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ABSTRACT
Background
Very little is known about the number and function of immunosuppressive CD4+CD25+FOXP3+ T
regulatory cells (Treg) in the human bone marrow and it is unclear whether bone marrow-resid-
ing Treg are capable of regenerating following allogeneic stem cell transplantation. This is par-
ticularly surprising since the bone marrow represents a major priming site for T-cell responses
and Treg play important roles in the prevention of T-cell-mediated graft-versus-host disease and
in promoting tumor escape from T-cell-dependent immunosurveillance.

Design and Methods
Applying flow cytometry, real-time polymerase chain reaction, and functional assays, we per-
formed the first study on bone marrow and peripheral blood Treg in healthy donors as well as
multiple myeloma patients before and after allogeneic stem cell transplantation.

Results
We found that, following the allogeneic transplantation, donor-derived CD4+CD25+FOXP3+ Treg
expanded faster than conventional CD4+ T cells, leading to an accumulation of Treg in the bone
marrow of transplanted patients who lack relevant thymic function. The reconstituted bone mar-
row-residing CD4+CD25+FOXP3+ Treg of myeloma patients after allogeneic stem cell transplan-
tation consisted preferably of CD45RA–CCR7– memory T-cells and contained low numbers of T-
cell receptor excision cycles, indicating that Treg had indeed expanded outside the thymus.
Importantly, bone marrow-residing Treg of newly diagnosed and myeloma patients after allo-
geneic stem cell transplantation expressed high levels of transforming growth factor β and cyto-
toxic T-lymphocyte antigen 4, and showed a strong inhibitory function.

Conclusions
We suggest that allogeneic stem cell transplantation provides a short but significant window of
opportunity for CD8+ T cells before an exuberant regeneration of immunosuppressive Treg sets in.
Later after transplantation, bone marrow-residing Treg probably contribute to suppressing graft-
versus-host disease but may also undermine persistent immune control of multiple myeloma.
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Introduction

Multiple myeloma is a clonal B-cell malignancy character-
ized by an accumulation of mature plasma cells in the bone
marrow leading to bone destruction and bone marrow fail-
ure. Myeloma remains incurable and even with high-dose
chemotherapy and autologous stem cell transplantation
(SCT) patients show a median survival of only 3 to 5 years.1

Following allogeneic SCT lower relapse rates have been
reported, probably due to a graft-versus-myeloma effect
mediated by donor lymphocytes.2 A proportion of patients
treated with allogeneic SCT even achieve molecular remis-
sion resulting in long-term freedom of disease.3 Un-
fortunately, these therapeutic improvements have been ham-
pered by a high treatment-related mortality4 based on the
fact that immune responses derived from the allogeneic graft
are not strictly myeloma-specific and are, therefore, associat-
ed with immune-mediated side effects. 

For more than two decades, one principal goal in the field
of allogeneic SCT has been to segregate beneficial graft-ver-
sus-myeloma effects from life-threatening graft-versus-host
disease (GVHD). We reasoned that induction chemotherapy
might play an important role in the generation of graft-ver-
sus-myeloma effects since it has been shown that
chemotherapy-induced lymphodepletion is capable of boost-
ing antitumor immunity.5 The eradication of the immuno-
suppressive influence of regulatory T cells has been proposed
as one mechanism underlying this paradigm.6

Prevention of immune reactivity to self-antigens is prima-
rily achieved through negative selection in the thymus, how-
ever, some autoreactive T cells escape into the periphery and
several mechanisms are implemented to keep such anti-self
T cells in check. It has recently become clear that peripheral
tolerance is largely maintained by immunosuppressive regu-
latory T cells (Treg), such as CD4+CD25+ T cells, which typ-
ically co-express transcription factor forkhead box P3
(FOXP3).7 Animal models have shown that CD4+CD25+ Treg
have the potential to prevent GVHD following allogeneic
SCT by inhibiting pathogenic T cells.8 Accordingly, the num-
bers of  Treg seem to be reduced in the peripheral blood of
patients suffering from GVHD9 and increased CD4+ CD25+

FOXP3+ Treg numbers in donor-derived stem cell transplants
result in a diminished risk of GVHD.10,11

Unfortunately, in addition to their role in suppressing
autoimmune responses, Treg also represent a main obstacle
to an effective anti-tumor T-cell response.12 Patients with
solid tumors have increased numbers of Treg in their periph-
eral blood and tumor-infiltrating Treg are associated with
reduced survival in cancer patients.12 In animal models, elim-
ination of Treg led to increased tumor-specific immune
responses13 and to an enhanced T cell-mediated rejection of
established tumors.14 Accordingly, depletion of CD4+CD25+

Treg seems to enhance anti-tumor immunity in cancer
patients.15

Practically nothing is known about the presence and
function of Treg in the human bone marrow, especially
after allogeneic SCT. This seems surprising since studies

have emphasized the role of the bone marrow as a major
priming site for T-cell responses16,17 and T cells directed
against solid tumors are enriched within this compart-
ment.18,19 Furthermore, bone marrow-residing memory T
cells are involved in the control of dormant hematologic
malignancies,20 and, in patients with myeloma, such bone
marrow-infiltrating lymphocytes have the potential to tar-
get myeloma cells and their precursors.21 Based on these
findings and the fact that the bone marrow represents the
immediate tumor environment of myeloma, we conducted
the first study focusing on marrow-residing CD4+CD25+

FOXP3+ Treg.
CD4+CD25+FOXP3+ Treg have traditionally been thought

to be generated exclusively in the thymus and there is still
no definitive answer to the question whether human
CD4+CD25+FOXP3+ Treg can expand in the periphery or
whether peripheral non-regulatory T cells can convert into
human Treg in vivo.22 In our patients, donor-derived stem cell
preparations containing conventional T cells as well as
CD4+CD25+FOXP3+ Tregs were transferred into recipients
who were lacking relevant thymic function. While thymic
involution begins in early childhood, the thymus may retain
some low-level activity during adult life in supporting T-cell
differentiation.23 High-dose chemotherapy, however, has
devastating effects on the thymus24 and GVHD in patients
following allogeneic SCT further contributes to the destruc-
tion of thymic function.25 Overall, it seems highly unlikely
that the thymus has the capacity to make a significant con-
tribution to the reconstitution of naïve T cells in elderly
patients who have undergone allogeneic SCT. Any signifi-
cant expansion of Treg in these patients should, therefore, be
based on the proliferation of donor Tregs or on the conver-
sion of donor-derived conventional T cells into Treg.

In this study, we performed the first systematic analysis of
Treg numbers and function in the human bone marrow
examining myeloma patients treated with allogeneic SCT.
For comparison, Treg of healthy bone marrow donors and
newly diagnosed myeloma patients were analyzed and
peripheral blood Treg of the same patients were examined
in parallel. The potential of Treg to reconstitute following
allogeneic SCT was explored and the immunosuppressive
function of marrow-derived Treg was investigated.

Design and Methods

Patients and healthy stem cell donors
Forty consecutive post-allogeneic SCT myeloma patients,

17 newly diagnosed myeloma patients, 24 healthy bone
marrow donors and 15 blood donors were studied. Healthy
subjects and myeloma patients, who were admitted for
treatment at the University Medical Center Hamburg-
Eppendorf, gave informed consent in accordance with the
Declaration of Helsinki of 1975, as revised in 2000. All
patients treated with allogeneic SCT had undergone previ-
ously received conventional chemotherapy and autologous
SCT. Patients received pretransplant conditioning with mel-
phalan (140 mg/m2) and fludarabine (90-150 mg/m2) within
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a prospective trial as recently reported.26 GVHD prophylaxis
consisted of antithymocyte globulin (60 mg/kg) in the case
of unrelated SCT, short course methotrexate on days +1, +3,
and +6, and cyclosporine A (3 mg/kg) until day +180. The
study protocol was approved by the local ethics committee
(Hamburger Ärztekammer; decision number OB-038/06).

Bone marrow and blood samples
Bone marrow and blood samples from myeloma patients

were obtained during routine diagnostic procedures.
Samples obtained from consenting healthy donors were part
of marrow or blood donations. Mononuclear cells were iso-
lated by density gradient centrifugation and underwent
immediate analysis by flow cytometry or were cell-sorted
for extraction of RNA or genomic DNA.

Flow cytometry
Fresh bone marrow for flow cytometry was available from

40 post-allogeneic SCT myeloma patients, 17 newly diag-
nosed myeloma patients, and 15 healthy bone marrow
donors. Peripheral blood was available from 18 of the post-
transplant patients and 14 of the newly diagnosed patients.
Mononuclear cells were stained using monoclonal antibodies
to CD4, CD25, CCR7 (R&D Systems, Minneapolis, MN,
USA), CD8, and CD45RA (BD Biosciences, San Jose, CA,
USA) and appropriate IgG isotype controls. Co-staining of
intracellular FOXP3 was performed applying anti-FOXP3
monoclonal antibody PCH101 (eBioscience, San Diego, CA,
USA). Samples were analyzed using a FACSCalibur cytome-
ter and CELLQuest software (BD Biosciences).

Purification of CD4+CD25+ Treg and inhibition assay
CD4+ T cells were positively selected using magnetic

beads (Dynal, Oslo, Norway). CD4+CD25+ cells were isolat-
ed from CD4+ cells using anti-CD25 beads (Miltenyi
Bergisch Gladbach, Germany). Autologous bone marrow or
peripheral CD4+ T cells (2.5×104) were stimulated with 5
µg/mL soluble anti-CD3 (BD Biosciences) and 0.5 µg/mL
anti-CD28 (eBioscience) antibodies. As feeder cells, 5×105

irradiated autologous peripheral blood mononuclear cells,
which had been depleted of CD3+ T cells, were added. To
determine the inhibitory capacity of Treg, 2.5×104 CD4+

CD25+ T cells were added to each well. Cells were co-cul-
tured in 96-well round-bottomed plates in a final volume of
200 µL complete RPMI containing 10% human serum for 5
days. Cell proliferation was measured using the Biotrak™
cell proliferation enzyme-linked immunosorption assay sys-
tem (Amersham Biosciences, Piscataway NJ, USA).
Responder cells were pulsed with 10 µM bromodeoxyuri-
dine for the last 18 hours of culture. Following fixation, per-
oxidase-labeled anti-bromodeoxyuridine was added and
absorbance was read at 450 nm using a microtiter plate spec-
trophotometer (SLT Labinstruments, Salzburg, Austria).

Real-time polymerase chain reaction
T-cell subpopulations were isolated from total bone mar-

row mononuclear cells using a FACSAria cell sorter (BD

Biosciences). Extraction of genomic DNA was performed
using the QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Extraction of RNA and reverse transcription were performed
using the RNeasy Mini Kit (Qiagen) and AMV reverse tran-
scriptase (Promega, Madison, WI, USA). Real-time poly-
merase chain reaction was performed as described previous-
ly.27 Primer sequences for target genes and the housekeeping
gene glyceraldehydephosphate dehydrogenase (GAPDH)
are given in Supplementary Table 1.

Statistical analysis
The Mann-Whitney U test was used to calculate differ-

ences between groups of patients and Wilcoxon’s test was
applied to determine significant differences between
immune parameters within the same groups of patients.
Spearman’s rank correlation was used to analyze correla-
tions between patients’ characteristics and immunological
parameters. Results were considered statistically significant
if p<0.05.

Results

Patients’ characteristics
Reflecting the general myeloma population, newly diag-

nosed and post-allogeneic SCT patients showed a male pre-
dominance; the typical patient was around 60 years old and
IgGκ was the most common idiotype (Supplementary Table
2). The only significant differences between these two
groups were a lower number of bone marrow-infiltrating
plasma cells (p=0.001) and a higher serum albumin (p=0.003)
in the post-transplant myeloma patients.

The myeloma patients who had undergone allogeneic
SCT had all received the same induction chemotherapy. At
the time of analysis, all transplanted patients had fully
engrafted and showed complete chimerism. The median
interval between transplantation and analysis was 37
months (range, 4-110 months). Thirty-one (77.5%) of the
post-allogeneic SCT patients were in complete or near-com-
plete remission (immunofixation-positive), seven (17.5%)
had suffered a relapse, and two (5.0%) showed progressive
disease. Most of the transplanted patients (n=33; 82.5%)
were off immunosuppressive medication and did not dis-
play any signs of GVHD. However, one patient suffered
from acute GVHD (grade II) and six patients had limited
(n=3) or extensive (n=3) chronic GVHD.

CD4+FOXP3+ Treg reconstitute in the bone marrow of
myeloma patients after allogeneic SCT

Since it was unknown whether human bone marrow-
derived Treg would show a pattern of reconstitution compa-
rable to that observed for non-regulatory T cells, we first
examined whether the time passed since transplantation
was related to the number of Treg present in the bone mar-
row of our post-transplant myeloma patients. Plotting the
percentages of bone marrow-residing CD8+ T cells against
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the number of months that had passed since transplantation
did not show a significant association between the two
parameters. In contrast, percentages of marrow-residing
conventional CD4+ T cells correlated strongly (p=0.01,
r=0.46) with the time passed since transplantation. The
same was true for CD4+FOXP3+ Treg which seemed to have
undergone a significant (p=0.02, r=0.37) expansion in the
bone marrow of patients following allogeneic SCT (Figure
1A). Importantly, conventional T cells as well as Treg were
both donor-derived, as indicated by donor-specific real-time
polymerase chain reaction analysis (data not shown).

Next, we analyzed whether immune reconstitution had
led to complete replenishment of the bone marrow with
donor-derived Treg and conventional T cells at the median
time of 37 months post-transplantation. We observed com-
parable frequencies of bone marrow-residing CD8+ T cells in
post-allogeneic SCT patients, newly diagnosed patients, and
healthy bone marrow donors (Figure 1B), indicating that
CD8+ T cells had already fully reconstituted in our trans-

planted patients, a finding supporting earlier studies show-
ing a very rapid expansion of CD8+ T cells during the first
weeks following allogeneic SCT.28 Such a rapid expansion of
CD8+ very early after transplantation would also explain
why a relation between the number of these cells and the
time passed since transplantation was not detectable at our
study’s median follow-up time of 37 months post-transplan-
tation.

When we analyzed percentages of bone marrow-residing
CD4+ T cells in all three groups, we found markedly
decreased numbers of these cells in the transplanted patients
compared to newly diagnosed patients and healthy controls
(Figure 1B), supporting previous studies showing diminished
numbers of conventional CD4+ T cells for several years after
allogeneic SCT. Surprisingly, however, this was not the case
for donor-derived CD4+FOXP3+ Treg, which, in contrast to
their non-regulatory CD4+counterpart, had already reached
levels comparable to those in healthy volunteers, indicating
a profound difference between the two types of CD4+ cells
regarding their potential to expand after myeloablative ther-
apy in these patients without significant thymic function.

Immune reconstitution results in the accumulation of
CD4+CD25+FOXP3+ Treg in the bone marrow of myeloma
after allogeneic SCT

Analyzing whether the preferential reconstitution of Treg
might have led to an accumulation of these cells within the
bone marrow of post-allogeneic SCT myeloma patients, we
indeed observed a strong enrichment of CD4+FOXP3+ Treg
in the transplanted patients compared to in newly diagnosed
patients and healthy controls (Figure 2). As shown in the rep-
resentative dot plot in Figure 2, we generally found only a
minority of all bone marrow-resident CD25+ T cells to be
positive for FOXP3, while nearly all FOXP3+ T cells simulta-
neously expressed CD25. In contrast to FOXP3-CD25+ T
cells, which are probably activated T cells, these triple-posi-
tive CD4+CD25+FOXP3+ cells most likely represent true
Tregs and were also strongly enriched among the CD4+ T
cells of the post-transplant myeloma patients (Figure 2). 

In accordance with the idea that Treg might contribute to
the suppression of GVHD in patients after allogeneic SCT,
we observed lower percentages of CD4+FOXP3+ Treg in the

Figure 1. CD4+FOXP3+ Treg reconstitute in the bone marrow of
myeloma patients after allogeneic SCT. Percentages of bone mar-
row-residing CD8+ T cells, CD4+ T cells, and CD4+FOXP3+ Treg were
determined in 17 newly diagnosed myeloma patients (MM), in 40
myeloma patients following allogeneic SCT (Post MM) and in 15
healthy bone marrow donors using flow cytometry. Data are given
as percentage of total bone marrow (BM) lymphocytes plotted
against the number of months since allogeneic SCT (A). Mean
percentages of each T-cell subset were also compared between
groups (B). Bars show mean values ± standard error of mean.
Asterisks indicate statistically significant differences between
groups (***p<0.001). 

Figure 2. Accumulation of
CD4+FOXP3+ Treg in the bone marrow
of myeloma patients after allogeneic
SCT. Percentages of bone marrow-
residing CD4+ (upper row) and CD8+

(lower row) T cells expressing FOXP3
and/or CD25 were determined using
flow cytometry in 40 myeloma
patients following allogeneic SCT, 16
newly diagnosed myeloma patients,
and 15 healthy donors. Data are given
as percentages of all CD4+ and CD8+ T
cells expressing the given combina-
tion of antigens. Bars show mean val-
ues + standard error of mean.
Asterisks indicate statistically signifi-
cant differences between groups
(*p<0.05, **p<0.01, ***p<0.001). 
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bone marrow of our patients with GVHD than in those
without GVHD (data not shown). However, given the small
number of patients suffering from allo-immune phenomena,
this finding failed to reach statistical significance (p=0.13).
Interestingly, the presence of progressive disease or relapse
of myeloma did not have any influence on the numbers of
Treg present in the patients’ bone marrow, supporting the
hypothesis that bone marrow-residing Treg might con-
tribute to the prevention of GVHD while allowing immune-
mediated graft-versus-myeloma effects. 

It has recently been reported that FOXP3+ Treg are also
present among CD8+ T cells.29 However, we never observed
protein expression of FOXP3 in bone marrow CD8+ T cells
(Figure 2B), suggesting that T cells with a regulatory function
are restricted to the CD4+ subpopulation. In contrast, we did
observe significant expression of CD25 on marrow-residing
CD8+ T cells (Figure 2), but, as in the case of CD4+ T cells,
there were no differences regarding CD25 expression
between groups, supporting the idea that CD25-expressing
CD4+ and CD8+ T cells mostly represented activated non-
regulatory T cells.

Comparing Treg numbers in the bone marrow with those
in the peripheral blood, we observed that Treg had indeed
reconstituted in the periphery and that, in general, the per-
centages of these cells were higher in the peripheral blood
than in the bone marrow (Figure 3). Importantly, however,
donor-derived CD4+FOXP3+ Treg in post-allogeneic SCT
myeloma patients were much more likely to remain in the
bone marrow than the same cells in the control group
(Figure 3), indicating a promoting effect of allogeneic SCT on
Treg homing into the bone marrow compartment.

Bone marrow-residing CD4+CD25+FOXP3+ Treg express
high levels of transforming growth factor β (TGF-β) and
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and exhibit
full inhibitory function

Since a recent study indicated a diminished function of
peripheral CD4+CD25+ Treg in patients with myeloma,30

we next investigated the functional properties of the Treg
in the bone marrow of our post-transplant patients. We
found that bone marrow-residing Treg generally exerted a
very strong inhibitory effect on the proliferation of autolo-
gous non-regulatory CD4+ T cells. In some cases, the
inhibitory capacity of bone marrow Treg even seemed to
be stronger in both groups of myeloma patients than in
healthy donors (Figure 4A). Bone marrow CD4+CD25+

Treg from myeloma patients were as potent in suppressing
the proliferation of conventional CD4+ as were
CD4+CD25+ Treg derived from the peripheral blood of the
same patient (Supplementary Figure 1A).

In order to identify some of the possible mediators of the
immunosuppressive function of bone marrow Treg, we
analyzed, for the first time, the expression of a number of
key molecules which have been linked to the inhibitory
function of these cells, in Treg residing in the human bone
marrow. When we analyzed FACS-sorted bone marrow
CD4+CD25+ T cells for their expression of a variety of genes

using real-time polymerase chain reaction, we found that
these cells were significantly enriched for Treg because only
CD4+CD25+ T cells expressed high levels of FOXP3 and
CD25 (Supplementary Figure 1B). Since it has been suggested
that TGF-β1, CTLA-4, and interleukin 10 (IL-10) contribute
to the immunosuppressive effects exerted by Treg in vivo,22

we quantitatively analyzed the expression of these genes in
Treg. While we did not observe any difference in the
expression of IL-10 between CD4+CD25+FOXP3+ Treg and
their CD4+CD25–FOXP3– counterparts, we found that only
bone marrow Treg expressed significant levels of CTLA-4
while conventional CD4+CD25– T cells did not
(Supplementary Figure 1B). The most striking hallmark of
bone marrow-residing CD4+CD25+FOXP3+ Treg was, how-
ever, their strong expression of TGF-β1 which approached
the expression levels of the GAPDH housekeeping gene
(Supplementary Figure 1B). We, therefore, conclude that
CTLA-4 and especially TGF-β1 might represent mediators
of the immunsuppressive function of Treg residing in the
bone marrow compartment.

Reconstituted bone marrow CD4+FOXP3+ Treg of post-
allogeneic SCT myeloma patients represent memory T
cells which have expanded outside the thymus

Finally, we investigated whether a peripheral expansion
of Treg was responsible for the regeneration and the accu-
mulation of Treg in the bone marrow compartment. T-cell
receptor (TCR) diversity expressed on T-cell precursors is
created in the thymus through recombination of gene seg-
ments encoding the variable parts of the TCR α and β
chains. During these processes, by-products of the
rearrangements are generated in the form of TCR excision
circles (TREC). As these molecules are lost upon further
mitotic cell division, their quantification is considered a
valuable tool to measure the proliferative history of T cells
and their developmental proximity to the thymus.31

In our current study, we investigated for the first time

Figure 3. Ratio of bone marrow/peripheral blood CD4+FOXP3+

Treg as an indicator of Treg homing into the bone marrow com-
partment. Percentages of bone marrow-residing and correspon-
ding peripheral blood CD4+FOXP3+ Treg were determined using
flow cytometry in 14 patients with newly diagnosed myeloma and
in 18 myeloma patients following allogeneic SCT. The ratio of
bone marrow CD4+FOXP3+ Treg/peripheral blood CD4+FOXP3+ Treg
was calculated as an indicator of Treg homing to the bone marrow
compartment. Since peripheral blood mononuclear cells were not
available from healthy bone marrow donors, peripheral blood
mononuclear cells of 15 consecutive healthy blood donors were
analyzed for comparison. Bars show mean ratios. Asterisks indi-
cate statistically significant differences between groups
(***p<0.001). 
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TREC levels in bone marrow-residing Treg and other T-cell
subpopulations in order to determine which cell types had
undergone significant numbers of cell divisions in the
periphery of myeloma patients following allogeneic SCT.
We used CD3+CD4–CD8– cells as positive controls since
these lymphocytes represent early T cells which have only
recently been generated from T-cell precursors and which
accumulate in the bone marrow.32 As expected, CD4–CD8–

T cells showed very high numbers of TREC (Supplementary
Figure 2), indicating that these T cells had indeed undergone
only minimal numbers of cell divisions since they had been
generated. In contrast, conventional CD4+ and CD8+ T cells
showed very low TREC concentrations (Supplementary
Figure 2A) based on the fact that these lymphocytes had
expanded in the periphery following allogeneic SCT.
Notably, we observed equally low levels of TREC in bone
marrow-infiltrating CD4+CD25+ Treg (Supplementary Figure
2A), supporting the idea that following allogeneic SCT
these cells had undergone as many peripheral cell divisions
as their conventional T-cell counterparts.

The bone marrow is a site where memory T cells prefer-
entially accumulate33 and T cells can be divided into differ-
ent memory subclasses based on their expression of
CCR7.34 Naïve and central memory T cells are CCR7-posi-
tive and home efficiently into lymphoid tissue whereas
CCR7-negative effector memory T cells have the potential
to migrate into peripheral sites of inflammation. Analyzing
the expression of CCR7 on regular CD4+ and CD4+FOXP3+

Treg we did not observe any differences between the
groups (Supplementary Figure 2B). We suggest that this may
be due to the fact that CCR7 is not only expressed on naïve
T cells but also on antigen-experienced central memory T
cells.34 We did, however, observe a highly increased preva-
lence of CCR7-negative CD8+ T cells in the bone marrow of
all myeloma patients regardless of their treatment status
(Supplementary Figure 2B), indicating that the presence of the
disease in the bone marrow might cause a shift towards an
effector phenotype among CD8+ T cells.

Finally, we analyzed bone marrow-residing T cells for
expression of CD45RA, which can be found on naïve T
cells that have recently emigrated from the thymus but not
on T cells that have evolved into memory-type T cells fol-
lowing release into the periphery.35,36 While there was no
difference between groups regarding CD8+ T-cell expres-
sion of CD45RA, we observed a significantly reduced num-
ber of CD45RA-positive bone marrow CD4+ T cells in post-
allogeneic transplant patients compared to in newly diag-
nosed myeloma patients and healthy donors (Supplementary
Figure 2B) demonstrating the defective thymus-dependent
production of naïve CD4+ T cells in these patients.

In all groups analyzed, bone marrow-residing
CD4+FOXP3+ Treg were less likely to express CD45RA
than their conventional CD4+ counterparts. However, the
expression of this marker was even further reduced follow-
ing allogeneic (Supplementary Figure 2B), suggesting that the
Treg reconstitution we had observed in the bone marrow
of our patients following allogeneic SCT was indeed based

on the expansion of donor-derived memory-type T cells
and not on the de novo production of thymus-derived
CD45RA-expressing Treg.

Discussion

To contribute to resolving the questions of whether in
humans conventional T cells can convert into Treg and
whether CD4+CD25+FOXP3+ Treg have the capacity to pro-
liferate and expand outside the thymus, we analyzed bone
marrow-residing and peripheral Treg of post-allogeneic SCT
myeloma patients who are unlikely to have relevant thymic
function. In these patients, immune reconstitution following
allogeneic SCT is characterized by a rapid expansion of
peripheral CD8+ memory T cells and a delayed recovery of
CD4+ T cells for several years post-transplantation.28,37,38

Peripheral naïve T cells are generally reconstituted very late
after transplantation37,38 and, at least in the case of CD4+ T
cells, this regeneration of antigen-inexperienced cells is large-
ly thymus-dependent.39,40

When we analyzed percentages of allogeneic CD8+ T
cells at a median time of 37 months after allogeneic SCT,
we found that these cells had already fully reconstituted.
The subset of conventional bone marrow CD4+ T cells
expanded during the years following allogeneic SCT
although the numbers of these cells remained significantly
reduced, suggesting that the patients’ thymus was not capa-
ble of restoring these T cells and that peripheral expansion
was not able to compensate fully for this deficit. In marked
contrast, CD4+CD25+FOXP3+ Treg, which also expanded
following allogeneic SCT, were already completely recon-
stituted. In our patients, donor-derived stem cell prepara-
tions were transferred into recipients who had undergone
myeloablative treatment and were devoid of relevant
thymic function. The expansion of Treg in our patients
must, therefore, have been based on the expansion of donor
Treg or on the conversion of donor-derived non-regulatory
T cells into CD4+CD25+FOXP3+ Treg. In addition, we
observed preferential expression of a memory phenotype
by bone marrow-residing Treg. These observations further
support the conclusion that the Treg expansion we
observed was based on the division of memory-type Treg
or on the conversion of conventional memory CD4+ T cells
into Treg. Finally, in conjunction with the above-mentioned
findings, our observation of minimal levels of TREC in bone
marrow-residing CD4+CCD25+FOXP3+ Treg leads us to the
conclusion that these Treg do indeed have the potential to
expand outside the thymus as has been indicated for Treg
in the peripheral blood.11,41

In our post-allogeneic SCT myeloma patients, Treg
reconstitution resulted in an accumulation of donor-derived
CD4+CD25+FOXP3+ cells in the bone marrow. Our data
suggest that one reason for this might be enhanced homing
of Treg into the bone marrow compartment following allo-
geneic SCT where Treg might contribute to keeping GVHD
under control.42 It is not unlikely that bone marrow-residing
Treg have the capacity to prevent GVHD without infiltrat-
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ing the respective target organ.43 In mice the ability of Treg
to enter priming sites of pathogenic T cells within lymphat-
ic tissue determines their ability to suppress GVHD44 and
the bone marrow compartment as a major site for T-cell
priming might be an ideal place for Treg to act protectively
against GVHD.

Alternatively, bone marrow-residing myeloma cells might
use Treg to evade immunosurveillance. Thus, solid tumors
seem to actively attract FOXP3-expressing Treg into their
environment where they undermine the induction of tumor-
specific immunity.12 However, the fact that the vast majority
of our post-transplant patients showed no signs of GVHD
and were in complete remission despite the accumulation of
fully inhibitory Treg in their bone marrow might suggest
that these cells allow for a graft-versus-myeloma effect
while preventing harmful allo-immunity.

Two groups have recently examined numbers and func-
tion of Treg in the peripheral blood of myeloma patients
with somewhat conflicting results.30,41 While there were
important differences in the approaches of both groups,
which might explain the differing results, both groups
observed an increase in CD4+CD25+ T cells in the peripher-
al blood of myeloma patients. In addition, Prabhala et al.
analyzed a few patients for CD4+FOXP3+ Treg showing
decreased proportions of these cells in multiple myeloma.
While our focus was on the bone marrow compartment and
not on the peripheral blood, we did not observe any differ-
ences in the percentages of Treg in the bone marrow or in
the periphery between newly diagnosed myeloma patients
and healthy donors (data not shown). One explanation for
these divergent results might be that we did not use CD25
as a Treg marker but analyzed protein expression of FOXP3.
The identification of FOXP3, which is not only the most reli-
able marker for Treg to date but also represents a crucial
developmental factor for these cells, has been a major
advancement.22 Moreover, our data suggest that CD25 can-
not be used as a Treg marker for the quantitative analysis of
bone marrow-residing Treg since it is also unspecifically
expressed by a large number of conventional bone marrow-
residing CD4+ and CD8+ T cells.

When we examined the function of bone marrow-derived
Tregs of our post-allogeneic SCT myeloma patients, we
found that CD4+CD25+FOXP3+ Treg expressed high levels of
CTLA-4 and the immunosuppressive cytokine TGF-β1 and

efficiently suppressed the proliferation of conventional T
cells. While this is the first study to examine Treg function in
the bone marrow of myeloma patients, others observed a
decreased inhibitory function of Tregs from the peripheral
blood of these patients.30 Our results are, however, in agree-
ment with those of  Beyer et al. who detected a normal sup-
pressor function of CD4+CD25+ T cells in patients with
myeloma.41 As has been pointed out previously,41 the differ-
ing findings can best be explained by differences in the
experimental approaches used by the respective groups.
While Prabhala et al. used whole peripheral blood mononu-
clear cells as proliferating cells, accepting variations in the
composition of mononuclear cells subtypes between groups,
we and others have used highly purified CD4+ or
CD4+CD25– T cells as the stimulated cell fraction.

The most promising concept for active immunotherapy
of myeloma might be the combination with allogeneic
SCT. This setting offers the advantages of an immune sys-
tem unaffected by negative influences of the tumor.
Furthermore, active immunotherapy following allogeneic
SCT can build on anti-tumor immunity generated as a part
of graft-versus-myeloma effects.45 We suggest that allogene-
ic SCT provides a short but significant window of opportu-
nity for CD8+ T cells before an exuberant regeneration of
immunosuppressive Treg sets in. Future therapeutic
approaches in myeloma should focus on keeping Treg
under control while amplifying and shaping allogeneic
SCT-induced graft-versus-myeloma effects, e.g. by applying
polyvalent cancer vaccines and/or tumor-specific adoptive
immunotherapy. Such approaches could help to boost and
broaden a post-transplant anti-myeloma immune response
and might contribute to preventing recurrences in patients
with multiple myeloma.

Authorship and Disclosures

DA designed the research, analyzed the data, and wrote
the paper; YC performed research, contributed vital new
analytical tools, and analyzed the data; TL performed
research and analyzed the data; JP, CF, JA, KB, CW, TE and
ARZ performed the research; BF and CB analyzed the data;
NK designed the research and analyzed the data. The
authors reported no conflict of interest.

References

1. Kyle RA, Rajkumar SV. Multiple
myeloma. N Engl J Med 2004;28;
351: 1860-73.

2. Bruno B, Rotta M, Patriarca F,
Mordini N, Allione B, Carnevale-
Schianca F, et al. A comparison of
allografting with autografting for
newly diagnosed myeloma. N Engl J
Med 2007;356: 1110-20.

3. Corradini P, Cavo M, Lokhorst H,
Martinelli G, Terragna C, Majolino I,
et al. Molecular remission after mye-
loablative allogeneic stem cell trans-

plantation predicts a better relapse-
free survival in patients with multi-
ple myeloma. Blood 2003;102:1927-
9.

4. Gahrton G, Tura S, Ljungman P,
Blade J, Brandt L, Cavo M, et al.
Prognostic factors in allogeneic bone
marrow transplantation for multiple
myeloma. J Clin Oncol 1995; 13:
1312-22.

5. Rosenberg SA, Dudley ME. Cancer
regression in patients with metastat-
ic melanoma after the transfer of
autologous antitumor lymphocytes.
Proc Natl Acad Sci USA 2004;101
Suppl 2:14639-45.

6. Klebanoff CA, Khong HT, Antony
PA, Palmer DC, Restifo NP. Sinks,
suppressors and antigen presenters:
how lymphodepletion enhances T
cell-mediated tumor immunothera-
py. Trends Immunol 2005;26:111-7.

7. O'Garra A, Vieira P. Regulatory T
cells and mechanisms of immune
system control. Nat Med 2004; 10:
801-5.

8. Adeegbe D, Bayer AL, Levy RB,
Malek TR. Cutting edge: allogeneic
CD4+CD25+Foxp3+ T regulatory
cells suppress autoimmunity while
establishing transplantation toler-
ance. J Immunol 2006;176:7149-53.



D. Atanackovic et al.

| 430 | haematologica | 2008; 93(3)

9. Zorn E, Kim HT, Lee SJ, Floyd BH,
Litsa D, Arumugarajah S, et al.
Reduced frequency of FOXP3+
CD4+CD25+ regulatory T cells in
patients with chronic graft-versus-
host disease. Blood 2005; 106:2903-
11.

10. Rezvani K, Mielke S, Ahmadzadeh
M, Kilical Y, Savani BN, Zeilah J, et
al. High donor FOXP3-positive regu-
latory T-cell (Treg) content is associ-
ated with a low risk of GVHD fol-
lowing HLA-matched allogeneic
SCT. Blood 2006;108:1291-7.

11. Mielke S, Rezvani K, Savani BN,
Nunes R, Yong AS, Schindler J, et al.
Reconstitution of FOXP3+ regulato-
ry T cells (Tregs) after CD25-deplet-
ed allotransplantation in elderly
patients and association with acute
graft-versus-host disease. Blood
2007; 110: 1689-97.

12. Zou W. Regulatory T cells, tumour
immunity and immunotherapy. Nat
Rev Immunol 2006;6:295-307.

13. Antony PA, Piccirillo CA, Akpinarli
A, Finkelstein SE, Speiss PJ, Surman
DR, et al. CD8+ T cell immunity
against a tumor/self-antigen is aug-
mented by CD4+ T helper cells and
hindered by naturally occurring T
regulatory cells. J Immunol 2005;174:
2591-601.

14. Casares N, Arribillaga L, Sarobe P,
Dotor J, Lopez-Diaz de Cerio A,
Melero I, et al. CD4+/CD25+ regula-
tory cells inhibit activation of tumor-
primed CD4+ T cells with IFN-
gamma-dependent antiangiogenic
activity, as well as long-lasting tumor
immunity elicited by peptide vacci-
nation. J Immunol 2003;171:5931-9.

15. Dannull J, Su Z, Rizzieri D, Yang BK,
Coleman D, Yancey D, et al. En-
hancement of vaccine-mediated anti-
tumor immunity in cancer patients
after depletion of regulatory T cells. J
Clin Invest 2005;115:3623-33.

16. Feuerer M, Beckhove P, Garbi N,
Mahnke Y, Limmer A, Hommel M,
et al. Bone marrow as a priming site
for T-cell responses to blood-borne
antigen. Nat Med 2003;9:1151-7.

17. Cavanagh LL, Bonasio R, Mazo IB,
Halin C, Cheng G, van der Velden
AW, et al. Activation of bone mar-
row-resident memory T cells by cir-
culating, antigen-bearing dendritic
cells. Nat Immunol 2005;6:1029-37.

18. Letsch A, Keilholz U, Assfalg G,
Mailander V, Thiel E, Scheibenbogen
C. Bone marrow contains mela-
noma-reactive CD8+ effector T cells
and, compared with peripheral
blood, enriched numbers of mela-
noma-reactive CD8+ memory T
cells. Cancer Res 2003;63:5582-6.

19. Schmitz-Winnenthal FH, Volk C,
Z'Graggen K, Galindo L, Nummer D,
Ziouta Y, et al. High frequencies of
functional tumor-reactive T cells in
bone marrow and blood of pancreat-
ic cancer patients. Cancer Res 2005;
65:10079-87.

20. Muller M, Gounari F, Prifti S, Hacker
HJ, Schirrmacher V, Khazaie K.
EblacZ tumor dormancy in bone
marrow and lymph nodes: active
control of proliferating tumor cells
by CD8+ immune T cells. Cancer
Res 1998;58:5439-46.

21. Noonan K, Matsui W, Serafini P,
Carbley R, Tan G, Khalili J, et al.
Activated marrow-infiltrating lym-
phocytes effectively target plasma
cells and their clonogenic precursors.
Cancer Res 2005;65:2026-34.

22. Fontenot JD, Rudensky AY. A well
adapted regulatory contrivance: reg-
ulatory T cell development and the
forkhead family transcription factor
Foxp3. Nat Immunol 200;6:331-7.

23. Bertho JM, Demarquay C, Moulian
N, Van Der Meeren A, Berrih-Aknin
S, Gourmelon P. Phenotypic and
immunohistological analyses of the
human adult thymus: evidence for
an active thymus during adult life.
Cell Immunol 1997;179:30-40.

24. Muller-Hermelink HK, Sale GE,
Borisch B, Storb R. Pathology of the
thymus after allogeneic bone mar-
row transplantation in man. A histo-
logic immunohistochemical study of
36 patients. Am J Pathol 198;129:
242-56.

25. Fukushi N, Arase H, Wang B, Ogasa-
wara K, Gotohda T, Good RA, et al.
Thymus: a direct target tissue in
graft-versus-host reaction after allo-
geneic bone marrow transplantation
that results in abrogation of induc-
tion of self-tolerance. Proc Natl Acad
Sci  USA 1990;87:6301-5.

26. Kroger N, Schwerdtfeger R, Kiehl M,
Sayer HG, Renges H, Zabelina T, et
al. Autologous stem cell transplanta-
tion followed by a dose-reduced allo-
graft induces high complete remis-
sion rate in multiple myeloma. Blood
2002;100: 755-60.

27. Atanackovic D, Schnee B, Schuch G,
Faltz C, Schulze J, Weber CS, et al.
Acute psychological stress alerts the
adaptive immune response: stress-
induced mobilization of effector T
cells. J Neuroimmunol 2006;176:141-
52.

28. Storek J, Dawson MA, Storer B,
Stevens-Ayers T, Maloney DG, Marr
KA, et al. Immune reconstitution
after allogeneic marrow transplanta-
tion compared with blood stem cell
transplantation. Blood 2001;97:3380-
9.

29. Wei S, Kryczek I, Zou L, Daniel B,
Cheng P, Mottram P, et al. Pla-
smacytoid dendritic cells induce
CD8+ regulatory T cells in human
ovarian carcinoma. Cancer Res 2005;
65:5020-6.

30. Prabhala RH, Neri P, Bae JE, Tassone
P, Shammas MA, Allam CK, et al.
Dysfunctional T regulatory cells in
multiple myeloma. Blood 2005;107:
301-4.

31. Douek DC, McFarland RD, Keiser
PH, Gage EA, Massey JM, Haynes
BF, et al. Changes in thymic function
with age and during the treatment of
HIV infection. Nature 1998;396:690-
5.

32. Palathumpat V, Deibakhsh-Jones S,
Holm B, Wang H, Liang O, Strober S.
Studies of CD4-CD8- alpha beta
bone marrow T cells with suppressor
activity. J Immunol 1992;148:373-80.

33. Mazo IB, Honczarenko M, Leung H,
Cavanagh LL, Bonasio R, Weninger
W, et al. Bone marrow is a major
reservoir and site of recruitment for
central memory CD8+ T cells.

Immunity 2005;22:259-70.
34. Sallusto F, Lenig D, Forster R, Lipp

M, Lanzavecchia A. Two subsets of
memory T lymphocytes with dis-
tinct homing potentials and effector
functions. Nature 1999;401:708-12.

35. Valmori D, Merlo A, Souleimanian
NE, Hesdorffer CS, Ayyoub M. A
peripheral circulating compartment
of natural naive CD4 Tregs. J Clin
Invest 2005;115:1953-62.

36. Seddiki N, Santner-Nanan B, Tangye
SG, Alexander SI, Solomon M, Lee S,
et al. Persistence of naive CD45RA+
regulatory T cells in adult life. Blood
2006;107:2830-8.

37. Hebib NC, Deas O, Rouleau M,
Durrbach A, Charpentier B, Beaujean
F, et al. Peripheral blood T cells gen-
erated after allogeneic bone marrow
transplantation: lower levels of bcl-2
protein and enhanced sensitivity to
spontaneous and CD95-mediated
apoptosis in vitro. Abrogation of the
apoptotic phenotype coincides with
the recovery of normal naive/primed
T-cell profiles. Blood 1999;94:1803-
13.

38. Ottinger HD, Beelen DW, Scheulen
B, Schaefer UW, Grosse-Wilde H.
Improved immune reconstitution
after allotransplantation of peripher-
al blood stem cells instead of bone
marrow. Blood 1996;88:2775-9.

39. Heitger A, Neu N, Kern H, Panzer-
Grumayer ER, Greinix H, Nachbaur
D, et al. Essential role of the thymus
to reconstitute naive (CD45RA+) T-
helper cells after human allogeneic
bone marrow transplantation. Blood
1997;90:850-7.

40. Mackall CL, Fleisher TA, Brown MR,
Andrich MP, Chen CC, Feuerstein
IM, et al. Age, thymopoiesis, and
CD4+ T-lymphocyte regeneration
after intensive chemotherapy. N Engl
J Med 1995;332:143-9.

41. Beyer M, Kochanek M, Giese T, Endl
E, Weihrauch MR, Knolle PA, et al. In
vivo peripheral expansion of naive
CD4+CD25high FoxP3+ regulatory
T cells in patients with multiple
myeloma. Blood 2006;107:3940-9.

42. Trenado A, Sudres M, Tang Q,
Maury S, Charlotte F, Gregoire S, et
al. Ex vivo-expanded CD4+CD25+
immunoregulatory T cells prevent
graft-versus-host-disease by inhibit-
ing activation/differentiation of
pathogenic T cells. J Immunol 2006;
176:1266-73.

43. Denning TL, Kim G, Kronenberg M.
Cutting edge: CD4+CD25+ regula-
tory T cells impaired for intestinal
homing can prevent colitis. J
Immunol 2005;174:7487-91.

44. Ermann J, Hoffmann P, Edinger M,
Dutt S, Blankenberg FG, Higgins JP,
et al. Only the CD62L+ subpopula-
tion of CD4+CD25+ regulatory T
cells protects from lethal acute
GVHD. Blood 2005;105:2220-6.

45. Atanackovic D, Arfsten J, Cao Y,
Gnjatic S, Schnieders F, Bartels K, et
al. Cancer-testis antigens are com-
monly expressed in multiple myelo-
ma and induce systemic immunity
following allogeneic stem cell trans-
plantation. Blood 2007;109:1103-12.


