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Generation of Donor-specific T Regulatory Type 1
Cells From Patients on Dialysis for Cell Therapy
After Kidney Transplantation
Alessandra Petrelli, MD,1,2 Eleonora Tresoldi, BSc,3 Bechara G. Mfarrej, MSc,3 Alessia Paganelli, MD,1

Donatella Spotti, MD,4 Rossana Caldara, MD,1 Antonio Secchi, MD,1,5 and Manuela Battaglia, PhD3

Background.Tregulatory type 1 (Tr1) cell–mediated induction of tolerance in preclinical models of transplantation is remarkably
effective. The clinical application of such a therapy in patients on dialysis undergoing kidney transplantation should take into ac-
count the possible alterations of the immune system observed in these patients. Herein, we aimed at testing the ability to generate
donor-specific Tr1 cell–enriched lymphocytes from patients on dialysis on the waiting list for kidney transplantation. Methods.

The Tr1 cell–enriched lymphocytes were generated by coculturing interleukin-10–producing dendritic cells obtained from healthy
donorswith peripheral bloodmononuclear cells (PBMCs) of patients on dialysis, following the same protocol used in a previous cell
therapy clinical trial to prevent graft-versus-host disease. Alternatively, purified CD4+ Tcells were used instead of total PBMCs. The
ability to generate clinical-grade Tr1 cell–enriched products was defined by testing the reduced response to restimulation with ma-
ture dendritic cells generated from the original donor (i.e., anergy assay).Results. The Tr1 cell–enrichedmedicinal products gen-
erated from PBMCs of patients on dialysis showed a low anergic phenotype, incompatible with their eventual clinical application.
This was irrespective of HLA matching with the donor or the intrinsically reduced ability to proliferate in response to alloantigens.
On the contrary, the use of purified CD4+ T cells isolated from patients on dialysis led to the generation of a highly anergic
donor-specific medicinal product containing an average of 10% Tr1 cells. Conclusions. The Tr1 cell–enriched medicinal prod-
ucts can be efficiently generated from patients on dialysis by carefully tailoring the protocol on the patients' immunological
characteristics.

(Transplantation 2015;99: 1582–1589)

K idney transplantation is the only curative treatment for
patients suffering from end-stage renal disease on dial-

ysis.1,2 At present, combined immunosuppressive treatments
decrease the incidence of acute rejection, achieving 1-year

graft survival rates above 90% in many transplant centers.3

Unfortunately, the efficacy of immunosuppressive drug
treatment is counter-balanced by undesired side-effects such
as nephrotoxicity,4 metabolic disorders,5 cardiovascular dis-
eases,6 infections,7 and malignancies.8 Therefore, drug mini-
mization and induction of donor-specific tolerance is a key
clinical goal.9

T regulatory cells (Tregs) have been shown to induce toler-
ance after transplantation in several preclinical models.10,11

The Tregs are categorized into 3 major subgroups based on
their ontogeny12,13: thymus-derived Tregs, which develop in
the thymus and are present in healthy individuals from birth;
peripheral Tregs (pTreg), which are generated in the periphery
under various tolerogenic conditions; and in vitro–induced
Tregs. T regulatory type 1 (Tr1) cells are a subset of pTreg
characterized by elevated production of interleukin (IL)-10
selectively in response to the antigen (Ag) they have been
primed with.14 Tr1 cells are induced by Ag stimulation
via an IL-10–dependent process in vitro and in vivo.14 Our
group performed the first-in-man clinical trial infusing IL-
10–anergized donor T cells containing Tr1 cells specific for
the host Ags to prevent graft-versus-host disease (GvHD)
after hematopoietic stem cell transplantation (ALT-TEN
trial).15 The medicinal product containing host-specific Tr1
cells and memory T cells able to respond to pathogens
(named mixed lymphocyte reaction (MLR)/10) was infused
in patients with hematological cancers after hematopoietic
stem cell transplantation. The long-term follow-up showed
no safety concerns relating to the cell therapy, complete

Received 3 October 2014. Revision requested 29 December 2014.

Accepted 14 January 2015.
1 Transplant Unit, Ospedale San Raffaele, Milan, Italy.
2 Currently, Laboratory for Translational Immunology, Universiteit Medisch Centrum
Utrecht, Utrecht, The Netherlands; formerly, Diabetes Research Institute IRCCS San
Raffaele Scientific Institute, Milan, Italy.
3 Diabetes Research Institute IRCCS San Raffaele Scientific Institute, Milan, Italy.
4 Nephrology and Dialysis Unit, Ospedale San Raffaele, Milan, Italy.
5 Universita' Vita-Salute San Raffaele, Milan, Italy.

This project was funded by EU-FP7 grant The ONE Study granted to M.B. A.P.
and M.B. are supported by the 7th Framework programme of the EU (Marie Curie
Initial Training Network -FP7-PEOPLE-2011-ITN), under the Marie Skłodowska-
Curie grant agreement No 289903.

The authors declare no conflicts of interest.

A. Petrelli participated in research design, data analysis and writing of the article. E.T.
generated data and participated in data analysis, B.G.M. participated in data
analysis. A. Paganelli participated in the performance of the research. D.S.
participated in the performance of the research. R.C. participated in the
performance of the research. A.S. participated in the performance of the research.
M.B. participated in research design, data analysis and writing of the article.

Correspondence: Manuela Battaglia, PhD, Diabetes Research Institute IRCCS San
Raffaele Scientific Institute, Via Olgettina 58, Milan, Italy. (battaglia.manuela@hsr.it).

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

ISSN: 0041-1337/15/9908-1582

DOI: 10.1097/TP.0000000000000751

OriginalBasicScienceçGeneral

1582 www.transplantjournal.com Transplantation ■ August 2015 ■ Volume 99 ■ Number 8

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

mailto:battaglia.manuela@hsr.it


immune reconstitution in 5 of 12 patients, disease remis-
sion, and reduced severity of acute GvHD in 4 patients.15

Ag-specific Tr1 cells have been also used in patients with
Crohn disease.16

The ONE Study (www.onestudy.org) is a cooperative in-
ternational multicenter clinical trial aiming at developing
and testing the safety of different immunoregulatory cell pro-
ducts in living donor kidney transplant recipients.17 Our
group participates to this study to test the tolerogenic ability
of a donor-specific Tr1 cell–enriched medicinal product. The
fundamental prerequisite for the clinical use of Tr1 cells in
kidney transplanted patients is the development of an effec-
tive method for their ex vivo generation from patients on di-
alysis. The immune system of these patients is characterized
by several immunological alterations, such as (i) lympho-
penia,18 (ii) presence of activated proinflammatory mono-
cytes,19,20 (iii) reduced frequency of highly immunogenic
circulating dendritic cells (DC),21-23 (iv) defective humoral
immunity,24 (v) hyporesponsiveness to T-cell priming,25 and
(vi) high levels of plasmatic proinflammatory molecules.25-27

Importantly, thymus-derived Tregs expanded in vitro from
patients on dialysis are less suppressive and more plastic
(i.e., more prone to produce IL-17) as compared to those gen-
erated from control healthy subjects.28 Conversely, few data
are available on pTreg cells generated from patients on dialy-
sis.29 Berglund et al30 reported donor-specific IL-10 produc-
tion from a cell population generated by coculturing T cells
from patients on dialysis with immature DCs (iDCs) from
healthy subjects. Our group previously characterized a subset
of IL-10–producing human dendritic cells, termed DC-10,
which can be induced in vitro from circulating monocytes
in the presence of IL-10.31 Coculture of in vitro–generated
DC-10 with allogeneic peripheral blood mononuclear cells
(PBMCs) for 10 days in the presence of exogenous IL-10
(MLR/DC-10) was shown to be an effective way of generat-
ing Tr1 cell–enriched products.32 Accordingly, we expect to
use donor-derived DC-10 for the generation of Tr1 cell–
enriched medicinal product in The ONE Study. However,
no data on the functional characterization of the MLR/
DC-10 from patients on dialysis has been reported. Herein,
we aimed at testing whether the protocol used for the gene-
ration of MLR/DC-10 protocol previously developed by our

group32 is suitable for generating donor-specific Tr1 cell–
enriched product to be used in The ONE Study. Our findings
indicate that the MLR/DC-10 cell product generated by using
total PBMCs shows low anergic phenotype when obtained
frompatients on dialysis. Therefore, we optimized the protocol
by depleting non-CD4+ cells and obtained a cell product en-
dowedwith the safety features required for clinical application.

MATERIALS AND METHODS

Healthy Donors and Patients

Peripheral whole blood was collected from patients with
end-stage renal disease on dialysis waiting for kidney trans-
plantation at the San Raffaele Hospital (n = 13) and from
family-related kidney donors (n = 5) or from healthy volun-
teer blood donors (n = 11). Buffy coats from healthy volun-
teers (n = 25) were also obtained. Kidney living donors
and volunteer blood donors were both considered healthy
control subjects in this study and named controls. Our goal
was to test the protocol for Tr1 cell generation using a repre-
sentative patient population likely to be enrolled in The ONE
Study clinical trial at our clinical center. Therefore, patients
were not stratified for dialysis modality, pathogenesis of kid-
ney failure, or uremic versus dialysis but rather all patients on
waiting list for kidney transplantation at our institute were
included in this study. Characteristics of patients and healthy
controls are listed in Table 1 (includes donors used for the
generation of MLR/DC-10 cell products) and Table 2 (in-
cludes donors used for the generation of CD4+/DC-10 cell
products). All subjects enrolled in this study provided writ-
ten informed consent before blood withdrawal, in accor-
dance with the local ethics committee's approval (protocol
PERIBLOOD) and with the Declaration of Helsinki.

DC Generation

The IL-10–producing DC (named DC-10) and mature DC
(mDC) were generated from control subjects as previously
described.31,32 Briefly, PBMCs were isolated from peripheral
blood or buffy coats collected from controls by density-
gradient centrifugation on Lymphoprep (Axis-Shield, Oslo,
Norway). CD14+ monocytes were isolated by autoMACS
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and
cultured inRPMI 1640 (BioWhittaker, Verviers, Belgium) sup-
plemented with 10% FCS (BioWhittaker) and 100 U/mL

TABLE 1.

Characteristics of subjects used as responders for the
generation of the MLR/DC-10 cell products in Figure 2A.
Data are median (interquartile range)

Patients (n = 8) Symbol Controls (n = 8)

Age, y 50.5 (31-59) 45 (36-56)
Sex (M) 5/8 4/8
Time of dialysis, y 3.1 (1.3-4.7) N/A
Cause of CKD Hypertension (n = 1) N/A

IgA nephropathy (n = 1)
PKD (n = 1)
T1D (n = 1)

CAKUTs (n = 1)
Unknown (3)

Dialysis modality HD: n = 7 N/A
PD: n = 1

CKD indicates chronic kidney disease; PKD, polycystic kidney disease; T1D, type 1 diabetes; CAKUT,
congenital anomalies of the kidney and urinary tract; HD, hemodialysis; PD, peritoneal dialysis.

TABLE 2.

Characteristics of patients used as responders for the
generation of CD4/DC-10 cell products shown in Figure 5A.
Data are median (interquartile range)

Patients (n = 5) Symbol

Age, y 45 (26-48)
Sex (M) 3/5
Time of dialysis, y 2.5 (4)
Cause of CKD Hypertension (n = 1)

SLE (n = 1)
PKD (n = 1)
T1D (n = 1)
Unknown (1)

Dialysis modality HD: n = 4
PD: n = 1

M indicates male; CKD, chronic kidney disease; SLE, systemic lupus eritematosus; PKD, polycystic
kidney disease; T1D, type 1 diabetes; HD, hemodialysis; PD, peritoneal dialysis.
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penicillin-streptomycin (BioWhittaker) with 10 ng/mL rhIL-4
(R&D Systems, Minneapolis, MN) and 100 ng/mL rhGM-
CSF (R&D Systems, Minneapolis, MN, USA) for 7 days
in the presence (DC-10) or absence (mDC) of 10 ng/mL
rhIL-10 (CellGenix GmbH, Freiburg, Germany). Mature
DCs were matured on day 5 with lipopolysaccharide from
Escherichia. coli (1 μg/mL, Sigma Chemicals, St Louis, MO).

MLR/DC-10 and CD4/DC-10 Generation

Irradiated DC-10 generated from controls were used as
stimulators, whereas total PBMCs (for MLR/DC-10 genera-
tion) or immunomagnetic positively selected CD4+ T cells
(for CD4/DC-10 cell product generation) from controls or
patients on dialysis were used as responders with a responder-
to-stimulator ratio of 10:1. The PBMCs or CD4+ T cells were
cocultured with DC-10 in X-VIVO 15 medium (BioWhittaker)
supplemented with 5% human AB serum (BioWhittaker)
and 100 U/ml penicillin-streptomycin for 10 days with
addition of exogenous IL-10 as previously described.32 As
reference, in each experiment, mDC from control subjects
were generated in parallel to DC-10 and upon irradiation
cocultured with PBMCs (for MLR/mDC generation) or
CD4+ Tcells (for CD4/mDC generation) for a total of 10 days
without IL-10 supplementation.

Anergy Assay

At the end of the 10-day coculture, MLR/DC-10 and
MLR/mDC or CD4+/DC-10 and CD4/mDC cell products
were collected, washed, and plated in a secondaryMLRwith
donor-derived mDC at 10:1 ratio (responder:stimulator) to
test their antidonor responsiveness. 3H-thymidine (Sigma-
Aldrich)was added 48 hours after culture for the last 12 hours.
Anergy is defined as donor-specific hyporesponsiveness, and it
is calculated as follows: [MLR/mDC − MLR/DC-10:MLR/
mDC] � 100 (or [CD4/mDC − CD4/DC-10:CD4/mDC] �
100). In the ALT-TEN trial, the anergy cutoff value for
MLR/10-below which the cell product was not considered
safe to be infused into patients-was 67%. The anergy cutoff
value for CD4/DC-10 cell product instead, was set in this
study at 60%. Those values were defined based on the aver-
age anergy -2 times standard deviation values obtained from
experiments performed in more than 30 control subjects.15

The anergy assay was the release criterion for the MLR/10
medicinal product used in the ALT-TEN trial.15

Flow Cytometry

The phenotype of in vitro generated mDC and DC-10 was
evaluated by flow cytometry. The expression of the following
surface markers was tested after culture: CD1a (anti-CD1a
Alexa488), CD14 (anti-CD14 APC-H7), CD16 (anti-CD16
APC-H7), and CD86 (anti-CD86 PE). All monoclonal anti-
bodies were obtained from BD Pharmingen (San Jose, CA).
Cells were washed 2 times with (PBS, 0.5-1%, 10% fetal bo-
vine serum, 0.1% NaN3 sodium azide) and incubated at
room temperature for 30 minutes. The Tr1 cell enrichment
in the CD4/mDC and CD4/DC-10 cell products was evalu-
ated with the following monoclonal antibodies: CD3 PerCp-
Cy5.5 (Biolegend), CD4 Pe-Cy7 (BD Bioscience, San Jose,
CA), CD45RO PacificBlue (Biolegend), LAG-3 PE (R&D Sys-
tem), CD49b Alexa488 (Biolegend). Cells were incubated at
37 °C for 30 minutes instead of room temperature. Samples
were acquired using the BD FACSCanto II (Becton Dickinson,
San Jose, CA) and data were analyzed with FlowJo software.

Enzyme-Linked Immunoassorbent Assay

Supernatants were collected from the MLR/DC-10 and
CD4/DC-10 coculture 96 hours after plating (primary MLR)
or 48 hours after restimulation with donor-derived mDC (sec-
ondaryMLR) to test interferon (IFN)-γ levels. Levels of IFN-γ
were determined by capture enzyme-linked immunosorbent
assay according to the manufacturer's instructions (BD Bio-
sciences).33 The detection limit of IFN-γ was 60 pg/mL.

Statistical Analysis

Comparisons between groups were performed using the
Mann-Whitney U test. For all analyses, a 2-tailed P value of
0.05 or less was considered significant. Data are shown as
medians. Statistical analyses were performed using the statis-
tical software GraphPad Prism 6.0 (San Diego, CA).

RESULTS

The MLR/DC-10 Cell Product Generated from Patients
on Dialysis Displays Low Anergic Phenotype

We first tested the feasibility of generating Tr1 cell–
enriched products from the peripheral blood (PB) of pa-
tients on dialysis using the MLR/DC-10 protocol.32 The
DC-10 and mDCs were generated in vitro from CD14+

monocytes purified from PBMC of controls. After 7 days
of culture in the presence of polarizing cytokines, DC-10
and mDC were collected and analyzed by flow cytometry.
Both cell subsets had the expected phenotype.31 Namely,
DC-10 were CD1a−CD14+CD16+CD86+, whereas mDCs
were CD1a+CD14−CD16−CD86high (Figure 1).

The MLR/DC-10 cell product was obtained by a 10-day
coculture of DC-10 generated from PB or buffy coats of
controls (stimulators) with PBMC obtained from patients
on dialysis or control subjects (responders) in the presence
of exogenous IL-10. In parallel, as control, the MLR/mDC
cell product was generated. Characteristics of the subjects
enrolled in the study and used to generated data shown
in Figures 1–4 are listed in Table 1. Controls and patients
on dialysis were matched for age and sex. Patients on dial-
ysis were on renal replacement treatment (n = 7/8 on hemo-
dialysis and n = 1/8 on peritoneal dialysis) for a median
of 3.1 years, and the pathogenesis of chronic kidney
disease was variable (including autoimmune diseases,
hypertension, genetic and congenital diseases, or un-
known diseases). To test the anergy of the MLR/DC-10
cell product, cells were restimulated with donor-
derived mDC, and their proliferative capacity was com-
pared to that of the MLR/mDC product restimulated
with the same donor-derived mDC.We first tested the anergic
phenotype of MLR/DC-10 obtained from coculturing PBMC
from patients on dialysis and DC generated from the PB of
family-related control subjects (Figure 2A, samples 1-5). As
previously defined by our group, the cutoff anergy value for
MLR/DC-10 cell products was set at 67%.15 Such anergic
value was not achieved in 3 of the 5 generated MLR/DC-10
cell products. To exclude that the reduced anergy observed
in the MLR/DC-10 products was due to the partial HLA-
matching between patients on dialysis and the family-related
control donors, MLR/DC-10 cell products were generated
with PBMC of patients on dialysis and DC-10 generated from
the PB of unrelated healthy control donors whowere assumed
to be fully HLAmismatched. A limited anergic value was also
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detected in MLR/DC-10 cell products generated with fully
mismatched pairs (Figure 2A, samples 6-8), suggesting that
the level of HLA-match does not impact anergy induction.
On the other hand, highly anergic MLR/DC-10 cell products
were generated from all except 1 control subject, confirming
our previous findings (Figure 2B).32 Overall, MLR/DC-10 cell
products generated from patients on dialysis showed reduced
anergic phenotype as compared to those generated from con-
trol subjects (Figure 2C).

The MLR/mDC Culture Is a Proper Reference to Test
Donor-Specific Anergy

It is known that T cells isolated from patients on di-
alysis display reduced cell proliferation in vitro upon

culture with allogeneic PBMCs (i.e., in primary MLR as-
says) (25 and data not shown). Given that the prolifera-
tion of MLR/mDC cell product is our reference value in
the anergy assay, a possible explanation for the low
anergic phenotype observed in theMLR/DC-10 cell prod-
ucts generated from patients on dialysis is that the MLR/
mDC culture is an improper cell culture reference. In-
terestingly, both IFN-γ levels measured in the culture su-
pernatants (Figure 3A) and cell proliferation (Figure 3B)
were similar in MLR/mDC cell products generated from
patients on dialysis and from control subjects. These
data suggest that the MLR/mDC is a proper refer-
ence cell product to test the MLR/DC-10 cell product
responsiveness.

FIGURE 1. Phenotypic characterization of DC-10 and mDC generated from controls. A, Magnetically isolated CD14+ cells were cultured for
7 days in presence of rhIL-10 obtaining a population of DC-10 that retains CD14+ expression but lack the expression of CD1a (one represen-
tative dot plot is shown out of 5). Mature DCs, cultured in absence of rhIL-10 andmatured with LPS at day 5. They lose CD14 and acquire
CD1a expression (one representative dot plot is shown out of 5). B, Further characterization shows that CD86 expression is higher in
terms of frequency (dot plots) and MFI (histograms) on mDC than DC-10 (1 representative dot plot and histogram is shown out of 5) and that
DC-10 express high levels of CD16 whereas mDC are negative for this marker (1 representative dot plot and histogram is shown out of 5).
Histograms show direct comparison of CD86 and CD16 on DC-10 (empty) and mDC (filled). Numbers indicate MFI of the tested marker.
LPS indicates lipopolysaccharide; MFI, median fluorescence intensity.
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The Low Anergic Phenotype of MLR/DC-10 Cell
Products From Patients on Dialysis Is Not Due to the
Enrichment of IFN-g–Producing Cells

It is known that PBMC from patients on dialysis pro-
duce more proinflammatory cytokines, such as IL-225,34 and
IL-12.35 Thus,we testedwhether the reduced anergic phenotype
detected in MLR/DC-10 cell products generated from pa-
tients on dialysis was due to enrichment in IFN-γ–producing
cells during the 10-day cocultures. The IFN-γ levels mea-
sured in the culture supernatants were similar in patients on
dialysis and control subjects (Figure 4), thus suggesting that
the reduced anergy observed was likely not due to enrich-
ment in IFN-γ–producing cells.

Development of a Novel Protocol for Tr1 Cell–Enriched
Medicinal Product Tailored on Patients on Dialysis

An alternative explanation for the low MLR/DC-10
anergic phenotype observed when cells from patients on dial-
ysis were used is the presence, in the starting PBMC, of cells
that could hamper the in vitro differentiation of CD4+ T cells
into Tr1 cells. To test this, we set up a new protocol for the
generation of Tr1 cell-enriched cultures (named CD4/DC-
10) in which purified CD4+ T cells (rather then total PBMC)
from PB of patients or buffy coats from controls were cul-
tured with DC-10 generated from buffy coats of controls in
the presence of IL-10. In parallel, the control culture was

obtained by coculturing CD4+ T cells with mDC generated
from buffy coats of control subjects (named CD4/mDC).
Characteristics of this group of patients on dialysis used to
generate data shown in Figure 5 are listed in Table 2.

The setup of the CD4/DC-10 protocol performed with PB
of controls confirmed that 1:10 DC-10:CD4+ cell ratio was
optimal to obtain an anergic cell product and reproducible
results (data not shown). In addition, the anergy cutoff value
of the CD4/DC-10 cell product optimized on controls was set
at 60% (data not shown). The CD4/DC-10 cell product was
then tested for final cell composition, and it was confirmed to
be purely composed of CD4+ T cells (data not shown). The
anergy assay was performed by restimulating CD4/DC-10
cell product with donor-derived mDC and by comparing
their proliferative capacity to that of CD4/mDC cell product
restimulated with the mDC of the same donors. This modi-
fied protocol led to the generation of a CD4/DC-10 cell prod-
uct from patients on dialysis equally anergic to that obtained
from controls (Figure 5A–B).

The Tr1 cell content in the CD4/DC-10 cell products was
tested by measuring the frequency of CD4+CD45RA−LAG-
3+CD49b+ T cells, according to the surface markers recently
identified.36 An average frequency of 10% of Tr1 cells in
the CD4/DC-10 cell products was observed—while approx-
imately only 1% of Tr1 cells in the CD4/mDC cell
products—irrespective of whether obtained from patients

FIGURE 2. Anergic phenotype of MLR/DC-10 cell product generated from dialysis patients and controls. A, MLR/DC-10 cell product ob-
tained by co-culturing PBMC from patients on dialysis with DC-10 derived from PB of controls (n = 5 family related and n = 3 unrelated donors)
was restimulated with donor-derived mDC and cell proliferation was assessed by thymidine (3H) incorporation. MLR/mDC cell product prolif-
eration upon restimulation with donor-derived mDCwas used as a reference value. The anergy value is shown as percentage on top of the bar
graphs. Patients and controls characteristics are listed in Table 1. B,MLR/DC-10 andMLR/mDC cell products were generated using DCs gen-
erated from buffy coats of controls and PBMCs of unrelated healthy subjects. The anergy value is shown as a percentage on top of the bar
graphs. Donor characteristics are not available. C, Anergy values of MLR/DC-10 cell products obtained from patients on dialysis and controls
are shown. The dotted line is set at 67%, which is the cutoff value to consider the cell product safe for infusion into patients. Each symbol
represents one patient. Controls were tested in parallel. Lines represent median value of each data-set (ns, Mann-Whitney U test). C.p.m
indicates counts per minute; Ctrl: healthy controls; rel, relative; unrel, unrelated donor.
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on dialysis or controls (Figure 5C for 1 representative plot).
These data indicate that culturing CD4+ Tcells from patients
on dialysis with DC-10 generated from healthy control sub-
jects in the presence of exogenous IL-10 is an efficient
method for the generation of Tr1 cell–enriched medicinal
product to be used in cell therapy trials.

DISCUSSION

Our results show that anergic donor-specific Tr1 cell–
enriched medicinal products for cell therapy application in
the context of The ONE Study cannot be generated from di-
alysis patients using theMLR/DC-10 protocol previously de-
veloped by our group.32 Thus, we set up a novel protocol by
using purified CD4+ T cells instead of total PBMC. This
change led to the generation of a cell product suitable for cell
therapy in patients with kidney failure.

The immune system of patients on dialysis has been exten-
sively characterized, and it is currently recognized to be altered.
Patients on renal replacement therapy are characterized by a
proinflammatory peripheral status.21,25,37 Nonetheless, T-cell
responsiveness to in vitro alloantigen stimulation is im-
paired.23 Given the well-known immunological alterations
occurring in patients on dialysis, as a prerequisite for the ini-
tiation of cell therapy arm of The ONE Study clinical trial,17

we tested whether the generation of anergic donor-specific
Tr1 cell–enriched lymphocytes was feasible in these patients.

To date, only 1 group reported the generation of Tr1 cell–
enriched products from patients on dialysis.29 However, in
this study, the cell product was generated by using iDC rather
than DC-10 as donor-derived cells.29 It is now well accepted
that DC-10 are more effective than iDC for Tr1 cell induc-
tion.31 In addition, despite the fact that IL-10 production
was shown to be alloantigen-specific, no assessment of the
cell product anergic phenotype (fundamental requirement
for safety concerns) or Tr1 cell frequencywas reported. Thus,
there was a strong need for the development of a clinical
grade protocol for the generation of donor-specific Tr1 cells
from patients on dialysis.

The protocol previously developed by our group,32 which
envisaged the use of total PBMC as starting cells, did not lead
to the generation of a clinical grade product. A Tr1 cell–
enriched product endowed with a low anergic phenotype, in-
deed, represents a possible risk for the recipient because of
the potential proliferation in vivo on encountering donor
antigens after kidney transplantation.

The reduced ability to generate anergic Tr1 cell–enriched
products from patients on dialysis using the MLR/DC-10
protocol might be due to the use of an improper reference
for anergy assessment (i.e., MLR/mDC cell product prolifer-
ation). Indeed, the well-known T-cell hyporesponsiveness of
dialysis patients toward alloantigens in a primary MLR25

might also affect their responsiveness in a secondary MLR.
However, our data indicate that both cell proliferation of
and IFN-γ production by MLR/mDC cell products restimu-
lated withmDC in a secondaryMLRwere not different from
those in healthy donors, making the MLR/mDC cell product
proliferation a reliable reference value for definingMLR/DC-
10 cell product anergy. In addition, given the alteration of
the immune system of patients on dialysis featured by the
increase of proinflammatory cytokines, such as IL-2 and
IL-12,25,34,35 we excluded that the generation of highly an-
ergic Tr1 cells was hampered by an increased IFN-γ produc-
tion in the MLR/DC-10 cell product. Thus, we hypothesized
that a proinflammatory cell fraction residing in the bulk
PBMC population of patients on dialysis would hamper
Tr1 cell–enriched product generation. Dendritic cells from
patients on dialysis have for instance been described to in-
duce high proliferation of T cells from healthy subjects.23

FIGURE 4. IFN-γ release from MLR/DC-10 cell products. After the
10-day coculture, MLR/DC-10 cell products were restimulated with
mDC of the original donors, and IFN-γ levels were tested in the super-
natant obtained from patients on dialysis, and controls. Each symbol
represents 1 donor (listed in Table 1). The MLR/DC-10 cell products
obtained from controls were tested in parallel. Lines represent
median value of each data set (ns, Mann-Whitney U test).

FIGURE 3. Characterization of the MLR/mDC cell products used as reference. MLR/mDC cell products obtained from patients on dialysis
and controlswere restimulatedwith donor-derivedmDC. Levels of IFN-γ in the supernatant (A) and cell proliferation (B) were assessed 28hours
after activation. Each symbol represents 1 donor (listed in Table 1). Controls were tested in parallel. Lines represent median value of each data
set (ns, Mann–Whitney-U test).
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Moreover, monocytes produce high levels of proinflammatory
cytokines on stimulation.20 Thus, CD4+ T cells of patients
on dialysis were purified and cocultured with donor-derived
DC-10 using the CD4/DC-10 protocol. Thanks to this novel
approach, we were able to obtain a medicinal product with
the following characteristics: (i) highly anergic toward
donor-derived mDC; (ii) enriched in Tr1 cells (around
10%); and (iii) purely composed of CD4+ T cells (whereas
the MLR/DC-10 cell product was contaminated by a small
fraction of CD8+ T cells and natural killer cells, data not
shown). Overall, the CD4/DC-10 cell product is endowed
with the characteristics of safety that are required for
clinical application.

Given the overwhelming uremia, continuous exposure
to the dialysis filter membrane and nutritional deficiencies,
the immune system of patients on dialysis lays in a proin-
flammatory status. This might affect the in vitro genera-
tion of Tr1 cell–enriched lymphocytes, rendering the
MLR/DC-10 cell product not suitable for patients on dial-
ysis, contrary to what was observed in patients with
hematological cancer disease.15 One explanation for
the different ability to generate clinical grade Tr1 cell–
enriched product between patients on dialysis and those
with hematological cancer15 may reside in the fact that,
in the ALT-TEN study, T cells were collected from healthy
donors, and DCs were generated from patients with the
aim to prevent GvHD.15 It might be possible that the gen-
eration of DC is less “patient-dependent” than is that of
Tr1 cells for patients on dialysis.

The major limitation of our study is the inclusion of pa-
tients with a variety of primary and secondary kidney dis-
eases that eventually all lead to renal replacement therapy.
The limited number of patients enrolled in our study did
not allow a direct correlation between disease etiology and
lack of anergy in theMLR/DC10 cell products. Further stud-
ies enlarging the patient population to stratify for disease eti-
ology are required to get hints on the mechanisms underlying
the failure of Tr1 cell generation but using total PBMCs.

A relevant point of discussion is the in vivo effect of im-
munosuppressive drugs used in The ONE Study (i.e., my-
cophenolate mofetil and FK506) on Tr1 cells. Although
data are too preliminary to draw definitive conclusions,
immune monitoring performed so far on patients enrolled
in the reference group trial of The ONE Study shows no
negative effect of the abovementioned immunosuppressive
drugs on Tr1 cells (data not shown).

An additional important issue is the number of Tr1 cells
needed to be transferred to generate donor-specific tolerance.
Data in preclinical models of islet transplantation suggest
that 2 � 106 of CD4+ T cells, containing an average 10%
of Tr1 cells, induce graft tolerance in immunocompetent mice
in the absence of active immunosuppression.10 Direct trans-
lation frommouse to human is hard but one could anticipate
that 10%of Tr1 cells in the final medicinal product should be
enough to induce tolerance. Only data from clinical trials will
hopefully elucidate this important matter.

To conclude, we want to emphasize the necessity of
carefully screening the immune system of patients before

FIGURE 5. Characterization of the CD4/DC-10 cell products generated from patients on dialysis and controls. A, CD4/DC-10 obtained
by co-culturing CD4+ Tcells from patients on dialysis (left) or controls (right) with control–derived DC-10 were restimulated with mDC derived
from the original donors and cell proliferation was assessed by 3H incorporation. The CD4/mDC cell product proliferation upon restimulation
with mDC was used as reference value. The anergy value is shown as a percentage on top of the bar graphs. B, Anergy values of CD4/
DC-10 cell products obtained from patients on dialysis and controls are shown (ns, Mann-Whitney U test). The dotted line is set at 60%, cutoff
value to consider the CD4/DC-10 cell product safe for infusion into patients. C, Tr1 cell enrichment in the CD4/DC10 cell products generated
from patients on dialysis (left panels) and controls (right panels) is shown as LAG-3+CD49b+ cells on CD4+CD45RA− cells in both CD4/DC-10
and CD4/mDC cell products. One representative dot plot out of 3 is shown.
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enrolling in cell therapy–based clinical trials. We believe in
the relevance of setting up disease-tailored protocols
aiming at minimizing possible negative outcomes and fi-
nally safeguarding patient health.
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