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             INTRODUCTION

Dysregulated immune activation can lead 
to autoimmune diseases or allergies. For-
tunately, the immune system self-regulates, 
and these regulatory mechanisms can be 
exploited for dif erent types of immuno-
therapy (1). CD4+ regulatory T cells (Tregs), 
a critical component of immune regula-
tion, are the front-runners in the race for 
therapeutic immunoregulation (2). Tregs 
have been shown to ef ectively prevent 
autoimmune conditions and rejection of 
transplanted allograf s (3). Two subsets of 
these cells, naturally occurring or thymus-
derived Treg cells (tTregs, CD4+CD25highFoxP3+) 
and T regulatory type 1 (Tr1) cells, have 
already been tested in the clinic as cellular 
therapeutics (hereaf er referred to as Treg-
based therapies when aspects are common 
to both) (4). Small-scale clinical studies 
have been conducted in patients with type 
1 diabetes (T1D) (5–8), graf -versus-host 
disease (GvHD) af er stem cell transplanta-

tion (9–14), allogeneic solid organ graf  re-
jection (15), and refractory Crohn’s disease 
(Fig. 1) (16). In line with these early expe-
riences, the f rst problems and solutions of 
applying Tregs (herein used when aspects are 
common to both types of cellular therapy) 
in the clinical setting have also appeared. 
T is Perspective highlights the particular 
properties or challenges of tTreg or Tr1 cell 
therapy as reported by the European Union 
(EU) Cooperation in Science and Technol-
ogy (COST) Action BM1305 “Action to 
Focus and Accelerate Cell-based Tolerance-
inducing T erapies—A FACTT.” 

TREGS AS A CELLULAR THERAPEUTIC 
AGENT
Identif cation/isolation of Tregs. T ere are 
no perfect markers for either polyclonal tTregs 
or antigen-reactive tTregs, which means that 
isolation methods depend on a pragmatic 
compromise between what is desirable and 
what is possible. Most groups evaluating 

tTregs have decided to use magnetic sorting 
devices, which are approved in Europe (Fig. 
2A). One advantage of this approach is that 
it is almost a closed system, and the neces-
sary CE-labeled reagents and validated pro-
tocols are available. Data already available 
from clinical trials in which tTregswere pu-
rif ed with this system and used as GvHD 
prophylaxis are very promising (10, 12). 
Nonetheless, optimal purif cation is dif  cult 
to perform with this bulk separation tech-
nique because T conventional cells (Tconv) 
express low levels of CD25 receptor used 
to sort CD25high tTregs. Although titration 
of bead concentration or antibody loading 
on beads allows for some discrimination of 
expression intensity between CD25high tTregs 
and CD25low Tconv, magnetic systems still re-
sult in postisolation product contamination 
with CD25dim Tconv. T erefore, they excel in 
debulking unwanted cells from crude start-
ing cell sources but are not optimal when 
aiming for highly pure tTreg product. Nev-
ertheless, debulking is still critical to reduce 
the time and cost associated with second-
step f ow cytometry sorting. 

Flow cytometry–based purif cation of-
fers the advantage that tTregs can be isolated 
to high purity based on the combined stain-
ing intensities of multiple surface markers, 
including CD127, CD25, CD62L, CD45RA, 
and CD27. Gating allows isolation on the 
basis of dif erent patterns of CD25 recep-
tor expression and so enhances the purity 
and functional properties of isolated tTregs 
(17, 18). On the downside, this method pre-
sents a considerable regulatory challenge in 
most EU countries because EU regulations 
(Directive 2003/94/EC and its Annex 2) 
require compliance to good manufacturing 
practice (GMP) for cellular product manu-
facturing. T ese conditions are particularly 
demanding for traditional f ow cytometry 
droplet-sorters, in which the sorting process 
involves a f uid stream traveling freely in the 
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P E R S P E C T I V E

 Improper activation of the immune system contributes to a variety of clinical conditions, 
including autoimmune and allergic diseases as well as solid organ and bone marrow 
transplantation. One approach to counteract this activation is through adoptive therapy 
with regulatory T cells (Tregs). Ef orts to manufacture these cells have led to good maun-
facturing practice–compliant protocols, and Treg  products are entering early clinical 
trials. Here, we report the stance of the European Union Cooperation in Science and 
Technology Action BM1305, “Action to Focus and Accelerate Cell-based Tolerance-
inducing Therapies—A FACTT,” which identif es hurdles hindering Treg clinical applica-
tions in Europe and provides possible solutions.
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air (Fig. 2B). So far, regulatory approval for 
f ow-sorting has been given to one Polish 
group (Trzonkowski, Gdańsk) [also one 
U.S. group (Bluestone, San Francisco)]. T e 
newest generation of droplet-based cell sort-
ers attempts to fulf ll GMP requirements but 
still put constraints on purif cation speed. 
(Fig. 3). 

Microf uidic switch technologies of er 
another closed and sterile alternative for 
clinical cell purif cation, without droplet 
and associated aerosol formation, which 
makes a GMP-compliant purif cation pos-
sible in a grade C clean-room environment. 
Recent proof-of-principle data (19) clearly 
demonstrate that pure and viable tTregs can 
be rapidly obtained (Fig. 2C). Other promis-
ing systems in development involve a sterile, 
closed, and disposable cartridge, in which 
cells are interrogated and sorted by a super-
fast mechanical sort valve (Fig. 2D). It can 
be reasonably envisaged that the powerful 
handpicking of cells of ered by cytometry-
based techniques could successfully enter 
clinical trials.

Recent attempts have been made to sort 
Tregs with reversible human lymphocyte an-
tigen (HLA)/peptide multimers, termed 

streptamers. Tregs isolated in this way pre-
served functional activity because of com-
plete dissociation and removal of isolation 
reagents af er the sorting, which is not pos-
sible with standard antibody or tetramer 
technologies (20). T is technique allows 
the cells to be classif ed as non–advanced-
therapy medicinal product (non-ATMP), 
which requires considerably less clinical 
testing than advanced-therapy medicinal 
products (ATMPs) (21).

In contrast to tTregs, the production and 
purif cation of Tr1 cells for clinical applica-
tions requires more individualized approach-
es related to disease and cell source. T e f rst 
Tr1-based clinical product was the IL-10 
DLI. T is product consisted of donor pe-
ripheral blood mononuclear cells (PBMCs) 
anergized with irradiated patient T cell–
depleted PBMC in the presence of exog-
enous interleukin-10 (IL-10) for 10 days (13). 
In another approach, dendritic cells (DCs) 
generated in vitro from circulating mono-
cytes cultured with granulocyte-macrophage 
colony-stimulating factor (GM-CSF), IL-4, 
and IL-10 were shown to have a tolerogenic 
phenotype, spontaneously release high lev-
els of IL-10 and no IL-12, and act as potent 

antigen-presenting cells for the 
generation of Tr1 cells in vitro. 
Tr1 cells produced with these 
DC were named “DC-10 DLI” 
(22). Both IL-10 DLI and DC-
10 DLI were used in a clinical 
trial in patients af er hemato-
poietic stem cell transplantation 
(13, 22). T e third type of Tr1-
enriched product has been de-
veloped only recently for re-
cipients of allogeneic kidney 
transplants. In this situation, 
DC-10 are generated from living 
kidney donors, and PBMCs are 
collected from recipients (such 
as patients on dialysis). Unfor-
tunately, this approach led to 
the generation of a Tr1 cell–en-
riched medicinal product with a 
low anergic phenotype, incom-
patible with their eventual clini-
cal application (23). On the con-
trary, the use of purif ed CD4+ T 
cells isolated from recipients, as 
opposed to that of total PBMCs, 
led to the generation of a highly 
anergic donor-specif c medici-
nal product containing an aver-
age of 10% Tr1 cells named “T10 
cells” (Table 1) (24). 

Manipulation of Tregs under GMP con-
ditions. T e e%  cacy of Treg-based therapy 
depends in part on the infusion of high 
numbers of these cells, especially polyclonal 
ones (25–27); yet, obtaining su%  cient num-
bers of polyclonal Tregs from a single donor 
currently remains a challenge. Hence, Tregs 
need to be expanded ex vivo before admin-
istration, which requires GMP compliance. 
Many methods and materials in the appro-
priate GMP standard for clinical use were 
initially adopted from other existing appli-
cations and only later specif cally developed 
for Tregs—for example, tTreg culture technique 
(28, 29). Currently, there is a focus on devel-
oping strategies to expand polyclonal tTregs 
(30, 31). Alternative approaches include (i) 
generation of antigen-specif c tTregs whose 
numbers can be substantially reduced with-
out compromising e%  cacy (32, 33), (ii) 
third-party cryopreserved cord blood (CB) 
units as a possible “of -the-shelf ” cell source 
for Treg isolation (11), and (iii) local delivery 
of small amounts of Tregs to the site of action 
(34, 35).

Because of ever-improving insights 
into Tregs biology, there is a sustained gap 
in terms of available reagents and methods 

Fig. 1. Applications for Treg-based therapies. Tregs could be used to induce tolerance for dif erent indications. 
Tregs can be freshly isolated from a donor (peripheral blood, apheresis, or CB) or from the patient’s blood and ex-
panded under GMP conditions if required to obtain suf  cient numbers or to generate antigen-specif c cells. (A) 
In the case of HSCT, donor or CB Tregs (fresh, expanded polytTregs or Tr1 cells) could be used for GvHD prophylaxis 
or the treatment of GvHD. This therapy could lead to the omission of immunosuppression; however, its ef ects 
on incidence of infection, relapse, or immune reconstitution need to be investigated further. (B) Therapies using 
the patient’s Tregs (expanded polytTregs, antigen-specif c Tr1, or tTregs) are currently being tested to prevent organ 
rejection after kidney or liver transplantation. Treg-based therapies could minimize the immunosuppressive regi-
men used posttransplant. (C) Last, the patient’s Tregs (expanded polytTregs or antigen-specif c Tr1 cells) could be 
used to treat certain autoimmune diseases such as recent T1D or refractory Crohn’s disease; however, timing of 
infusion and doses to be used are questions that remain to be addressed. 
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Fig. 2. Cell purif cation for cellular therapy. 
(A) Immunomagnetic isolation uses separation 
of cells coated with ferromagnetic-conjugated 
antibodies (orange). Such cells are captured in 
the magnetic f eld, whereas other cells (blue) 
are f ushed out. (B) Fluorescence-activated 
droplet cell sorters separate cells labeled with 
f uorochrome-conjugated antibodies. The cells 
are detected at the interrogation point as the 
f uorochromes emit the light when excited by 
sorter lasers. Single cells are separated into dis-
crete droplets freely in the air at the breakof  
point. Droplets containing cells that fulf ll the 
sorting criteria are electrically charged (orange 
and grey) and def ected in the electric f eld 
generated by charged def ection plates and 
drop into tubes, collecting populations of inter-
est. (C) Microf uidic switch device (1) consists of 
two opposing chambers, the actuator chamber 
“A” and the damper chamber “B,” that are f lled 
with air, trapping a f uid plug in the main chan-
nel “C.” The default state maintains the f ow of 
cells into the unsorted fraction (black arrow). 
When a cell of interest (orange cell pointed with 
orange arrow) arrives in the f uid plug region, 
an external piezoelectric pin (P) under the actu-
ator chamber is activated and pushes a f exible 
membrane, moving the air pocket toward the 
f uid plug (2). The f uid plug is def ected toward 
the damper chamber, redirecting the path of 
the cell from the default channel to the collec-
tion channel (black arrow in 2). The def ected 
cell (orange cell pointed with orange arrow) 
continues into the upper part of the Y-shaped 
structure (collection channel, black arrow in 3). 
Multiple switches (24 to 72) can be mounted in 
parallel on the same disposable chip, substan-
tially reducing the time of sorting. (D) Micro-
chip-based sorting. Labeled cells enter the chip 
from the sample input. As the cells approach 
the sort area, each cell is analyzed. When a 
selected cell (orange) is identif ed, a magnetic 
pulse opens the valve and the cell is redirected 
to a collection chamber (2 and 4). An integrated 
single-crystal silicon spring returns the valve to 
its original position, and undesired cells (blue) 
are allowed to f ow through (3).
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between research laboratories and laborato-
ries manufacturing Treg-based clinical prod-
ucts that are on the path toward clinically 
safe and e%  cient cellular products available 
for the patient. Although the number of 
GMP-compatible reagents available for cel-
lular therapy continues to grow, more dis-
cussion is required with regard to which 
standards should be mandatory in order to 
control the procedure at dif erent levels of 
advancement (Table 1).

Regulatory barriers T e translation 
of the adoptive transfer of Tregs from basic 
scientif c models to the clinic is a good ex-
ample of how a constructive and responsible 
dialogue between scientists, clinicians, and 
regulators can result in a therapeutic prod-
uct for patients. Until recently, therapies 
with blood cells, including Tregs, were clas-
sif ed as cells for transplantation or blood-
derived products. Recent changes now clas-
sify the majority of cell-based therapies as 
medicinal products. T e manufacture and 
application of such products in Europe and 

the United States is strictly regulated so as 
to ensure an appropriate balance of risk and 
benef t to patients. Under EU law, cell-based 
medicinal products (CBMPs) are governed 
by a legislative framework enacted through 
EU Regulation 1394/2007/EC on ATMPs 
and an amendment of directive 2001/83/EC 
on the community code relating to medici-
nal products for human use (36, 37). T is 
legislation recognizes the inherent di%  cul-
ties of studying cell-based therapies as phar-
macological agents but also imposes exact-
ing standards for preclinical and clinical 
characterization of cell products, compara-
ble with those applied to conventional phar-
maceuticals, including central registration 
through the European Medicinal Agency 
(EMA). Complying with these strict regula-
tory requirements is challenging, especially 
for academic institutions and small compa-
nies with limited resources, and may sub-
stantially delay clinical development of cell-
based therapies, including Tregs. An example 
is the clinical development of CBMP, which 

has the same regulatory standard for com-
mercial and noncommercial clinical trials. 
Although the former trials are usually ex-
ecuted by pharmaceutical companies aimed 
mainly at marketing authorization, the latter 
(including most Tregs trials) are performed 
by collaborations between clinicians and 
academics as basic proof-of-concept studies 
performed in academic centers. However, 
central and national regulatory authorities 
in Europe of er some concessions to non-
commercial developers of CBMPs, such as 
reduced fees for scientif c advice and assess-
ment of clinical trial applications. European 
authorities also have a number of legal tools 
that could ease the burden of regulation for 
academics and small companies in the early 
phases of product development, including 
the Hospital Exemption Rule, granting of 
orphan drug status, and reclassif cation of 
certain CBMPs as transfusion or transplan-
tation products.

Cooperation between academics and the 
Committee for Advanced T erapies (CAT) 
of EMA, as well as national authorities, may 
further ease the regulatory process. For ex-
ample, sharing preclinical and clinical data 
among noncommercial agencies could lead 
to greater standardization of risk assess-
ment, which would reduce bureaucratic 

Fig. 3. Droplet sorter for clinical use. GMP-
compliant droplet sorter with exchangeable f u-
idics and accompanying equipment enclosed in 
a tailor-made laminar air f ow bench maintain-
ing grade A. The surrounding room is of grade B. 
(Photo from Uppsala University Hospital, Sweden)

Table 1. The hurdles that must be addressed in Treg-based therapies. 

In manufacturing Tregs for clinical applications: 

Dif  cult manipulation of Tregs under GMP conditions 
Limited choice of single-use disposable systems that minimizes risk of cross-contamination 
Limited choice of closed f uidic sorting systems to prevent contact with surrounding air 
Need for high rate of purif cation of target cells (preferably in the magnitude of at least 50,000 
events/s) 
High cost of ef  cient reagents and disposables 
Limited choice of operator-friendly procedures and equipment, not requiring extensive training 
of personnel 
Overcomplicated legislation for academic trials 

When Tregs are administered as cellular product in clinical trials:

Biological

Possibility that expanded Tregs revert to Tconv cells
Identif cation of unrecognized specif c autoantigens, if antigen-specif c Treg-based therapy is        

considered
Risk of concomitant use of other immunosuppressants interfering with Tregs

Possibility that therapeutic levels of adoptively transferred Tregs may hamper protective immune 
responses against pathogens and cancer

Trial-related

Regulatory and ethics approval 
Clinical protocol specif cations, IMPD, and release criteria 
Design of clinical protocols to assess Tregs ef  cacy 
Timing and dose of infusion 

In clinical monitoring after administration of Tregs: 

In vivo Tregs survival and distribution
Safety of therapy by assessing in vivo stability of the infused Tregs and monitoring for signs of 

undesired immune activation
Analysis of Tregs-based therapy ef  cacy
Approaches to standardize assays used to monitor and analyze ef  cacy of Tregs-based therapy 

between dif erent centers 

For the commercialization of Treg-based therapies:

Development of a Targeted Product Prof le
Clinical studies demonstrating—besides safety and ef  cacy—a benef t over standard of care
Cost-ef ective manufacturing process
Business models suitable for Treg-based cell therapies
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costs and may ultimately avoid the need for 
extensive preclinical animal testing of new 
CBMPs. Notably, an initiative to compile an 
“academic investigational medicinal prod-
uct dossier” (academic IMPD) available 
to all academic cell product developers is 

now organized through the A FACTT con-
sortium (www.afactt.eu). Researchers also 
can limit their bureaucratic burdens during 
clinical trials, for example, by arguing for 
a risk-based approach to patient follow-up 
and trial management. T rough collabora-

tive ef orts, academic developers can pro-
duce more accurate and comprehensive 
descriptions of the safety and e%  cacy of 
their products, which should eventually 
be ref ected in less burdensome regulatory 
processes.

Table 2. Academic clinical trials with Tregs to assess ef  cacy and safety. 

Study ID Phase Product Indication Ef ects Centre Reference 

HSCT 

NKEBN/458-310/
2008 

I Expanded polytTregs GvHD treatment Safe/reduced immunosuppression 
in chronic GvHD; only transient 
improvement in acute GvHD 

Gdansk (9) 

NCT00602693 I Expanded CB polyt-
Tregs 

GvHD prophylaxis Safe but increased occurrence of 
infections/reduced incidence of 
acute GvHD 

Minnesota (11, 41) 

01/08 I Fresh polytTregs GvHD prophylaxis Safe/reduced leukemia relapses/
reduced incidence of GvHD 

Perugia (10, 12) 

Treg002EudraCT: 
2012-002685-12 

I Fresh polytTregs GvHD prophylaxis Safe Regensburg (38) 

EK 206082008 I Expanded polytTregs GvHD treatment Tumors diagnosed in 2 patients/
stable chronic GvHD 

Dresden (14) 

ALT-TEN I Tr1 (IL-10 DLI or DC-

10 DLI) 
GvHD prophylaxis Safe/long-term disease-free survival 

in 4 patients 
Milan (13) 

Organ transplantation 

One Study Treg-based trials 

NCT02129881 I/II Expanded polytTregs Living donor kidney 
transplant 

Recruiting London, 
Oxford, 

(15) 

NCT02371434 I/II Expanded polytTregs Living donor kidney 
transplant 

Recruiting Berlin (15) 

NCT02244801 I/II Donor-alloantigen-
reactive Tregs 

Living donor kidney 
transplant 

Recruiting San Francisco (15) 

NCT02091232 I/II Belatacept-condi-
tioned Tregs 

Living donor kidney 
transplant 

Recruiting Boston (15) 

Planned I/II Antigen-specif c Tr1 
(T10 cells) 

Living donor kidney 
transplant 

Not yet recruiting Milan (15) 

Other Treg-based trials 

ThRIL NCT02166177 I Expanded polytTregs Liver transplant Recruiting London —

NCT02188719 I Donor-alloantigen-
Reactive Tregs 

Liver transplant Recruiting San Francisco —

NCT02088931 I Expanded polytTregs Subclinical rejection in 
kidney transplantation 

Recruiting San Francisco —

NCT02474199 I Donor-alloantigen-
Reactive Tregs 

CNI reduction in liver 
transplantation 

Not yet recruiting San Francisco —  

Autoimmunity 

TregVAC
ISRCTN06128462 

I Expanded polytTregs Recent T1D Safe/reduced insulin doses (insulin 
independence in 2 out of 12 
patients) 

Gdansk (5–7) 

NCT01210664 I Expanded polytTregs T1D Safe San Francisco (8) 

CATS1 I/II Ovalbumin-specif c 
Tr1 

Refractory Crohn’s 
disease 

Safe/clinical response in 40% of 
patients 

Lille (16) 

TregVAC2.0EudraCT: 
2014-004319-35 

II Expanded polytTregs Recent T1D Recruiting Gdansk —

TregSM EudraCT: 
2014-004320-22 

I Expanded polytTregs Multiple sclerosis Recruiting Gdansk —
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HURDLES IN CLINICAL TRIALS

Tregs in hematopoietic stem cell trans-
plantation. Hematopoietic stem cell trans-
plantation (HSCT) is used to treat dif erent 
bone marrow disorders and hematological 
malignancies. Allogeneic donor T cells can 
attack the patient’s malignant cells, provid-
ing a desirable graf -versus-leukemia (GvL) 
ef ect; however, they also react against the 
patient tissues, inducing one of the main 
complications post-HSCT, GvHD. Because 
of their ability to regulate aggressive T cell 
responses, tTregs and Tr1 cells have been pro-
posed as an adoptive therapy to prevent or 
modulate GvHD (Table 2 and Fig. 1) (38–
40). 

Martelli and colleagues reported re-
duced relapse rates in leukemic patients af-
ter adoptive transfer of tTregs (10). T ese data 
are encouraging considering that Tregs could 
potentially suppress the functions of natural 
killer (NK) cells and T cells that drive the 
GvL ef ect. T ese investigators also suggest-
ed a positive impact of tTregs cells on immune 
reconstitution, although data remain sparse 
(12). T is ef ect might be dependent on the 
dose administered. A few groups demon-
strated that the control of GvHD by tTregs 
would depend on the infusion of an equal 
number of tTregs and Tconv (26, 27). T ese 
numbers can be achieved with third-party 
cryopreserved CB, which is better tolerated 
in HSCT (11). On the other hand, higher 
susceptibility to viral reactivation was ob-
served in patients treated with CB-derived 
tTregs compared with historical controls (41), 
and a recent trial with expanded donor-

derived tTregs in chronic GvHD revealed 
tumors in two treated patients (14). Impor-
tantly, both infections and tumors occurred 
in patients treated with conventional im-
munosuppressive drugs, and it is di%  cult to 
clearly associate these adverse ef ects with 
tTregs. Moreover, no such ef ects were report-
ed in other trials with tTregs in GvHD. T ere-
fore, the impact of Tregs on GvL as well as 
on the occurrence of infection post-HSCT 
and on hematopoietic stem cell function is 
still controversial. Analysis of available data 
will be a key to the design and monitoring 
of new clinical trials for which optimal dose 
and timing of Treg infusion should be dis-
cussed (Table 1).

Tregs in transplantation. In humanized 
mouse models, expanded polyclonal human 
tTregs or alloantigen-reactive human tTregs 
can inhibit the rejection of human tissues 
(32, 42–44). T e observation that such pop-
ulations can be isolated from patients with 
end-stage renal disease and manipulated in 
vitro (33, 45, 46) has led to their evaluation 
in clinical solid organ transplantation under 
the umbrella of FP7-supported grant “T e 
ONE Study.” Within this consortium, it is 
the intention of four groups to use expanded 
polyclonal tTregs, whereas three other groups 
intend to use alloantigen-reactive Tregs or Tr1 
cells (Table 2 and Fig. 1).

Of all the hurdles facing the introduc-
tion of Treg-based therapy into clinical trans-
plantation, the design of future clinical 
protocols appears to represent the greatest 
challenge. For example, 1- and 5-year sur-
vival of living-donor kidneys in the UK is 

currently of the order of 95 and 90%, re-
spectively, indicating that detecting e%  cacy 
of any Tregs subset in this setting will either 
require long-term follow-up or a trial design 
in which Treg-based therapy replaces one of 
the components of “gold-standard” immu-
nosuppression. T is latter option would 
appear to be ethically unacceptable. An al-
ternative design might include accelerated 
drug minimization, but without reliable 
clinical indicators of reduced immune re-
sponses toward the donor organ, such mini-
mization would be empirical rather than 
evidence-based. Furthermore, Tregs function 
and e%  cacy could be tested in presensitized 
patients characterized by high frequency of 
alloreactive memory T cells. Indeed, it has 
been shown that tTregs, in conjunction with 
T cell depletion and transient low-dose cal-
cineurin inhibitors (CNIs), can control re-
activation, proliferation, and ef ector func-
tion of preformed memory T cells (47). One 
f nal option would be to introduce Tregs into 
transplant settings in which current graf  
outcome is poor. For example, in adult lung 
transplantation 1- and 5-year graf  survival 
f gures are ~76 and 50%, respectively (www.
ishlt.org, 2012 statistics). Provided that cur-
rent gold-standard immunosuppression is 
not detrimental to Tregs function [although 
this has been only partially investigated 
(47)], Tregs could be added to the current 
regimen. Such an approach might provide 
e%  cacy data in a relatively short time.

In the case of Tr1-enriched cells (T10 
cells) in living-donor kidney transplanta-
tion within T e ONE Study, dose and tim-

Table 3. Companies engaged in the clinical development of Treg-based therapies. 

Company Country Academic 

partner 

Treg product Investigational 

therapy 

Indication Clinical development 

NeoStem/
Caladrius 

USA UCSF, San 
Francisco, 
CA 

Expanded au-
tologous polyclonal 
CD4+CD25+CD127dim 
tTregs 

CLBS03
n/a
n/a 

T1D

Steroid-resistant asthma

Prevention of graft 
rejection following solid 
organ transplantation 

Phase 2 to be initiated 

Phase I to be initiated 

n/a 

TxCell France n/a Antigen-specif c Tr1 
cells 

Ovasave®

Col-Treg 

Crohn’s disease

Autoimmune uveitis 

Phase 2b started (CATS29 
study)

Phase 1 to be initiated  

iReg Medical Sweden n/a Autologous 
CD4+CD25hiFoxP3+ tTregs 

n/a Prevention of graft rejec-
tion following solid organ 
transplantation 

n/a 

TRACT 
Therapeutics 

USA North-
western 
University, 
Chicago, IL 

Expanded autologous 
tTregs 

TRACT platform Prevention of graft rejec-
tion following solid organ 
transplantation 

Phase 1 started
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ing of cell infusion were decided on the 
basis of preclinical data and mostly theo-
retical reasoning. Over the past years of ac-
tive research in the f eld of Tregs, it has been 
learned that to survive and to be ef ective in 
vivo upon transfer, Tr1 cells (i) need to “see” 
their specif c antigens, (ii) have to be present 
at the time of T-ef ector–cell activation, and 
(iii) are less ef ective in controlling memory 
than naïve T cell responses (40). In addi-
tion, it is likely that Tr1 cells are sensitive to 
T cell–specif c immunosuppressive drugs 
(Table 1) (22).

Tregs in autoimmunity. Autoimmune 
diseases af ect a substantial proportion of 
the population and represent the second 
leading cause of chronic diseases (the f rst 
cause in women). Yet, current treatment 
modalities for autoimmunity are far from 
ideal, owing to unsatisfactory e%  cacy and 
toxicity. Treg def ciency has been reported to 
be a leading cause of autoimmunity. More-
over, preclinical models have demonstrated 
e%  cacy of the administration of Tregs, mainly 
tTregs, in autoimmune diseases such as T1D, 
systemic lupus erythematosus (SLE), and 
multiple sclerosis (MS) (48–50), which has 
been conf rmed recently in f rst clinical tri-
als (Table 2 and Fig. 1).

Clinical application of Tregs in autoim-
mune diseases faces specif c challenges re-
lated to the nature of these conditions. An 
autoimmune inf ammatory environment 
may af ect the stability of these cells, leading 
to the possibility that administered Tregs may 
revert to Tconv, further worsening the condi-
tion instead of relieving it. In addition, iden-
tifying autoantigens that trigger the disease 
is another bottleneck that af ects decisions 
about whether to treat with polyclonal or 
antigen-reactive Tregs. Although the use of 
antigen-reactive Tregs is tempting, our knowl-
edge of the autoantigens that really trigger 
particular autoimmune diseases is limited. 
Hence, an incorrect choice of autoantigens 
or incomplete cover of autoantigens’ spec-
trum can lead to inef ective therapy. A third 
concern lies in a lack of experience with the 
use of Tregs in autoimmune diseases. T e pro-
tocols developed for production and admin-
istration of Tregs in humans have been shown 
to be clinically feasible, but several ques-
tions still remain, including the timing and 
dose of Treg administration (28).

Autoimmune diseases are inevitably as-
sociated with progressive tissue damage; 
thus, Treg administration early in disease 
course may be optimal for initiation of Treg-
based therapies. However, Tregs are not yet 

an approved “on-label” treatment—despite 
positive early reports of few adverse ef ects 
associated with the therapy—and early ad-
ministration is not favored over approved 
therapies. If used in later phases of disease, 
Tregs are usually adjuvant to immunosuppres-
sants, which may alter Treg function. Com-
bination therapies with tTregs, including ra-
pamycin or vitamin D, are known to induce 
Tregs or promote their expansion, and CNIs 
or depleting antibodies substantially inhibit 
tTregs (31). Even with successful therapy, pos-
sible adverse ef ects may occur, highlighting 
the need for a narrow dosing window, and 
the dose at which Tregs can be safely admin-
istered may not necessarily achieve adequate 
e%  cacy (Table 1).

MONITORING SUCCESS AND FAILURE
Objective measures to monitor treatment 
success and failure of Treg therapy are needed 
(5–12, 15). Undesired induction of global 
immune suppression, immune activation 
through instability of the Treg-based prod-
uct, or contamination of the product with 
Tconv might all contribute to a failure of Treg-
based therapy. It is clear that control of the 
product quality—regardless of Treg subset 
considered—is a f rst essential aspect needed 
to perform adequate immune monitoring for 
Treg-based trials (Table 1).

Assessment of Treg-based product 
quality. T e heterogeneity of Treg-based 
products requires dif erent approaches to 
measure their quality and suppressive po-
tential. In general, Treg-based product purity 
is assessed through the analysis of the rela-
tive expression of cell product characteris-
tic markers, such as expression of Foxp3 in 
case of tTregs or Lag3/CD49b in case of Tr1 
cells (51). Contamination of the cell prod-
uct by potentially harmful Tconv cells is also 
analyzed—for example, by measuring the 
release of proinf ammatory cytokines such 
as interferon-γ or IL-17A (28). Nevertheless, 
in addition to direct analysis of the pheno-
type, other assays are needed that assess (i) 
Tregs function by evaluating the in vitro sup-
pressive capacity with regard to inhibition of 
proliferation or release of proinf ammatory 
cytokines of cocultured ef ector T cells (28, 
52, 53) and (ii) Treg stability by assessing the 
demethylation of the “Tregs–specif c demeth-
ylation region” (TSDR) in tTregs (54, 55). To 
assess the e%  cacy of Treg–based therapy, Treg-
based product quality assays should be stan-
dardized or harmonized across dif erent sites 
followed by interlaboratory validation ef orts 
and the generation of standardized, common 

“quality control” standard operating proce-
dures.

Analysis of in vivo survival and distri-
bution. Monitoring the e%  cacy of Treg-based 
therapy is of en hampered by the di%  culty of 
obtaining tissue samples before, during, and 
af er treatment, limiting monitoring to the 
peripheral blood cell compartment. In vivo 
tissue tracking would allow us to estimate 
survival more precisely than would PBMC 
analysis alone, as well as simultaneously al-
low evaluation of the Tregs’ homing potential 
and their eventual tissue distribution. In vivo 
Tregs tracking protocols have applied labeling 
techniques such as stable isotope labeling 
with deuterated water or glucose (56, 57). 
However, most available technologies for in 
vivo imaging have a resolution too low to re-
veal single-cell properties, limiting their us-
ability. In contrast, more recent techniques 
such as laser ablation–inductively coupled 
plasma mass spectrometry have been devel-
oped, which allow with a resolution of be-
low 10 μm close to single-cell detection of 
gadolinium-labeled CD4+ T cells in tissue 
specimens (58, 59). Another way to visual-
ize adoptive transferred Tregs is with full-body 
imaging. Single-photon emission computed 
tomography (SPECT)/CT imaging can be 
used in preclinical imaging studies of adop-
tively transferred Tregs without af ecting the 
function and viability, allowing longitudinal 
studies within disease models (60). T e last 
two approaches, however, have not been per-
formed so far to track adoptively transferred 
Tregs in patients.

Studying safety aspects of Treg-based 
therapy. Tregs populations may af ect the pa-
tients’ general immune competence and thus 
increase the risk for infections and develop-
ment of malignancies (41, 54). T erefore, 
monitoring of ef ects of Treg-based therapy 
should always assess undesired tolerance in-
duction against known harmful pathogens 
such as cytomegalovirus, Epstein-Barr virus, 
BK virus, certain fungi, and other opportu-
nistic pathogens. Antigens such as tetanus 
toxoid included in the childhood vaccination 
programs could serve as good recall antigens 
in order to monitor of -target ef ects of ther-
apy. Assays analyzing CD154 expression on 
pathogen-stimulated T cells (44) and expres-
sion of major histocompatibility complex II 
on monocytes shortly upon cell transfer may 
also help to evaluate general immune com-
petence (61).

Assessment of Treg-based therapy 
ef  cacy. T e choice of assays or biomarkers 
to measure therapy e%  cacy strongly depends 
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on the disease treated. Organ- and disease-
specif c functional parameters such as c-
peptide levels or insulin dependence in case 
of T1D or glomerular f ltration rate (GFR) in 
case of kidney graf  recipients may be com-
pared with those of conventionally treated 
patients. However, some immunological 
mechanisms underlying the pathogenesis of 
dif erent immune-mediated diseases may be 
common. Changes in numbers or function 
of pathogenic cells may thus be used across 
dif erent clinical trials in order to assess the 
e%  cacy of Treg-based therapy. For instance, 
“operationally” tolerant kidney transplant 
patients are characterized by low peripheral 
Toll-like receptor 5 (TLR5) expression (43). 
Successful Treg-based therapy in patients re-
ceiving an umbilical CB transplant was also 
associated with low TLR5 expression, with 
lin–HLA-DR–CD33+CD16+ granulocyte-like 
cells being the major source of TLR5 (62).

Ideally, immunomonitoring assays should 
not only monitor clinical e%  cacy but also pre-
dict clinical e%  cacy during treatment. T is 
would allow the identif cation of respond-
ing patients while simultaneously recogniz-
ing nonresponding patients who should no 
longer be subjected to inef ective Treg-based 
treatment but receive enhanced conventional 
therapy. Identif cation of such correlates of 
protection (COPs) would have a strong im-
pact on the e%  cacy and cost-ef ectiveness of 
Treg–based therapy. T e search for COPs for 
tolerance is ongoing. COPs may arise out of 
direct action of the transfused Tregs but may 
also result from the induction of infectious 
tolerance, in which transferred Tregs induce 
naïve T cells to become additional Tregs (63).

Ef orts to standardize and 
quality control immune monitoring for 
Treg-based trials. Researchers involved in 
Treg-based trials should agree on specif c 
methodologies and create international im-
munomonitoring platforms for tolerance-
inducing therapies to evaluate the safety and 
e%  cacy of this novel form of cellular therapy. 
For example, the ONE Study has standard-
ized whole blood f ow cytometry protocol for 
immunomonitoring between participating 
centers (64), and this standardized approach 
could be applied to future Tregs studies.

TOWARD CLINICAL APPROVAL AND 
COMMERCIALIZATION
T e success of clinical approval of novel 
therapies depends on several critical steps. 
Clearly, costs represent a substantial hurdle 
to the introduction of cellular therapies into 

larger clinical trials. At present, depending 
on the country in Europe, the cost of sin-
gle preparation of clinical-grade polyclonal 
tTregs is ~15,000 to 40,000 € per patient. T e 
highest proportion of this sum relates to Tregs 
manufacturing and includes the costs of 
GMP-grade consumables, single-use equip-
ment, facility charges, personnel, and prod-
uct validation and release. T ese costs are 
even higher at the translational step, when 
the consumables are in the process of ad-
justment and validated to GMP standard in 
the f rst human trials. It is likely that costs 
may fall on a per-patient basis, particularly 
if GMP processes can be made less labor-
intensive and the therapies are of ered to a 
wider population of patients af er clinical 
approval. Reimbursement by health insur-
ance companies is another concern. T ere 
are several ways to increase the chance of 
reimbursement approval. One option is to 
ensure that the f eld of application of the 
cellular therapy is already optimally tuned 
for its specif c f eld of application at the start 
of clinical trials. T is not only will enhance 
the chance for clinical e%  cacy but may also 
lead to reimbursement approval with a 
prescription limitation; the therapy is only 
approved for reimbursement in a specif c 
patient group, which limits the budgetary 
impact of the relatively costly therapy on 
health care costs in general. Another option 
might be the early application of standard 
development schemes that specif cally fo-
cus on streamlining the complex multistep 
cell-manufacturing procedures into a cost-
ef ective process. T is will reduce the actual 
manufacturing cost of a designated cellular 
product but also diminish cost of develop-
ment of the product. In both cases, close 
and early collaborations between academic 
institutions and industry may substantially 
increase a chance to achieve the goal of ac-
ceptable price of the eventual therapy for 
which reimbursement approval is requested 
(Table 1).

Cooperation of academic and indus-
try partners. Realizing high-impact scien-
tif c ideas for clinical application requires a 
critical mass of translational scientists; com-
mitted clinicians; a state-of-the-art, GMP-
compliant cell-manufacturing facility; the 
access to technologies for the manufactur-
ing process; and applicable quality-control 
measures for the release of the manufac-
tured cell products. For example, over the 
course of several years, a close partnership 
between King’s College London and Milt-

enyi Biotec has led to the development of 
new technologies for the GMP-compliant 
production of human tTregs in clinically 
relevant numbers (65). A second example 
is NeoStem/Caladrius T-Regulatory Cell 
Program for Immune Modulation. T e 
company pursues a collaboration with the 
laboratories of the University of California, 
San Francisco, to develop Tregs for the treat-
ment of T1D, steroid-resistant asthma, and 
organ transplant rejection.

Treg-based therapies in commercial 
development. Currently, several compa-
nies are already pursuing commercial de-
velopment of Tregs-based therapies (Table 3). 
Development speed—with the goal of being 
f rst to market (66)—and f nancial resources 
are two essential reasons for academic insti-
tutions to involve a potent industrial part-
ner that takes the responsibility of several 
critical steps toward commercialization: (i) 
developing the Targeted Product Prof le; (ii) 
sketching the clinical development path; (iii) 
implementing a regulatory strategy, such 
as orphan drug designation, breakthrough 
approval; and others (taking regional dif-
ferences such as between EU or USA into 
account); (iv) analyzing the competitive 
landscape; (v) developing or licensing a pro-
tective IP portfolio; (vi) having insight in 
reimbursement systems; and (vii) designing 
the mass production setup and ideally auto-
mating the manufacturing process. 

PERSPECTIVES
Adoptive immunotherapy with Tregs repre-
sents a viable strategy with a promise of ef-
f cacy and lower adverse ef ects as compared 
with that of the current clinical routine. 
T erapeutic e%  cacy and safety of Tregs have 
been shown in preclinical models and phase 
I studies, respectively. Nevertheless, more 
knowledge about the long-term behavior 
of these cells af er transfer to humans and 
better def nition of the particular subsets for 
each disease are essential in order to estab-
lish e%  cient treatment protocols. T is may 
be accelerated with facilitation of legislation, 
at least for academic trials. With all the limi-
tations and advantages, Treg-based immuno-
therapy represents a real step toward per-
sonalized medicine. Academic hospitals and 
nonprof t institutions, such as blood banks, 
support ef orts in the execution of clini-
cal trials of these cellular products. Several 
companies are already under way to com-
mercialize the potential of these cells for 
various therapies. However, for clinical ap-
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proval of ef ective Treg-based cell therapies, 
key critical steps of the clinical development 
path and cost-ef ective manufacturing pro-
cesses should appear high on the agenda. 
T erefore, core academic groups that are 
experts in all phases of Treg-based adoptive 
therapy and companies with an interest in 
developing Treg-based cellular products need 
to join forces to accelerate the translation 
into clinical practice.
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