Regulatory (Treg) Cells

nTregs have several modes of action at the periphery, but
they primarily recognize self-antigens and self-like antigens
released from damaged tissues, actively migrate to such
sites, and switch off the activity of other immune cells to
inhibit inflammation [9]. Thus, Tregs protect from potential
or ongoing auto-aggression and damage to tissues; this
activity is limited to within very close proximity of the
inflammation site [10]. This suppressive mode of action has
led Tregs to be called “intelligent steroids” as they have the
immunosuppressive  power of  glucocorticoid-based
medicines and lack the associated adverse effects these
hormonal drugs have because of their more generalized
influence on the whole body. Moreover, Tregs play an
important role in the induction of tolerance to allotrans-
plants of solid organs and can control allergy [11-14]. Even
more interesting is that much research suggests the thera-
peutic effect of many routinely used immunosuppressive
drugs depends on the stimulation of Tregs [15, 16].

The suppressive effect of Tregs on Tconvs is executed
mainly via cell-to-cell contacts, for example via pro-
grammed cell death (PD)-1-PD-ligand (L) coupling but
also via the transfer of cyclic adenosine monophosphate
(cAMP) through the membrane gap junctions and adeno-
sine produced in the paracrine fashion by the CD39 and
CD73 receptors expressed on Tregs [17, 18]. Another mode
of action is “control by starvation/theft” of interleukin
(IL)-2. The CD25 molecule (a high-affinity receptor for IL-
2) is highly expressed on nTregs and thus Tregs win the
competition with Tconv cells for this cytokine. The deficit
of IL-2 stops the proliferation of other cells and induces
apoptosis by granzyme and perforin [19]. As well as direct
suppression of activated Tconv cells, nTregs prevent the
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activation of these lymphocytes via the inhibition of APCs.
In the cell-to-cell contact dependent on CTLA-4-CD80/
CDS86 interactions, Tregs induce expression of indoleamine
2,3-dioxygenase (IDO) in dendritic cells, which in turn
results in the suppression of helper and cytotoxic Tconv
populations [20]. The inhibition of autoreactive B cells by
Tregs is partially governed by the mechanisms described
for Tconv cells. It involves interaction between surface
molecules—PD-1 expressed by B cells and PD-L1 ligands
on Tregs. Tregs suppress the production of autoantibodies
and inhibit B-cell proliferation and induce their apoptosis
[21]. In the case of innate immunity, more distant regula-
tion is engaged, involving suppressive cytokines secreted
by Tregs. The inhibition of monocytes/macrophages par-
tially depends on IL-10, IL-4, and IL-13 [22]. Tregs sup-
press the production of reactive oxygen intermediates
(ROI) and the cytokines produced by neutrophils. The
cytokine IL-10, transforming growth factor (TGF)-B, and
direct cell-to-cell contacts all take part in this process.
Moreover, granzymes and perforin secreted by Tregs are
able to induce apoptosis of neutrophils and other cells in
the inflammation site [14].

In the context of NK cells, the main mechanism of
action is through membrane-bound TGF-f and latency-
associated peptide (LAP) on Tregs. Tregs inhibit interferon
(IFN)-y production and proliferation and the cytotoxicity
of NK cells [10]. Finally, Tregs can inhibit FceRI-depen-
dent degranulation of mast cells and therefore inhibit
allergy and anaphylaxis. This has been shown to be
mediated by a surface molecule—OX40—on the surface of
Tregs and its ligand (OX40L) on the surface of mast cells
[9]. All these mechanisms guard the body from autoim-
munity but may also tip the balance of the immune system
to cancer. Nevertheless, recent studies have revealed that
tumor-homed Tregs are distinct from Tregs localized in
normal tissues [23]. Interestingly, novel activities of Tregs
have been described recently. For example, these cells
appear to have a major role in tissue repair and mainte-
nance [24]. Tregs have also been reported to modulate the
progression of muscular dystrophies [25]. While knowl-
edge on the activity of Tregs is extensive, it should be
highlighted that at least some of the mechanisms, mostly
those recently described, are still speculative and require
more study (Fig. 1).

2.1 Preclinical Models of Treg Therapy

The use of Tregs to treat disease has been tempting clini-
cians from the first reports on the immunoregulatory
activity of these cells. The idea was initially verified in
animal models through adoptive transfer of cells between
animals. Early reports proved that the transfer of Tregs
associated with hematopoietic stem cell transplantation
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Fig. 1 Chosen mechanisms
used by T regulatory cells
(Tregs). I suppression of antigen
presentation, induction of
expression of IDO in DCs via
the CTLA-4; II inhibition of
activation of Th and cytotoxic T
effector via cell-to-cell
interactions, extracellularly
produced adenosine via CD39,
CD?73 receptors; transferred
cAMP and consumption of IL-
2; Il induction of apoptosis of
mono/mac; IV inhibition of
B-cell proliferation and
induction of apoptosis via PD-1;
V induction of apoptosis of
neutrophils; VI inhibition of
function and proliferation of NK
cells; VII inhibition of
degranulation of mast cells.
cAMP cyclic adenosine
monophosphate, CD cluster of
differentiation, DCs dendritic
cells, IDO indoleamine 2,3-
dioxygenase, /L interleukin,
mono/mac
monocytes/macrophages; NK
natural killer, PD-1
programmed cell death-1, Tc
cytotoxic T effector, Th T
helper

\"

(HSCT) in mice protected from graft versus host disease
(GvHD) and promoted the graft versus leukemia effect
(GvL) [26]. Unfortunately, this simple transfer between
donor and recipient cannot be translated to humans as the
clinical effect requires the administration of a high number
of Tregs [27]. The low number of Tregs in peripheral
blood, which is a natural feature of this subset, is therefore
a technical challenge. The search for an effective method
of Treg expansion has begun. Initial trials in an allotrans-
plant setting in mice showed that in vivo conversion of
Tconv to induced Treg is possible but was not feasible for
human clinics [28]. Therefore, manufacturing procedures
to allow expansion of Tregs in vitro before administration
was developed. In brief, a small number of Tregs isolated
from a donor were cultured in vitro in specific conditions to
impose proliferation before transfer to a recipient. This
method of ex vivo expansion has the advantage that the
product can be analyzed on an ongoing basis in terms of
functional and phenotypic activity and the dose can be
precisely controlled. Tests in animal models have shown
that such ex vivo expansion is possible [29]. Both poly-
clonal and recipient-specific cells prepared ex vivo were
able to induce a GvHD-free state after bone marrow
transplantation [29]. Ex vivo manufactured Tregs were also

confirmed as having good suppressive abilities in solid
organ transplantation in animal models, including non-
human primates [30-32].

Apart from the transplant setting, which implies specific
alloantigen mismatches and a very clear beginning of the
immune reaction starting from the transplantation proce-
dure, the therapy has also been tested in animal models of
autoimmune diseases. In this case, the initiating event and
antigens responsible for triggering the response are not
always clear, and the animal models therefore less closely
mimic human diseases. However, some solid evidence has
been collected. For example, it has been confirmed that
transferring autoimmune anti-islet T cells from diabetic
animals to previously healthy animals induced insulitis and
type 1 diabetes mellitus (T1DM) [33]. It was subsequently
suggested that the accumulation of Tregs in local lymph
nodes around the pancreas may protect mice from diabetes
[34]. Moreover, so-called non-obese diabetic (NOD) mice,
which spontaneously acquire TIDM because of Treg
impairment [35], can be treated with adoptive transfer of
Tregs, which traffic to the pancreas and suppress islet-re-
active Tconv cells [36].

Multiple sclerosis (MS) is another well-defined
autoimmune syndrome with good evidence of Treg
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involvement [37]. The autoimmunity in MS is easy to
follow because of the principal autoantigens linked to the
disease—proteins building myelin [38]. Sensitization of
mice with these proteins results in the development of
experimental autoimmune encephalomyelitis (EAE), an
equivalent of human MS. Interestingly, remission or pre-
vention of EAE was associated with the induction of
CD41CD25% Tregs [39]. This hypothesis was further
confirmed with the adoptive transfer of Tregs: transfer
before EAE induction prevented EAE, and transfer to
animals that already had EAE relieved symptoms [40].
Similar observations on the curative role of the adoptive
transfer of Tregs were reported in animal models of multi-
organ inflammation [41].

Humanized animal models are the final proof of concept
that the adoptive transfer of Tregs has a suppressive effect
on the immune system. Humanized animals are immuno-
compromised animals homed with a human immune sys-
tem. Such animals reject transplanted human allogeneic
tissues when human Tregs are depleted from the body and
accept the tissues when Tregs are adoptively transferred
together with other human immune cells to the animal
[42, 43]. Nevertheless, it must be mentioned that adoptive
transfers failed in some animal trials. For example, the cells
were minimally effective in a collagen-induced arthritis
model [44] and completely failed to inhibit glomeru-
lonephritis and sialadenitis in mice with lupus [45].

3 Completed and Ongoing Clinical Trials

With confirmation of the therapeutic potential of Tregs in a
number of animal studies, the first clinical trials com-
menced [46] (Table 1). The most tempting factor in the
translation of Tregs to the clinic was that Tregs seem to
retain all the advantages of standard immunosuppression
without the adverse effects [47]. Treg therapy has been
somewhat introduced with the drugs abatacept and belat-
acept, which are fusion proteins containing the moiety of
receptor CTLA-4, the receptor responsible for the major
suppressive abilities of Tregs. The effectiveness of these
drugs as maintenance immunosuppression after solid organ
transplantation and in the treatment of autoimmune dis-
eases has already been confirmed [48-50]. As mentioned,
clinical potentiation of many other drugs through increased
Treg activity has been reported [15, 16].

Intrinsic therapy with Tregs administered to patients has
also already occurred. Tregs can be prepared from allo-
geneic donors or as an autologous preparation from the
patient. They can either be directly administered as freshly
isolated cells or expanded under Good Manufacturing
Practice (GMP) conditions before administration. They can
be used as polyclonal or antigen-specific cell preparations.
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These tolerogenic cells have been tested as prophylaxis
and/or treatment in a variety of indications that can be
categorized into four main streams: after HSCT, in solid
organ transplants, in autoimmune diseases, and in allergic
syndromes (Table 1).

3.1 Hematopoietic Stem Cell Transplantation

Tregs as cell therapy has mostly been tested in the treat-
ment or prophylaxis of GvHD after HSCT. The first-in-
man administration of ex vivo expanded nTregs was per-
formed by our group (Trzonkowski et al. [52]) in patients
with ongoing GvHD. Cells were harvested from respective
donors, expanded ex vivo, and infused into HSCT recipi-
ents who had GvHD. The program is still continuing,
mainly as compassionate use in patients with GvHD
unresponsive to other forms of pharmacological immuno-
suppression. To date, we have applied the therapy in 13
patients and observed a good safety profile. However, it has
been effective only in the chronic form of GvHD, in which
we have observed alleviation of symptoms despite weak-
ened immunosuppression after Treg administration. On the
other hand, we have observed no effects in acute GvHD,
mainly because the time between the decision to use the
therapy and administration of Tregs is too long: it takes
approximately 2 weeks to manufacture the cell product,
which is too long for a patient with heavy (grade III-IV)
acute GvHD whose disease progresses continuously [52].

Since then, a number of trials with either nTregs or Trl
cells in the prophylaxis or treatment of GvHD have been
performed in different centers around the world [53-58]. In
2011, Brunstein and colleagues [54, 59] reported a reduc-
tion in the incidence of acute GvHD rates and no toxicities
after administration of cord blood (CB)-derived nTregs.
However, this lack of toxicities has since been corrected as
patients treated with Tregs experienced an increased inci-
dence of viral infections [60]. Neoplasms were also
reported in patients treated with Tregs [58], but patients in
both trials were also treated with other forms of heavy
immunosuppression, so the adverse effects could not be
attributed to Tregs alone. A group from Perugia reported
very intriguing results; they found a lower incidence of
GVvHD and relapse rates in leukemic patients after treat-
ment with Tregs at the time of HSCT [53, 55]. In other
words, the strategy, which consisted of Treg administration
together with Tconv in different ratios, seemed not only to
prevent GVHD but also to facilitate the GvL effect [53, 55].
Importantly, recent studies with Tregs expanded in vivo
confirmed these observations [61]. Not much is known
about the kinetics of in vivo expansion of Tregs after
HSCT, but existing data suggest that infused Tregs quickly
disappear from the peripheral blood and change the
repertoire of T-cell receptors (TCRs) [63, 64]. It also
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appears that particular transferred clones have a different
lifespan in the body [62]. In a positive scenario, this cor-
relates with clinical improvement. It is possible that Tregs
traffic to the tissues and appropriate clones guard Tconvs
from GvHD [65]. At the same time, some Treg clones
might control proliferation of residual tumor cells facili-
tating GvL executed by Tconvs [66]. If true, the depen-
dency of efficacy on particular clones highlights the need
for antigen-specific Treg preparations.

[51]
[71]
[71]
[71]
[71]
[71]
[71]
[71]

Source

3.2 Solid Organ Transplantation

Tregs are also important in the induction and mainte-
nance of tolerance to solid organ allotransplants. Studies
using Tregs derived from patients in the context of the
prevention of organ rejection and reduced immunosup-
pression after kidney or liver transplantations are ongo-
ing. Both expanded polyclonal nTregs and antigen-
specific nTregs are being tested [67, 68], but results are
not yet available. In a separate study, a group from
Japan has recently provided results from a pilot study on
Treg therapy in liver transplantation in which the
administered suppressive cells consisted of recipient T
cells enriched in Tregs after ex vivo co-culture with
irradiated donor cells. The results from this trial showed
the therapy was safe and that it was possible to obtain
effective drug minimization and operational tolerance to
the allograft [69].

San Francisco, Aurora, New Haven,
Gainesville, Miami, Indianapolis,
Boston, Fargo, Kansas City,
Portland, Sioux Falls, Nashville

San Francisco
San Francisco

Centre
Gdansk
Nanjing
Hunan
Hunan
Nanning

Not yet recruiting

Recruiting
Recruiting
Recruiting
Recruiting
Recruiting
Recruiting
Recruiting

Effects

3.3 Autoimmunity

Studies on the link between autoimmune diseases and
Tregs have demonstrated a significantly reduced number
and/or function of Tregs in the initiation and progression of
these diseases [5, 6]. TIDM is a classical autoimmune
disease that is a natural target for Treg therapy. No treat-
ment is available to stop disease progression, and the fact
that it affects mainly children provides further motivation
for scientists and doctors worldwide to look for novel
effective agents to stop the disease. In 2012, we presented
the first promising results of treatment with Tregs expan-
ded ex vivo in children with recently diagnosed T1DM
[63]. Importantly, the therapy appeared to be safe in this
group and did not compromise general immunity, as veri-
fied by stable post-immunization antibody titers examined
in the follow-up [62]. Safety was also confirmed in another
trial testing nTregs in adults with TIDM [64]. Since then,
we have treated over 50 children in two different trials and
found improved long-term survival of pancreatic islets.
Compared with non-treated controls, significantly higher
levels of functional pancreatic islets secreting insulin were
found in treated subjects 2-3 years after commencing
therapy.

Autoimmune hepatitis
Systemic lupus erythematosus
Recent TIDM

Beta thalassemia major

Multiple sclerosis
Recent TIDM
Recent TIDM

Indication

Expanded poly-tTregs with IL2 Recent TIDM

Expanded third-party CB poly-

Expanded third-party CB poly-
Tregs and liraglutide

Tregs
Donor poly-Tregs DLI

Expanded poly-tTregs
Expanded poly-tTregs
Expanded poly-tTregs
Expanded poly-tTregs

Phase Product

1
1
1
11
1
1
1
1

TregSM; EudraCT:
2014-004320-22
NCT02704338
NCTO02772679
NCT02428309
NCT02932826
NCTO03011021
NCT02691247
NCTO03101423

T-Rex study;
CB cord blood, CNI calcineurin inhibitor, DLI donor lymphocyte infusion, GvHD graft vs. host disease, HSCT hematopoietic stem cell transplantation, /L interleukin, poly-Tregs polyclonal

T regulatory cells, poly-tTregs polyclonal thymus-derived T regulatory cells, T7/DM type 1 diabetes mellitus, Tconv T conventional cells

Table 1 continued

Study ID
Other
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Nevertheless, the major limitation of this therapy is that
only around 20% of pancreatic islets remain at the time of
T1DM diagnosis and therefore only this margin of pan-
creatic function can be spared. Probably for that reason, all
patients eventually became insulin dependent. Still, the
gain of the therapy is the preserved marginal secretion of
insulin, which in the long term can control glycemia and
reduce T1DM-related complications. We found that not
only the dose but also the number of injections with nTregs
is important. We also found that the disease may signifi-
cantly influence the population of nTregs and it is therefore
important to initiate this therapy as early as possible to
obtain the least affected Tregs for expansion and the best
possible preparation for infusion. Finally, as IL-2 is crucial
for the survival of nTregs, we have verified the need for
concomitant administration of this cytokine with the cells.
IL-2 levels in serum in vivo as well as interaction between
nTregs and other lymphocytes were good enough to keep
nTregs viable in treated patients without exogenous IL-2
[72]. nTreg therapy is also being tested in other autoim-
mune and allergic diseases, such as MS, lupus erythe-
matosus, asthma, and autoimmune uveitis [73]. Trl cells
are being studied in a separate track. In 2012, TxCell
company published results of therapy with Trl cells in
refractory Crohn’s disease. The treatment has proven safe
and efficacious. There were as many as 75% responders,
and remission was noted in 38% of the patients 5 weeks
after the treatment. The therapy is currently under phase IIb
clinical development [74].

4 Perspectives for Future Clinical Use

While Tregs have crossed the threshold of hospital wards,
challenges remain in the development of therapy with these
cells.

4.1 Biology

Despite the recent exponential growth in the number of
research papers on Tregs, the biology of these cells is still
not fully described. The history of major milestones in the
characterization of these cells provides a good lesson in
respect for nature. The need to modify the phenotype from
initial CD47CD25" T cells to CD4" T cells with the
highest expression of CD25 receptors [75], the discovery of
the plasticity of T cells with possible links between Tregs
and Th17 cells [76], and findings around the expression of
the foxP3 gene and its epigenetic changes in Tregs have all
provided knowledge that must be taken into account when
manufacturing medicinal Tregs [77, 78].

The best classification for Tregs is still under debate,
particularly for clinical applications. For example, should
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we consider them analogous to Tconv cells (naive,
memory, and effector Treg cells) or does splitting them
into tissue-resident CD447CD62L Tregs and central
CD44 CD62L" Tregs better indicate the nature of the
suppressive activity of these cells? [79]. Furthermore,
should the idea of tissue-specific Tregs, based on the
repertoire of expressed receptors that allow Tregs to home
specifically to the inflamed tissues, be emphasized in
clinical research? [80]. Theoretically, therapy with these
tissue-specific cells can limit the activity of medicinal
Tregs to the site of infection and reduce further possible
adverse effects elsewhere [81]. Indeed, what is the sup-
pressive nature of the cells? Are they precise antigen-
specific regulators or maybe polyclonal infiltrates are
better in the inflammation site because of infectious tol-
erance, bystander activation, and suppression of innate
immunity?

4.2 Legislation

The biological features of Tregs must be translated by the
clinical laboratory, tissue establishment, or the facility
producing them to either cellular preparations or medici-
nal products. The transfer of Treg therapy from a scien-
tific model to the clinic requires cooperation between
scientists, clinicians, and regulatory authorities as the
therapy must be both efficacious and safe. In the EU,
Treg treatments are classified either as cell transplantation
or the administration of a new category: an advanced
therapy medicinal product (ATMP). The former are
governed by the transplantation Acts adherent to EU tis-
sue and cell directive 2004/23/EC [82], and the latter are
regulated by the EU directive on cell-based medicinal
products 1394/2007/EC on ATMPs and the amendment of
the directive 2001/83/EC, which defines standards for pre-
clinical and clinical cell preparations and equalizes
ATMPs to other categories of drugs [83, 84]. In brief,
Tregs (and other kinds of cells) are classified based on the
purpose of use and the extent of modifications while
manufactured in vitro. Tregs can be classified as cells for
transplantation when they are both (1) intended to be used
for the same essential function in the recipient as in the
donor (so-called homologous use) and (2) in vitro modi-
fication of the cells is not substantial, that is, the bio-
logical characteristics, physiological functions, or
structural properties do not change (the directives contain
a list of such non-essential modifications). If either of
these two conditions are not fulfilled, the cells are defined
as ATMPs. Finally, the manufacturing of the cells for
both transplantation and ATMPs for human use is tightly
regulated by GMP [85]. All this needs to be taken into
account while translating the science to clinical
investigation.
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4.3 Technical Issues

The first problem is the low number of nTregs: they
account for no more than 5-10% of peripheral blood CD4"
T cells. Hence, alternative sources have been developed,
such as bone marrow blood or umbilical blood [73].
Recently published work reported the isolation of nTregs
from discarded pediatric thymuses [86]. Regardless of the
source, the material should be purified to obtain a pure
population of Tregs. Purification is performed using an
immunomagnetic method or fluorescence-activated cell
sorting (FACS). The former is more feasible as it occurs in
closed vessels with no contact between cells and the
external environment. However, a major disadvantage of
immunomagnetic sorting is the low purity of the Treg
preparation. It is still acceptable in applications with fresh
cells. Nevertheless, when the procedure includes in vitro
expansion, impurities with other cells almost always
overgrow the expansion cultures as Tregs are characterized
by a low proliferation index. As a result, the final purity of
the product is worse than the initial product. The solution
might be to include rapamycin or other agents in the cul-
ture to preferentially promote proliferation of Tregs and
inhibition of Tconv cells [87, 88]. Another possibility is the
use of FACS, which produces extremely pure post-sort
Tregs. However, this method is challenging as the sort
occurs in the air and therefore clinical sorting requires a
special clean room environment. New generations of sor-
ters are equipped with single-use sterile sample lines and
high efficiency particulate air (HEPA) enclosures, which
provide the necessary standard of cleanliness. New meth-
ods also attempt to merge the advantage of the closed
environment with the precision of FACS [73, 89]. Given
the low number of Tregs available after purification, they
must be multiplied under GMP conditions before admin-
istration. Disadvantages of in vitro expansion include a risk
of contamination and a decline in the immunosuppressive
abilities of these cells. For this reason, the manufacturing
of Tregs is performed in clean room facilities in which the
entire environment is sterile and continuously surveilled;
Tregs under expansion are sampled and checked for
sterility and activity throughout the process [90]. There is
still much debate over which phenotypic and functional
in vitro tests best predict the in vivo activity of the cells.
This becomes increasingly important as attempts are made
to direct cultured Tregs against particular antigens [91, 92].
Moreover, attempts are also being made to genetically
modify medicinal Tregs to make them antigen-specific.
Currently, the main idea is to obtain antigen specificity
through gene transduction of a chimeric antigen receptor
(CAR) [93-96]. For obvious reasons, this technique in
Tregs is most advanced in transplantation applications
where antigens triggering pathology are the best

characterized. Other bioengineering attempts with Tregs
include the generation of artificial organoids by fusion of
Tregs with other cells, as we did with pancreatic islets
coated with Tregs as a functional capsule protecting the
islets from rejection [97, 98].

Along with the quality of the manufactured prepara-
tions, a proper assessment of the efficacy of the therapy
constitutes a problem. In general, it seems that prophylaxis
with Tregs is much better than treatment of ongoing dis-
eases. GVHD is a good example. Treatments already exist
for many of the tested syndromes, and Treg therapy should
be compared with these treatments so the best option can
be chosen for patients. The scarce evidence from existing
human trials indicates that Tregs are not a ‘magic bullet’
for all immunopathologies, and good efficacy is seen only
in some diseases. In others, a combination of several dif-
ferent agents, including Tregs, might be superb. For
example, in our ongoing trial (EudraCT 2014-004319-35),
we are testing Tregs combined with anti-CD20 antibody to
target two different arms of the immune response involved
in the progression of TIDM.

4.4 Academia Versus Commercial Development

The development of this therapy is also hampered by
inconsistencies between the scientific nature of the early
phase of the research and GMP and good clinical practice
(GCP) requirements that force specific modes of clinical
trials to obtain the marketing authorization necessary to
offer the medications commercially. In brief, support for
scientific studies is provided by periodic grants that are too
short and provide too small a budget to support the whole
registration process. The solution to this is the selling of
research results to commercial companies; however, doing
that in an early phase of the research poses a risk of mis-
interpretation of data and erroneous processing of further
studies by sponsors. By definition, a commercial develop-
ment expects a good income relatively quickly; therefore,
many scientific ideas are often abandoned because of the
long distance to profits. This is either because the therapy is
at too early a phase of development or an inappropriate
business model has been applied that very often generates
enormous costs that cannot be compensated by available
forms of reimbursement or directly by patients. Such a
commercial approach towards cellular therapies affects the
number of therapies offered routinely to patients in Europe.
Treating cellular medications with the business solutions
applied routinely for other categories of drugs has resulted
in a very low number of registrations of ATMPs in Europe:
around ten in almost 10 years from the introduction of the
1394/2007EU directive. Therefore, regulators need to
rethink the approach of over-representation of commercial
sponsors in obtaining marketing authorization, particularly
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for cellular medications. An extreme option would be to
cancel the idea of ATMPs and revert to the unified model
of cells as a transplantation material that cannot be com-
mercialized. Academia should be much more involved in
the later stages of registration and market authorization.
Conversely, academia should also change the attitude
towards more flexible thinking around studies with cellular
medicines. For example, the simple idea of a ‘dose’ when
referring to cells totally differs from that with other drug
forms. The number of patients recruited for studies or the
definition of placebo must also differ because of the
specificity of these medicines. This specificity should also
be accepted by editors of scientific journals; it is very
common for a submitted report to be rejected when the
study differs from a classical scheme and even more
common when the researchers are not from major aca-
demic sites. It simply delays the development of effective
treatments. We all should be aware there is no monopoly
on or boundaries for good ideas.

5 Conclusions

For all these reasons, one should be glad that relatively
complex treatment with Tregs has advanced so much in
recent years. It provides hope for the many patients with a
variety of often incurable diseases. There are many other
subsets of regulatory cells on the horizon, but therapies
using them will definitely use solutions worked out during
studies with Tregs. It is therefore in the common interest to
support future clinical research with Tregs and help
researchers avoid possible hurdles on the path towards
offering these cells to patients.
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