
haematologica | 2009; 94(7) | 975 | 

Original Article

Funding: José A Pérez-Simón
was supported by a fellowship
from the European Hematology
Association; Belén Blanco was
supported by a fellowship from
the Fondo de Investigación
Sanitaria.

Manuscript received on
December 20, 2008. Revised
version arrived on February 9,
2009. Manuscript accepted on
February 23, 2009.

Correspondence:
José A Pérez Simón,
Servicio de Hematología y CIC
Salamanca, Paseo de San
Vicente, s/n 37007,
Salamanca, Spain.
E-mail: pesimo@usal.es

The online version of this article
contains a supplementary
appendix.

Background
In vitro depletion of alloreactive T cells using the proteasome inhibitor bortezomib is a
promising approach to prevent graft-versus-host disease after allogeneic stem cell trans-
plantation. We have previously described the ability of bortezomib to selectively eliminate
alloreactive T cells in a mixed leukocyte culture, preserving non-activated T cells. Due to
the role of regulatory T cells in the control of graft versus host disease, in the current man-
uscript we have analyzed the effect of bortezomib in regulatory T cells.

Design and Methods
Conventional or regulatory CD4+ T cells were isolated with immunomagnetic microbeads
based on the expression of CD4 and CD25. The effect of bortezomib on T-cell viability
was analyzed by flow cytometry using 7-amino-actinomycin D staining. To investigate
the possibility of obtaining an enriched regulatory T-cell population in vitro with the use of
bortezomib, CD4+ T cells were cultured during four weeks in the presence of anti-CD3
and anti-CD28 antibodies, IL-2 and bortezomib. The phenotype of these long-term cul-
tured cells was studied, analyzing the expression of CD25, CD127 and FOXP3 by flow
cytometry, and mRNA levels were determined by RT-PCR. Their suppressive capacity
was assessed in co-culture experiments, analyzing proliferation and IFN-γ and CD40L
expression of stimulated responder T cells by flow cytometry. 

Results
We observed that naturally occurring CD4+CD25+ regulatory T cells are resistant to the
pro-apoptotic effect of bortezomib. Furthermore, we found that long-term culture of CD4+

T cells in the presence of bortezomib promotes the emergence of a regulatory T-cell pop-
ulation that significantly inhibits proliferation, IFN-γ production and CD40L expression
among stimulated effector T cells.

Conclusions
These results reinforce the proposal of using bortezomib in the prevention of graft versus
host disease and, moreover, in the generation of regulatory T-cell populations, that could
be used in the treatment of multiple T-cell mediated diseases.
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Introduction

The ability of regulatory T (Treg) cells of suppressing
immune responses has raised a deep interest for their
potential therapeutic use in T-cell mediated diseases,
including autoimmune disorders, allograft rejection or
graft-versus-host disease (GVHD). Different Treg-cell sub-
sets have been described.1 The best studied are naturally
occurring CD4+CD25+ regulatory T (nTreg) cells. nTreg
cells develop in the thymus and then migrate to the periph-
ery, where they play a key role in self-tolerance.2

Phenotypically, they are characterized by the constitutive
expression of high levels of CD25 (IL-2 receptor α chain),2

the transcription factor forkhead box P3 (FOXP3)3 and
other markers such as GITR (glucocorticoid induced TNF
receptor family-related protein)4 CD62L5 or CTLA-4.6 They
also express low levels or no CD127.7 However, none of
these markers is uniquely associated with nTreg cells and
activated conventional T cells acquire a very similar pheno-
type.8 Therefore, it is difficult to obtain pure nTreg popula-
tions without activated non-regulatory T-cell contamina-
tion. 

Several experimental protocols have been described for
the extrathymic generation of suppressor T cells. These
adaptive or inducible regulatory T (iTreg) cells can be gen-
erated in the periphery in vivo under various tolerogenic
conditions, such as oral tolerance induction9 or injection of
tolerogenic dendritic cells.10 In vitro, repetitive stimulation
with immature dendritic cells11,12 or the presence of sup-
pressive cytokines such as IL-1013 or TGF-β in the culture14

can induce iTreg cells. It is also possible to generate or
expand Treg cells ex vivo by treating T cells with pharma-
cological immunosuppressants such as vitamin D3 and
dexamethasone15,16 or rapamycin, which has been reported
to promote selective expansion of naturally occurring Treg
cells.17

We have previously shown that the proteasome
inhibitor bortezomib selectively induces apoptosis of acti-
vated T cells while preserving viability of resting T cells.18

This property turns bortezomib into a potential therapeu-
tic tool against GVHD, raising the possibility of in vitro
purging alloreactive T cells while preserving effector T cells
with other specificities. Due to the suggested importance
of nTreg cells in the control of GVHD,19-22 in the current
manuscript we have analyzed the effect of bortezomib on
nTreg-cell viability. Our results demonstrate that the addi-
tion of bortezomib to activated CD4+ T-cell cultures allows
survival of nTreg cells and, moreover, promotes the emer-
gence of a distinct suppressor CD4+ T-cell population
(bTreg) that strongly inhibits the activation of in vitro stim-
ulated T cells.

Design and Methods

Cell purification and culture
Peripheral blood mononuclear cells (PBMCs) were isolat-

ed from buffy coats of volunteer healthy donors by densi-
ty gradient centrifugation using Ficoll-Paque solution (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). All donors
provided written informed consent in accordance with the

Declaration of Helsinki. CD4+ T cells were purified by neg-
ative selection using the Untouched CD4+ T Cell Isolation
Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany).
Isolation of CD4+CD25+ T cells was performed by using
the CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi
Biotec). To obtain the CD4+CD25– population, CD25+ cells
were depleted from isolated CD4+ T cells using CD25
Microbeads (Miltenyi Biotec). All the magnetic separations
were performed with the AutomacsTM Separator, following
the manufacturer’s instructions. The purity of isolated pop-
ulations was routinely >95%. Cells were cultured in RPMI
1640 medium supplemented with L-glutamine 2 mM,
penicillin 100 U/mL, streptomycin 100 mg/mL (all from
GIBCO, Grand Island, NY, USA) and 10% human AB
serum (Sigma, St. Louis, MO, USA).

Viability assays
CD4+CD25+ T cells were isolated from CD4+ T cells.

CD4+CD25+ cells were then stained with the green fluores-
cent dye PKH-67 (Sigma) following the manufacturer’s
instructions and mixed back with CD4+CD25–PKH– T cells.
The cells were then cultured in the absence of any stimu-
lus or stimulated with either allogeneic irradiated (15 Gy)
PBMCs or with plate bound anti-CD3 (10 µg/mL) and sol-
uble anti-CD28 (1 µg/mL) mAbs (BD Biosciences, San Jose,
CA, USA). Different concentrations (0, 100, 500 or 1000
nM) of bortezomib (kindly provided by Millenium
Pharmaceuticals Inc, Cambridge, MA, USA) were added to
every culture condition. After five days of culture, cells
were collected, stained with CD25-PE, 7 amino-actinomy-
cin D (7-AAD) and CD4-APC (all from BD Biosciences),
and acquired in a FACSCalibur flow cytometer (BD
Biosciences). Paint-A-Gate software was used to calculate
the percentage of viable cells (7-AAD-) in every subpopu-
lation: regulatory T cells (PKH+CD25+), resting convention-
al T cells (PKH–CD25–) and activated conventional T cells
(PKH–CD25+).

In another set of experiments, CD4+CD25+ and
CD4+CD25– T cells were isolated and separately stimulated
for five days with anti-CD3 and anti-CD28 mAbs.
Different concentrations (0, 100, 500 or 1000nM) of borte-
zomib were added to every culture condition. Viability of
each subpopulation was analyzed by flow cytometry as
described above.

CD4+ T-cell long-term culture and immunophenotypic
analysis

Purified total CD4+ or CD4+CD25– T cells were stimulat-
ed with plate bound anti-CD3 (10 µg/mL) and soluble anti-
CD28 (1 µg/mL) mAbs (BD Biosciences). After 48 h, medi-
um or bortezomib 500 nM was added. Three rounds of
stimulation of seven days each were performed. IL-2 (R&D
Systems, Minneapolis, MN, USA) was added starting from
the second round of stimulation at 50 U/mL. IL-2 and
medium/bortezomib were added every two or three days.
Cells were left resting for one more week in the presence
of IL-2, but in the absence of anti-CD3/anti-CD28 and
bortezomib. After four weeks of culture, cells were collect-
ed and stained with CD25-FITC/CD127-PE-/CD4-PerCP-
Cy5.5/FOXP3-APC antibodies (all from BD Biosciences,
except FOXP3 from eBiosciences, San Diego, CA, USA).
Briefly, for surface staining, 100 µl of sample per tube were



incubated with the corresponding monoclonal antibodies
for 15 min at room temperature in the dark. Cells were
washed in PBS and then fixed and permeabilized with
FoxP3 Staining Buffer Set (eBiosciences) for FOXP3 stain-
ing.

Quantification of FOXP3 mRNA expression
Total RNA was obtained from T cells using the QiaGen

AllPrep DNA/RNA Microkit (Valencia, CA, USA) accord-
ing to the manufacturer’s instructions. Reverse transcrip-
tion was performed as previously described.23 FOXP3 RNA
levels were quantified using the 7900 HT Fast Real-Time
PCR System and TaqMan Gene Expression Assays
(Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s instructions. The assay IDs were:
ABL1, Hs00245445_m1, and FOXP3, Hs01085835_m1.
The cycle number at which the reaction crossed an arbi-
trarily placed threshold (Ct) was determined and the rela-
tive expression of FOXP3 regarding ABL1 was described
using the equation 2-∆Ct where ∆CT = CtFOXP3 – CtABL1.24

Functional studies: suppression assays
PBMCs from healthy donors were stained with PKH-67

and stimulated with plate bound anti-CD3 (10 µg/mL) and
soluble anti-CD28 (1 µg/mL) mAbs. CD4+ T cells cultured
during four weeks as previously described were added at
a 1:1 responder cells:long-term cultured cells ratio. After
four days, cells were collected, stained with CD25-PE, 7-
AAD and CD3-APC mAbs and analyzed by flow cytome-
try. Paint-A-Gate software was used to calculate the per-
centage of proliferating activated T cells (PKHdimCD25+),
non-divided activated T cells (PKHhighCD25+) and non-acti-
vated T cells (PKHhighCD25–) among viable responder T
cells. ModFit software was also used to calculate the per-
centage of resting and proliferating cells. 

CD40L and IFN-γ production of responder and long-
term cultured CD4+ T cells were also analyzed by flow
cytometry after staining with CD25-FITC/IFN-γ-PE/CD4-
PerCP-Cy5.5/CD40L-APC. The IntraStain kit (Dako
Cytomation, Denmark) was used following the manufac-
turer’s instructions. 

Statistical analysis
Mean values and their SD as well as the median and

range were calculated for each variable using the SPSS
software program (SPSS 15.0, Chicago, IL, USA).
Comparison between groups was made by analysis of
variance (post hoc Scheffé and Tukey tests were performed
to confirm differences between groups). A two-way
Measurement of Repeated Multiple Analysis (MR-
MANOVA two ways) was performed to compare the
effect of the different doses of the drug within the differ-
ent types of culture. p values less than 0.05 were consid-
ered statistically significant. 

Results

Bortezomib does not affect CD4+CD25+ regulatory
T-cell viability

To investigate whether bortezomib affects nTreg cell
viability, we isolated CD4+ T cells and subsequently sepa-

rated the CD4+CD25+ nTreg cell population. As conven-
tional activated T cells showed a similar phenotype to
nTreg cells after in vitro expansion (data not shown), we
stained CD4+CD25+ T cells with the green fluorescent dye
PKH-67 to specifically identify nTreg cells after culture,
and mixed them again with CD4+CD25– (PKH-67–) cells.
We cultured CD4+ T cells in the absence of stimulus (con-
trol) or stimulated either with allogeneic leukocytes
(mixed leukocyte culture, MLC) or with anti-CD3 and
anti-CD28 monoclonal antibodies. Different concentra-
tions of bortezomib (0, 100, 500, 1000 nM) were added to
each culture condition. Five days later, we analyzed by
flow cytometry the viability of the different types of CD4+

T cells: regulatory (CD25+ PKH+), resting conventional
(CD25– PKH–) and activated conventional (CD25+ PKH–) T
cells, assessed by the percentage of 7AAD– cells of each
subpopulation (Online Supplementary Figure S1).

In un-stimulated samples, neither viability of regulatory
nor conventional T cells was affected. As previously
shown by our group,18 when stimulated in MLC, or with
anti-CD3/anti-CD28 antibodies, viability of activated T
cells decreased in a dose-dependent manner, whereas rest-
ing T cell viability barely changed with the addition of
bortezomib. Interestingly, viability of regulatory T cells in
stimulated cultures remained essentially constant at the
different doses of bortezomib (Figure 1A). 

In addition, nTreg cells were selected based on the
expression of CD25 as previously specified and the effect
of the drug was evaluated on isolated non-Treg versus
nTreg cells. Again, nTreg cells were not significantly
affected in terms of viability by increasing the doses of the
drug (Figure 1B). 

It is worth mentioning that the phenotypic characteris-
tics of isolated CD4+CD25+ T cells were analyzed by flow
cytometry (Online Supplementary Figure S2), confirming that
they showed the typical phenotype of naturally occurring
regulatory T cells: CD4+CD25+FOXP3+CD127–/low.

Long-term culture of CD4+ T cells in the presence
of bortezomib gives rise to a regulatory T-cell
population

Since bortezomib did not affect nTreg cell viability, we
next investigated whether we could obtain a purified reg-
ulatory T-cell population after long-term culture of CD4+ T
cells in the presence of bortezomib, as has been described
with other immunosuppressants. For this purpose, we cul-
tured CD4+ T cells for three weeks with anti-CD3/anti-
CD28 and exogenously added IL-2, in the presence or in
the absence of 500nM bortezomib, and one more week in
the presence of IL-2, but in the absence of stimulus or
bortezomib. At the end of the culture we analyzed the
phenotypic characteristics of these cells. As shown in
Figure 2A, bortezomib induced a significant increase of
CD25 expression (p<0.001), although no significant differ-
ences were observed by flow cytometry in the expression
of FOXP3 or CD127 between untreated and bortezomib-
treated cells. However, RT-PCR analysis showed a signifi-
cant increase of FOXP3 RNA levels in cells long-term cul-
tured in the presence of 500nM bortezomib. Nevertheless,
this FOXP3 mRNA level was much lower as compared to
naturally occurring nTreg (Figure 2B). A more detailed
analysis (shown in Figure 3A) of these long-term cultured
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cells showed that at least three subpopulations of CD4+ T
cells appeared: 1) a CD25–FOXP3–CD127+/– population; 2) a
CD25+FoxP3+/–CD127+/– population and 3) a
CD25+FoxP3+CD127– population. Interestingly, we found
that in those cultures performed with the drug, the percent-
age of CD25– T cells significantly decreased, while both the
CD25+FOXP3+/–CD127+/– and the CD25+FOXP3+CD127–

populations significantly increased (Figure 3A and B). 
Next, we investigated whether these bortezomib long-

term cultured T cells showed suppressive capacity using
functional assays. For this purpose, freshly isolated PKH-67
stained T cells (responder T cells) were stimulated with
anti-CD3 and anti-CD28 antibodies in the absence of
bortezomib and co-cultured with CD4+ T cells long-term
cultured with or without the drug (Online Supplementary
Figure S3). As controls, responder T cells were cultured
alone, either unstimulated or stimulated with anti-
CD3/anti-CD28. After four days, we analyzed the prolifer-

ation and activation of responder T cells. The expression of
CD25 slightly decreased in responder T cells co-incubated
with bortezomib-treated cells. However, the number of
proliferating cells, as assessed by PKH fluorescence
diminution, significantly decreased when co-incubated
with cells previously treated for three weeks with high
doses of bortezomib (Figure 4A and B). Escalating ratios of
long-term cultured:effector T cells were performed in order
to evaluate the suppressive capacity of these cells. Freshly
isolated CD4+CD25+ nTreg cells were used as controls.
Results are shown in Figure 4C. We also analyzed IFN-γ
production and CD40L expression by both responder and
long-term cultured populations in these suppression
assays. The percentage of IFN-γ positive responder T cells
significantly decreased when stimulated in the presence of
500nM bortezomib-treated cells, compared to responder
cells co-incubated with bortezomib-untreated T cells
(Online Supplementary Figure S4). Regarding the long-term
cultured populations, 60.9% of the cells cultured in the
absence of bortezomib were IFN-γ positive, versus 8%
among T cells treated with 500nM bortezomib. Likewise,
CD40L positive cells decreased from 48.9% for untreated
cells to 21.56% for bortezmib-treated cells (Figure 5).

Figure 1. (A) High doses of bortezomib (1000 nM) did not
decrease viability among Treg cells (PKH-67+CD25+ population) or
resting T cells (PKH-67–CD25– population) in either un-stimulated
(control), MLC or ααCD3/ααCD28 stimulated CD4+ T-cell cultures.
Conversely, percentages of viable activated T cells (PKH-67–CD25+

population) significantly decreased in a dose dependent manner
in stimulated cultures. (B) Viability of isolated CD4+CD25– cells
versus CD4+CD25+ cells after exposure to increasing concentra-
tions of bortezomib.
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A regulatory T-cell population can also be obtained after
long-term culture of CD4+CD25– T cells in the presence
of bortezomib 

These results suggested that long-term culture of CD4+

T cells in the presence of bortezomib increases the percent-
age of naturally occurring CD4+CD25+ regulatory T cells
but, most importantly, gives rise to a distinct population of
suppressor or regulatory T lymphocytes (bTreg)
(CD25+FOXP3+/–CD127+/– cells). In order to confirm that
this bTreg population was not derived from CD4+CD25+

nTreg cells, but a different Treg population, we used the
same approach starting the experiment from CD4+ T cells
depleted of CD25+ Treg cells. Upon analyzing the different
T-cell populations obtained after culture, again a significant
decrease of the CD25–FOXP3–CD127+/– population was
observed, while the percentage of CD25+FOXP3+/–CD127+/–

cells (bTreg) significantly increased. Likewise, a significant
increase in the CD25+FOXP3+CD127– cells was observed
(Figure 6A and B). 

Functional assays were again performed in order to eval-
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Figure 2. Phenotypic analysis of long-term cultured CD4+ T cells
in the presence or in the absence of 500nM bortezomib. (A)
Histograms representing the expression of CD25, FOXP3 and
CD127; one of five similar experiments is shown. Mean fluores-
cence intensity ratio (MFIR) (MFI cells cultured with 500nM
bortezomib/MFI cells cultured with 0nM bortezomib) were 4.9
for CD25, 1.4 for FoxP3 and 0.95 for CD127 expression. (B)
Mean (SD) of FOXP3 mRNA level was 0.45 (0.17), 1.95 (1.1)
and 28.5 (36.1) for bortezomib untreated and bortezomib
treated long-term cultured T cells, and for freshly isolated
CD4+CD25+ T cells, respectively.

Figure 3 CD4+ T-cell sub-pop-
ulations obtained after long-
term culture in the presence
of bortezomib. (A)
Immunophenotypic analysis
allowed the identification of
CD25–FOXP3–CD127+/– cells,
CD25+FOXP3+CD127+/– cells
and CD25–FOXP3–CD127–

cells among freshly isolated
or long-term cultured (borte-
zomib 0 or 500 nM) CD4+ T
cells. One representative
experiment of five is present-
ed. (B) Percentages of each
of the three subpopulations
obtained after CD4+ T-cell
long-term culture in the pres-
ence or in the absence of
borteozmib 500 nM.
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uate the suppressive effect of long-term cultured
CD4+CD25– cells on the proliferation of responder T cells.
Interestingly, as shown in Figure 6C, T cells long-term cul-
tured in the presence of bortezomib significantly decreased
the proliferation of responder T cells, the mean percentage
(SD) of resting cells among responding T lymphocytes
being 17.9% (5.9) versus 72% (9.3) upon culture with
untreated versus bortezomib-treated T lymphocytes
(p<0.001). Thus, bTreg with suppressive capacity were
also obtained after culture of CD4+CD25– selected T cells in
the presence of bortezomib. 

Finally, we compared percentage of the three subpopula-
tions obtained after long-term culture of total CD4+ cells
versus CD4+CD25– selected T cells. Although there were
no statistically significant differences, long-term cultured
total CD4+ T cells showed a higher percentage of bTreg
and nTreg cells than CD4+CD25– cells (data not shown).
Upon comparing functional effect of both type of cells,
those bTreg obtained after culture of total CD4+ cells dis-
played a higher suppressive effect, although these differ-
ences were not statistically significant, the mean percent-
age (SD) of non-proliferating effector T cells in suppression
assays being 78.5 (8.9) versus 72 (9.3) for responder T cells
co-cultured with total CD4+ or CD4+CD25– T cells, respec-
tively, p=0.27. 

Figure 4. Suppression assays: proliferation. (A) proliferation, moni-
tored by PKH-67 dilution of control or ααCD3/ααCD28 stimulated
responder T cells, co-incubated or not with cells long-term cultured
in the presence or in the absence of 500 nM bortezomib (1:1 ratio);
one of five similar experiments is shown. (B) Mean (SD) number of
non-proliferating cells among responding T lymphocytes were 92
(18.3), 25 (8.4), 27.3 (7.3), and 68.7 (9.6) for (a) unstimulated T
cells (negative control), (b) T cells stimulated with aCD3/aCD28
(positive control) and T cells incubated with ααCD3/ααCD28 plus T
lymphocytes long-term cultured (c) without bortezomib or (d) with
500nM bortezomib. (C) Titration assays showing the suppressive
capacity of T cells long-term cultured at 500nM bortezomib (bTreg)
at increasing ratios of long-term cultured versus effector T cells.
Naturally occurring CD4+CD25+ Treg as well as CD4+ T cells long-
term cultured in the absence of bortezomib (shown as 0nM) were
used as controls. 

Figure 5. Suppression assays: IFN-γ and CD40L intracytoplasmic pro-
duction after co-culture of responder plus long-term cultured T cells;
expression by both responder and long-term cultured T cells is
shown. 
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Discussion

We have previously proposed the use of the protea-
some inhibitor bortezomib for in vitro depletion of allore-
active T cells in order to prevent GVHD. To this extent,
we have demonstrated that, in a mixed leukocyte culture,
bortezomib selectively kills alloreactive T cells.18

Moreover, preliminary data using this approach in the clin-
ical setting have already been reported showing promising
results.25 But another important issue remained to be con-
sidered. Accumulating evidence suggests an important
role of Treg cells in the control of GVHD. Several studies
have found a positive correlation between high numbers
of circulating CD4+CD25+FoxP3+ Treg cells and reduced
GVHD22,26,27 after hematopoietic stem cell transplantation.
Likewise, it has been suggested that approaches of selec-
tive depletion of alloreactive T cells based on CD25+ T-cell
depletion could exacerbate GVHD due to the elimination
of CD4+CD25+ Treg cells.28 Thus, it would be desirable to

develop new procedures of GVHD prophylaxis which
allow the preservation or even expansion of regulatory T
cells. In the current study we have addressed the effect of
bortezomib on the viability of naturally occurring
CD4+CD25+ regulatory T cells. Our results indicate that
bortezomib does not affect nTreg viability, both in resting
condition or in a mixed leukocyte culture in which some
T cells will presumably recognize alloantigens and
become activated. Moreover, even after polyclonal activa-
tion with anti-CD3 and anti-CD28 antibodies, the viabili-
ty of nTreg cells remained unaffected. 

On the other hand, the resistance of nTreg cells to the
pro-apoptotic effect of bortezomib prompted us to
explore the possibility of obtaining a cell population high-
ly enriched on regulatory T cells using bortezomib, as pre-
viously reported with immunosuppressive drugs such as
the combination vitamin D3-dexamethasone or
rapamycin.15-17 For that purpose, we stimulated CD4+ T
cells for three weeks in the presence or in the absence of
bortezomib, and left them resting one more week in the
absence of the drug. The analysis of CD4+ T cells at the
end of the culture reveals the existence of at least three
subpopulations: a CD25–FOXP3–CD127+/– population,
most likely cells that have returned to the resting state; a
CD25+FoxP3+CD127– population, presumably naturally
occurring Treg cells and a CD25+FoxP3+/– population
(bTreg), expressing variable levels of CD127. The nTreg
cell population significantly augmented with the addition
of bortezomib, although the percentage remained rather
modest. These data suggest that treatment with borte-
zomib, even during long periods of time and at high doses,
preserves Treg cells but does not promote a great expan-
sion of this cell subset. Nevertheless, the analysis of the
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Figure 6. Analysis of long-
term cultured CD4+CD25– T
cells in the presence or in the
absence of 500 nM borte-
zomib. (A) Dot plots repre-
senting the subpopulations
obtained; one of five similar
experiments is shown. (B)
Box-plots showing cell per-
centages of the three subpop-
ulations obtained:
C D 2 5 – F OX P 3 – C D 1 2 7 + / – ,
CD25+FOXP3+/–CD127+/– and
CD25+FOXP3+CD127–. (C)
Suppression of proliferation
of responder T cells by long-
term cultured CD4+CD25– T
cells. The mean (SD) number
of non-proliferating cells
among responding T lympho-
cytes was 98.4 (0.7), 13.4
(1.63), 17.9 (5.9), and 72
(9.3) for (a) un-stimulated T
cells (negative control), (b) T
cells stimulated with
ααCD3/ααCD28 (positive con-
trol) and T cells incubated
with αCD3/ααCD28 plus (c)
untreated versus (d) 500nM
bortezomib-treated long-term
cultured T lymphocytes. 
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suppressive capacity of this long-term cultured CD4+ cells
showed that T cells cultured in the presence of bortezomib
significantly reduced the proliferation, IFN-γ production
and CD40L expression of anti-CD3/anti-CD28 stimulated
responder T cells, while the addition of bortezomib-
untreated cells to the cultures barely changed these param-
eters among responder T cells. It’s unlikely that this
marked suppressor effect is only due to the modest
increase in the percentage of nTreg cells, but most proba-
bly to the CD25+FOXP3+/- (bTreg) population which signif-
icantly increases upon culture with high doses of borte-
zomib. 

In order to confirm that this suppressor effect was main-
ly due to a population different from nTreg, either selected
or generated by the treatment with bortezomib, we stud-
ied if we could obtain the same suppressor population
starting from CD4+CD25– T cells. With this aim, we per-
formed similar experiments with CD4+ T cells depleted of
nTreg cells. Interestingly, for all the parameters analyzed,
we obtained similar results to those achieved when the
starting population contained nTreg cells. It is of note that
small percentages of cells with nTreg phenotype appeared
in Treg depleted cells cultured with bortezomib. These
cells may correspond to contaminating Treg cells that
remained after CD25+ T-cell depletion (<0.5%) the percent-
age of which has increased because of their proliferative
advantage over conventional T cells in the presence of
bortezomib. Likewise, bortezomib long-term cultured
cells, both total CD4+ or CD4+CD25– cells, showed a
marked reduced production of IFN-γ, and significantly
lower expression of CD40L, while FOXP3 expression did
not reach the levels observed among nTreg cells.
Interestingly, it has been demonstrated that FOXP3 may
not be essential for the function of ex vivo generated regu-
latory T cells, as FOXP3– Treg cells induced by several
approaches have been shown to efficiently inhibit prolifer-
ation of T cells similarly to CD4+CD25+ nTreg cells.11,16

Therefore, on one hand, the culture of CD4+ T cells in the
presence of bortezomib does not affect nTreg cell viability
and, on the other hand, long-term culture of CD4+ T cells
in the presence of bortezomib, irrespective of whether
they contain CD25+ T cells or not, gives rise to a regulato-
ry population, apparently different from naturally occur-
ring Treg cells. Both properties may be of clinical relevance,
not only for the treatment of GVHD, but also for situations
in which activation of T cells is undesirable, such as
autoimmune disorders or solid organ transplantation. Pre-
clinical studies have clearly shown protection of GVHD
after nTreg cells transfer in murine models of bone marrow
transplantation.29-31 The inconvenience of this approach is

that the nTreg population represents a small percentage of
peripheral blood CD4+ T cells (5-10%) so that expansion
procedures are required. This expansion can be achieved
by polyclonal stimulation with anti-CD3 and anti-CD28
antibodies in the presence of IL-2. However, these culture
conditions are highly favorable for the expansion of con-
ventional T cells, which can contaminate the purified
nTreg-cell population and overgrow nTreg after prolonged
culturing in vitro.32 As it has been pointed out,33 the risk of
co-expanding potentially harmful cells represents a major
concern for the clinical use of expanded nTreg cells. In
order to minimize this problem, Battaglia et al. have pro-
posed the addition of rapamycin to the culture media,
resulting in a significant reduction of the undesired expan-
sion of effector T cells and allowing the proliferation of
nTreg cells.17 In a similar way, we have found that borte-
zomib reduces the expansion of conventional T cells,
allowing both the survival of naturally occurring nTreg
cells and the appearance of a distinct suppressor T-cell pop-
ulation, limiting the expansion of undesired effector T
cells. In this regard, our results resemble more those
obtained by Valmori et al., who postulate that rapamycin-
mediated enrichment of T cells with regulatory activity in
stimulated CD4+ T-cell cultures is not due to the selective
expansion of nTreg cells, but to the induction of regulato-
ry functions in conventional CD4+ T cells.34 Accordingly,
our treatment gives rise to a population of suppressor T
cells which differ from nTreg cells. But whether these cells
were committed or not to be regulatory, that is, if they are
selected or newly induced with this approach, should be
addressed.

In summary, the promising results obtained in this study
strengthen our idea of using bortezomib in the prevention
of GVHD, not only because of its selective cytotoxic effect
on activated T cells, but also due to its ability to preserve
and/or generate regulatory T cells. 
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