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Transient regulatory T-cell targeting triggers immune control of
multiple myeloma and prevents disease progression
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Multiple myeloma remains a largely incurable disease of clonally expanding malignant plasma cells. The bone marrow
microenvironment harbors treatment-resistant myeloma cells, which eventually lead to disease relapse in patients. In the bone
marrow, CD4+FoxP3+ regulatory T cells (Tregs) are highly abundant amongst CD4+ T cells providing an immune protective niche
for different long-living cell populations, e.g., hematopoietic stem cells. Here, we addressed the functional role of Tregs in multiple
myeloma dissemination to bone marrow compartments and disease progression. To investigate the immune regulation of multiple
myeloma, we utilized syngeneic immunocompetent murine multiple myeloma models in two different genetic backgrounds.
Analyzing the spatial immune architecture of multiple myeloma revealed that the bone marrow Tregs accumulated in the vicinity of
malignant plasma cells and displayed an activated phenotype. In vivo Treg depletion prevented multiple myeloma dissemination in
both models. Importantly, short-term in vivo depletion of Tregs in mice with established multiple myeloma evoked a potent CD8 T
cell- and NK cell-mediated immune response resulting in complete and stable remission. Conclusively, this preclinical in-vivo study
suggests that Tregs are an attractive target for the treatment of multiple myeloma.
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INTRODUCTION
Continuous advances in multiple myeloma (MM) therapy have
improved the 5-year survival from 25% to over 50% over the last
four decades [1]. Current developments of targeted humoral and
cellular immunotherapies appear promising to further improve
patient outcomes [2]. However, MM remains largely incurable
urging the need for novel strategies to treat the disease [3, 4].
Strategies to overcome tumor immune escape will rely on a better
understanding of the functional impact of the immune contexture
in MM [5]. It has become clear that the bone marrow (BM)
environment, the primary location of MM growth, makes it
exceptionally difficult to tackle MM [6, 7]. The BM comprises
several niches; some of them are highly immune-suppressive
areas, perfectly suited for long-living stem cells and memory T and
B cells [8]. The magnitude of this immune-suppressive capacity
was impressively demonstrated as CD4+FoxP3+Tregs prevented
the rejection of even MHC-mismatched allogeneically trans-
planted hematopoietic stem cells in immunocompetent hosts
[9]. Tregs have been widely recognized as crucial players in tumor
immune escape and disease progression in many types of cancer
[10]. However, in MM the role of Tregs has remained controversial

as Treg frequencies and function were reported as normal [11] or
altered and dysfunctional in patients with MM [12–14] and to
correlate with disease outcome [15]. Yet, recent work revealed
myeloma cells directly induce and expand mouse and human
Tregs in co-culture experiments in a contact-dependent and
independent manner [16–18]. However, the precise mechanisms
of how Treg-mediated immune suppression leads to the progres-
sion of MM within the BM microenvironment remain poorly
understood. To this end, we employed two independent
syngeneic MM models in immunocompetent mice [19, 20].
Consistently, Tregs in the BM of MM diseased mice displayed an
activated phenotype in both models. In the BM Tregs did not
homogenously distribute in myeloma-bearing mice but densely
accumulated in areas of MM proliferation. By selectively depleting
Tregs in DEREG mice at different time points of disease
progression we show that Tregs not only were crucial for the
initial hematogenous dissemination of MM cells in the BM, but
also for the progression of MM during established disease.
Strikingly, already a short and transient disruption of the Treg
mediated suppression resulted in complete and stable remission
of MM reducing the risk for autoimmunity and inaugurating Tregs
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as a target for MM therapy. Finally, we identified endogenous NK
and CD8 T cells as the major effector cells responsible for the
profound remission after Treg depletion.

METHODS
Ethics statement
Experiments with human BM aspirates were approved by the Institutional
Ethics Committee of Würzburg University Hospital. Written informed
consent was obtained from all MM patients and all clinical investigations
were conducted in accordance with the Declaration of Helsinki. All
experiments with mice were approved by the Bavarian government
(Regierung von Unterfranken). Mouse breeding and housing were under
controlled conditions in the animal facility of the center of experimental
molecular medicine (ZEMM), University Würzburg, with constant night/day
cycles, temperature, and humidity in individually ventilated cages.

Tumor models
The MOPC-MM mouse model was used as described before [19, 21]. 2 ×
105 MOPC-cells (MOPC-315.Luc-GFP.BMP3 cells, negative tested for
mycoplasma contamination) were injected in the tail vein of female
BALB/c mice (Charles River, Sulzfeld, Germany) or C.B6-Tg(Foxp3-DTR/
EGFP)23.2Spar [22] (C.DEREG) positive or negative littermates (initially
given by Tim Sparwasser and further bred in-house). Disease progression
and tumor burden were monitored with bioluminescence imaging (BLI)
starting 14 days after tumor cell injection as described [21, 23]. The
average radiance of an ROI covering each mouse from the snout to the
tailhead was analyzed with living image software (Perkin Elmer, Hopkinton,
USA), values for dorsal and ventral view were added and normalized to the
values of individual mice at the start of treatment. Transplantable Vk12653
cells [20, 24] (initial aliquot kindly given by Martha Chesi) were obtained
from a splenic tumor and aliquots were frozen (complete cell isolate from
tumor-bearing spleen ~33% tumor cells). 2 × 105 cells were injected into
the tail vein of C57BL/6JTyrc− 2 J/Foxp3.Luci.DTR-4 [25] (B6a.FoxP3.Luci.
DTR, which had had been backcrossed from C57BL/6.Foxp3.Luci.DTR-4 [26]
into a C57Bl/6 albino background; depletion of Tregs) or in wild-type
littermates (MM control). Tumor progression was measured with serum
protein electrophoresis (SAS-MX10, Helena Bioscience, Gateshead, UK) and
the detection of M-spike. Tumor burden was assessed with flow cytometry
at the endpoint of the experiment.

Treg depletion experiments
For Treg depletion experiments C.DEREG [22] or B6a.FoxP3-Luci-DTR [26]
mice were used. Both strains express the diphtheria toxin receptor under
the FoxP3-promoter. By intraperitoneal administration of diphtheria toxin
(20 µg/kg) on two consecutive days, Tregs are depleted efficiently. Tregs
were either depleted before tumor cell injection or in established tumor
mice that showed BLI signal (MOPC) or when M-protein (VK*MYC) was
detected in most mice.

Antibody-mediated depletion
CD4 cells (GK1.5; 200 µg) CD8 cells (YTS 169.4; initially 400 µg, for ongoing
depletion 200 µg once weekly) asialo-GM1 (polyclonal; 35 µg), CD25 (PC61;
100 µg) or a Rat IgG2 (200 µg) were intraperitoneally injected in MOPC-MM
mice with distinct BLI signal to deplete potential effector cells in-vivo.
Treatment was started simultaneously with the administration of DTx, and
effector cells were kept depleted by weekly injections.

Flow cytometry analysis
1 × 107 BM cells were blocked (10% normal rat serum) and stained (list of
antibodies in Table S1) in deep well plates. Tregs were defined either by
GFP expression (DEREG mice), or by intracellular staining of FoxP3. For the
analysis of granzyme B expression, 1 × 107 BM cells were incubated with
Dynabeads mouse T-activator CD3/CD28 (ThermoFisher) and GolgiStop
(BD Biosciences Heidelberg, Germany) for 4 h in RPMI at 37 °C before
intracellular staining of granzyme B. All experiments were analyzed on an
Attune NxT flow cytometer (Invitrogen) and FlowJo (version10.6 Tree Star,
Ashland, USA) was used.

MM patient samples
A total of 55 myeloma patients at different stages of disease were included
in this study. BM aspirates were taken for MRD diagnosis and excess cells

were processed for flow cytometry analysis. Erythrocytes were lyzed (Bulk-
Lysis, Cytognos, Salamanca, Spain) and cells were stained similar to murine
samples.

Immunofluorescence microscopy
Bones of the hind legs of MM mice were isolated and processed as
described [27]. For imaging, the Zeiss microscope (Imager.Z1m) was used.
Analysis of images was done with ImageJ1.52j. The brightness of single
channels was adjusted linearly, and the background was subtracted. CD4
T-cells positive and negative for GFP were counted manually and density
was calculated. Stitching of single images to a larger file was also done
with ImageJ using a plugin for stitching [28].
Additional methods are available in the supplementary information.

RESULTS
Tregs accumulate within the bone marrow MM
microenvironment
To investigate quantitative changes in Treg-number in the context
of MM we used the previously described mouse model of MM-
based on MOPC cells (MOPC-315.Luc-GFP.BMP3 in BALB/c mice)
[19, 21]. Immunofluorescence staining of BM sections revealed
that Tregs highly accumulated at sites of tumor growth in the BM
of MM mice. Also, in areas with no visible tumor proliferation, the
frequency of Tregs among CD4 T-cells and the density of Tregs
increased compared with healthy mice (Fig. 1A and Supplemen-
tary Fig. 1A–C). To investigate local changes in the immune
environment in myeloma patients, we analyzed BM aspirates of 55
myeloma patients, of which 30 were minimal residual disease
(MRD) negative and 25 MRD positive at the time of analysis
(patients’ characteristics in Supplementary Table 1). Treg frequen-
cies in MRD positive patients exceeded those of MRD negative
patients (Median: 12.8% vs. 9.2%, respectively, P= 0.074) (Fig. 1A).
Moreover, the ratio of conventional T cells to Tregs was reduced in
MRD positive compared to MRD negative patients (27.9 vs. 16.6,
respectively, P= 0.061) (Supplementary Fig. 1D). We defined
human Tregs by expression of FoxP3 and confirmed that 90% of
these cells co-expressed CTLA-4 and the highest CD25 expression
levels indicating a suppressive Treg population (Supplementary
Fig. 1E–G). Based on these observations in myeloma patients and
the MOPC mouse model we concluded that Tregs accumulate in
direct vicinity within the MM-microenvironment and asked
whether these interactions alter Treg activation determining their
suppressive function.

Tregs in MM are activated and display an effector phenotype
To estimate Treg activity in MM we analyzed the expression of
Treg surface receptors at late disease stages in two immunocom-
petent MM models. Tregs from BM of MOPC-MM mice expressed
higher activation marker levels of CD25, ICAM-1, CD69, and CD44
and coinhibitory receptors Lag-3, Tim-3, and TIGIT compared with
healthy mice (Fig. 1B left), Also, in VK*MYC-mice (Vk12653 in
C57BL/6) CD25 and CD69 expression increased, although less
pronounced than in MOPC MM mice (right). Notably, co-
upregulation of ICAM-1, ICOS, and CD69 in MOPC-MM and Lag-
3, Tim-3, and PD-1 in VK*MYC MM indicated an even higher
activation status (Fig. 1C). Except for CD25, MOPC-MM barely
influenced the expression of activation markers on Tregs in the
spleen, highlighting the role of the BM as the major tumor
environment in this MM model (Supplementary Fig. 2 left).
According to the higher tumor burden in the spleen in VK*MYC
bearing mice, Tregs displayed here also a more activated
phenotype (Supplementary Fig. 2 right). Notably, MM affected
also conventional CD4pos and CD4neg T-cells changing their
activation marker expression. As Tregs in both MM models were
activated at sites of MM proliferation suggesting a supportive
function in MM niche environments, we further elucidated the role
of Tregs in functional in vivo experiments.
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Tregs impede an effective anti-MM response
To specifically deplete Tregs in vivo we used C.DEREG mice [22].
Diphtheria toxin (DTx) selectively destroyed more than 70% of
Tregs in BM and spleen three days after the first administration
(Supplementary Fig. 3A). Notably, the Treg population recovered
completely after 10 days in the BM and even faster in the spleen
(Supplementary Fig. 3B). First, to investigate the role of Tregs in
MM engraftment and dissemination, we depleted Tregs prior to
MOPC injection (Fig. 2A). Tumor engraftment was completely
inhibited in 9/10 of these mice (Fig. 2B, C). This emphasized the
role of Tregs in engraftment and dissemination of MM to other BM
loci.
Second, to determine whether Tregs can serve as suitable

therapeutic targets in established MM disease, we transiently
depleted Tregs in mice with established MOPC-MM disease, which
we had confirmed with non-invasive BLI before Treg depletion.
Strikingly, almost all mice (27/29) lost tumor signal below the limit
of detection within 16 days after short-term Treg depletion
(Fig. 2B, C). Moreover, 9/14 mice remained tumor-free for an
observation period of 80 days after Treg depletion, indicating
continuous immune protection against MM. Five mice relapsed
after 14 to 61 days with a median time of 56 days, all with
recurrence of the BLI signal at locations distinct from primary
tumor sites (Fig. 2D, E). To confirm this role of Tregs in an
independent MM model we selectively depleted Tregs with DTx
employing B6a.FoxP3.Luci.DTR mice [26] bearing VK*MYC MM

(Fig. 3A). Control mice (WT littermates treated with DTx or B6a.
FoxP3.Luci.DTR mice treated with PBS) developed a detectable
and strong M spike after VK*MYC MM cell injection (in 14/15 mice)
as measured with serum protein electrophoresis (Supplementary
Fig. 4A). In all these controls tumor cells (defined as CD138+ B220-

cells with flow cytometry) appeared prominently in BM and
spleen. Notably, VK*MYC MM cell numbers in the spleen exceeded
tumor cell numbers in the BM by far (Fig. 3B, C). Depletion of Tregs
prior to tumor cell injection prevented MM engraftment and we
could detect M spikes only in 4/13 mice (Supplementary Fig. 4).
MM infiltration of the BM in Treg-depleted mice was more than
7-fold (pre-emptive depleted) and 3.5-fold (depletion in estab-
lished MM–day 22 or day 26 after VK*MYC injection) lower than in
MM control mice (Fig. 3B, C). Similarly, the tumor burden in Treg-
depleted mice was markedly reduced in the spleen (Fig. 3B, C). In
contrast, the weight of spleens was increased in all MM control
mice with macroscopically clearly visible metastasis, whereas this
was only observed in single mice when we depleted Tregs pre-
emptively or in established MM (Supplementary Fig. 4B). Taken
together, also in the VK*MYC model, Tregs provided a supportive
niche for MM engraftment and progression. These results support
that Tregs can indeed serve as attractive therapeutic targets also
in the treatment of MM. Consequently, we treated mice with
established MOPC-MM with CD25-depleting antibodies. Indeed,
depletion of CD25+ cells mitigated MM progression (Fig. 4). Yet,
this strategy of CD25 targeting did not achieve a similar anti-MM
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Fig. 1 Tregs are highly abundant in areas of myeloma tumor growth and display an activated phenotype. A Frequency of Tregs was
highest in mice with MOPC-MM in areas of tumor growth (n= 3–4, determined with immune fluorescence microscopy, cells were counted
manually using ImageJ), and in bone marrow aspirates of MRD positive (n= 25) myeloma patients, compared to patients in complete
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analyzed by flow cytometry. Tregs from the BM of MOPC-MM mice (left) had significantly elevated levels of the T-cell activation markers CD25,
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0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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effect as genetic Treg depletion, questioning whether this target
would also impair anti-MM immune effector mechanisms. Besides,
its constitutive expression on Tregs, CD25 can be found on
different immune cells as diverse as activated effector T cells,
memory T cells, NK cells, innate lymphoid cells, pre-B cells,
dendritic cells, and oligodendrocytes. Therefore, it became clear
that we needed to elucidate the immune effector mechanisms
triggered by Treg depletion, which resulted in effective MM
regression.

Tregs inhibit effector cell functions in mice with MOPC-MM
Notably, in untreated MM mice, conventional T cells co-
upregulated Tim-3 and Lag-3 suggesting T-cell exhaustion
[29, 30] (Supplementary Fig. 5A). This tumor-induced dysfunction
of conventional T cells was reversed in mice after Treg depletion
and respective tumor regression, suggesting an invigoration of
T-cell immunity. To investigate if conventional T cells serve as
antitumoral effector cells after Treg depletion, we assessed
changes in T-cell activation seven days after DTx-mediated Treg
depletion in established MOPC-MM with flow cytometry. Conven-
tional CD4 T cells increased over 1.5-fold in the BM after Treg
depletion only in MM mice (Fig. 5A). In addition, CD4, and CD8
T cells shifted from a naive (CD62Lhi CD44low) to an effector
(CD62Llow CD44int) phenotype. The overall CD8 T cell frequency in
the BM did not change after Treg depletion (Fig. 5A, B). In MM, NK
cells frequency increased in the BM and further increased after the
depletion of Tregs, which also caused an increase in NK cells in
healthy mice (Fig. 5C). Furthermore, more CD8 and NK cells
produced granzyme B after the depletion of Tregs (Supplementary
Fig. 5B). These results show, that CD4 and CD8 conventional T cells
but also NK cells are activated seven days after Treg depletion and
are potential effector cells after Treg depletion in established MM.
To estimate the function of conventional T cells in the prevention
of MM engraftment, we analyzed the kinetics of Treg depletion
mediated conventional T cell activation 24 h and 48 h after DTx
administration in healthy DEREG mice. DTx reduced not only
Tregs, but also conventional CD4 and CD8 T cells within 48 h
retaining the ratio between the subtypes (Fig. 6A). Nevertheless,
conventional T cells displayed 48 h after DTx already an activated
phenotype, shown by a shift in naïve to effector subset and an
increased frequency of CD69+ and Ki-67+ cells (Fig. 6B).
Furthermore, 48 h after DTx administration more CD8 T cells
expressed SCA-1 in BM and spleen, a marker associated with T-cell
activation and antigen-experienced memory T cells [31, 32]. Treg
depletion reduced NK cell frequencies in the BM and increased in
the spleen, but more NK cells expressed CD107a, indicating a
higher degranulation rate (Fig. 6C). These data show that Treg
depletion rapidly resulted in activation of conventional T cells and
NK cells that rendered the BM environment hostile for MM
engraftment and dissemination. Taken together, these results
pinpointed CD4, CD8, and NK cells as potential effector cells
against MM after Treg depletion. Therefore, we used cell-type-
specific depleting antibodies to analyze these potential effector
cells in vivo.

CD8 and NK cells are main effector cells after Treg depletion
To selectively target potential immune effector cell populations,
we first confirmed depletion efficacy with antibodies in the BM for
CD4 (99.3%) and CD8 (99.3%). Anti-asialo-GM depleted 73–85% of
NK cells (Supplementary Fig. 6). Notably, asialo-GM1 antibody did
also reduce CD8 T cells by 60%. Subsequently, in mice with
established MOPC-MM we depleted simultaneously Treg with DTx
and CD4 or CD8 or NK cells in vivo (Fig. 7A). Mice depleted of CD4
T cells in addition to Tregs showed a delayed tumor regression
compared with Treg depletion-control (Fig. 7B, C violet). However,
18 days after the administration of DTx and CD4-depleting-
antibody, MM was in complete remission compared with mice
only depleted of Tregs (Fig. 7B, C red). This emphasizes the role of
CD4 T cells in the initiation phase of the anti-tumor response that
is delayed but fully functional after CD4 T-cell depletion. In stark
contrast, when we depleted either CD8 T cells or NK cells in Treg
depleted mice, MM did not regress at all. Strikingly, in these mice,
MM grew unhindered, similar, or even faster than in untreated
mice. Therefore, both CD8 and NK cells are required for an
effective tumor regression indicating a synergistic action of CD8
T cells and NK cells (Fig. 7B, C green/blue) as major effector cells
against MM.
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Fig. 2 Tregs prevent an effective anti-tumor response. A Experi-
mental setup: Tregs were depleted in DEREG mice by administration
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prior to (green) or day 16/17 post (red) MOPC injection. B–E Disease
progression was monitored with noninvasive BLI. B Average
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= 60). Preemptive depletion of Tregs prior to MOPC injection
prevented engraftment of MM cells (green n= 10). Depletion of
Tregs in mice with established MM resulted in an effective anti-
tumor response with complete tumor remission (red, n= 29). C
Tumor progression of one representative mouse per group D, E
Long-term follow-up analysis after Treg depletion at day 16 in mice
that were in complete remission. D Progression-free survival.
E The BLI course of single mice is shown. The grey bar indicates
the range of background signal of healthy mice normalized to the
average signal on day 16. Mann–Whitney test: **P ≤ 0.01, ***P ≤
0.001, and ****P ≤ 0.0001.
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DISCUSSION
We show a fundamental role of Tregs in the engraftment and
progression of MM in two independent immunocompetent
mouse models. Strikingly, already a short-term reduction of Tregs

sufficed for a long and stable remission of MM. Both, NK and CD8
cells were required for the effective anti-tumor response.
In recent years, the role of Tregs in MM has been discussed

controversially in the literature [11–15, 18]. Here we show that
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Tregs accumulate in the region surrounding MM in the BM and
display a highly active immune-suppressive phenotype. Moreover,
we found that Tregs are enriched in myeloma patients after
treatment when MRD positive, compared to a reduced frequency
in MRD negative patients. This further highlights the role of Tregs
in the progression of MM and is in alignment with recent findings
[33]. The frequency and activation of Tregs in MM have been
investigated in several studies with different outcomes. Kawano
et al. found an increase in Tregs in the BM of VK*MYC mice and in
BM aspirates of MM patients [18], whereas Foglietta et al. did not
find any differences in Treg frequency in the BM of MM patients
[11]. In the 5T2MM mouse model, an increase of Tregs was only
seen at a late stage of disease [34]. Based on flow cytometry we
also did not observe an altered overall abundancy of Tregs in BM
of MOPC MM mice. In contrast, analyzing single bones separately
with immune fluorescence microscopy revealed an accumulation
of Tregs especially in regions of MM growth. Increased demand of
space of progressing MM might displace Tregs to adjacent areas
resulting there in a local enrichment of Tregs. These local

differences in Treg accumulation may at least partly explain
apparent contradictions in different studies because based on our
observation, local tumor burden and distribution define whether
changes in Treg numbers can be found.
Kawano et al. showed in the VK*MYC mouse model, that mice

constantly depleted of Tregs for weeks after tumor injection are
protected from MM engraftment and survive longer [18].
However, continuous depletion of Tregs results ultimately in
severe autoimmunity [35]. To assess a potential therapeutic effect,
we short-term depleted Tregs in mice with already established
MM disease. We demonstrated that the progression of MM
depends on the presence of Tregs. In the MOPC model, mice were
completely protected from MM growth already after a single
depletion of Tregs before tumor cell injection without continuous
depletion. Moreover, in mice with established MOPC-MM a single
depletion of Tregs resulted in an effective and persistent immune
response against MM. This effect is especially striking, as Treg
numbers had already recovered within ten days after depletion.
Therefore, it is even more remarkable, that almost all mice stayed
tumor-free for the entire observation period of 80 days. Zaretsky
et al. showed that Tregs and plasma cells colocalize in the BM and
that depletion of Tregs reduces the amount of non-malignant
plasma cells in the BM of healthy mice [36]. This protective niche
might be abused by malignant plasma cells and the disruption of
this niche might contribute to the tumor regression. Even though
we used adoptive tumor cells transfer models in which the
immune system does not co-evolve with the tumor progression
and induced immune tolerance towards the tumor might there-
fore be reduced, both models engraft in fully immunocompetent
mice reflecting a highly aggressive and progressed (in the case of
VK*MYC also Bortezomib resistant) MM disease. The long survival
of mice excludes other conceivable reasons for the absent BLI
signal, like clonal loss of luciferase expression. Strikingly, when we
rechallenged two mice 100 days after initial MM injection, they
were protected from MOPC-MM engraftment. This indicates
persistent immune protection and anti-tumor immune memory
formation, which occurred only when Tregs had been depleted at
day 16. In contrast, 3/4 mice that were pre-emptively depleted of
Tregs and rechallenged after 100 days showed MOPC engraftment
and progression comparable to non-Treg-depleted mice. There-
fore, we conclude that while Tregs essentially contribute to
microenvironments permissive for MM engraftment, direct MM
clearance before tumor cells could engraft prevented protective
memory formation. Vice versa, short-term Treg depletion in mice
with established MM allowed for protective anti-tumor immune
memory formation.
CD8 T cells and NK cells are potent killers of tumor cells [37, 38].

Importantly, independent of the disease stage, MM cells remain
highly susceptible to cytotoxic killing by T and NK-T cells [39, 40].
Considering the enormous potential of engaging cytotoxic
immune effector mechanisms against MM, a rich pipeline of
CAR-T cells and T cell engaging antibodies against diverse MM
targets as well as NK cell therapies are currently explored [41–46].
Nevertheless, conventional T cells reportedly display an exhausted
and senescent phenotype in myeloma, executing only reduced
effector functions [47–49]. In line with these findings, we also
observed an exhausted T cell phenotype with a high co-
expression of Tim-3 and Lag-3 on conventional T cells in our
murine models. Strikingly, this can be completely reversed by
short-term and transient Treg depletion. Treg depletion resulted in
the strong activation of conventional T cells and NK cells.
Interestingly, T cells and NK cell activation occurred within 48 h
after Treg depletion highlighting the vast immunosuppressive
capacity of Tregs. In line with this, we show that depletion of Tregs
prior to tumor cell injection completely prevents tumor engraft-
ment, presumably because of elevated immune surveillance of
activated immune effector cells. Even though there are other
immune-suppressive cells like myeloid-derived suppressor cells,
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the Treg mediated suppression appeared sufficient to restrain an
otherwise very effective CD8 and NK cell response. Notably, the
sole depletion of NK cells or CD8 T cells resulted in a CD226
dependent faster tumor progression in the VK*MYC MM model
showing an ongoing attempt of immune control even under
tumor progression [50]. We also observed an increased tumor
progression when we depleted CD8 T cells or NK cells in addition
to Tregs. Together with the CD8 T cell activation and the
enhanced granzyme b secretion of CD8 T cells and NK cells after
sole Treg depletion, this data argues for suppression of these
effector cells by Tregs. However, the tumor progression after a loss
of NK and CD8 T cell control might also disguise other possible
anti-tumor effector cells suppressed by Tregs. Noteworthy,
depletion of NK cells with anti-asialo-GM1 also reduced the
number of CD8 T cells by 65%. Therefore, the lost anti-tumor effect
after asialo-GM treatment shown here in this study can be caused
by the additive effect of the depletion of NK cells and NK-T cells
and the loss of CD8asialoGM+ T cell subset, which reportedly can
induce allograft rejection [51]. As in MM CD8 T cells and NK cells
are involved in the control of the disease [39, 40], and the
dysfunction of these effector cells correlates with MM disease
progression [50, 52, 53].
MM hampers the equilibrium of immunosuppression and

activation provided by Tregs towards the immunosuppression.
Strategies to target Tregs to re-balance the equilibrium appear
attractive and promising for tumor therapy; however, they also
bear the risk of autoimmunity. Notably, we did not observe any
signs of autoimmunity besides MM eradication after transient Treg
depletion. Thus, the profound effect of a short-term depletion of
Tregs gives an advantage for therapeutic interference because it
avoids autoimmunity caused by a continuous reduction of Tregs.
CD25, the high-affinity receptor for IL-2 is constitutively expressed
on Tregs and only transiently upon activation on conventional
T cells. Treatment with CD25-depleting antibodies depletes Tregs
in mice [54]. Interestingly, CD25 is also expressed on leukemia
cells in some patients [55], and depleting CD25 antibodies are
already approved for clinical use and, therefore, appear as a
promising therapeutic target [56, 57]. However, in MOPC-MM mice
we showed only a partial beneficial effect. Especially the low
depletion efficacy in the BM and the unintentional depletion of
freshly activated effector cells likely diminishes the benefit.
Accordingly, targeting Tregs via CD25-antibody (Daclizumab) or
by a DTx-IL2-fusion protein (ONTAK) did not benefit melanoma
patients due to effector cell elimination [58, 59]. Non-IL-2 blocking
anti-CD25 depleting antibodies (NIB) might be a promising option,
as they combine similar Treg depletion efficacy with an increased
effector response [60]. Considering the powerful effect to
complete remissions by activating an endogenous CD8 T cell
and NK cell-mediated immune response upon transient Treg
depletion in our independent genetic models in MM bearing mice,
emphasizes that strategies to target Tregs more selectively are
desperately needed, and existing strategies must be reevaluated
regarding the local bioavailability and depletion efficiency in
the BM.

REFERENCES
1. Howlader N, Noone AM, Krapcho M, Miller D, Brest A, Yu M, et al. (eds). SEER

Cancer Statistics Review, 1975–2017, based on November 2019 SEER data sub-
mission, posted to the SEER website, April 2020. National Cancer Institute.
Bethesda, MD. https://seer.cancer.gov/csr/1975_2017/sections.html. Accessed
November 16, 2020.

2. Rasche L, Hudecek M, Einsele H. What is the future of immunotherapy in MM?
Blood. 2020;136:2491. https://doi.org/10.1182/blood.2019004176.

3. Gulla A, Anderson KC. Multiple myeloma: The (r)evolution of current therapy and
a glance into the future. Haematologica. 2020;105:2358–67. https://doi.org/
10.3324/haematol.2020.247015.

4. Zanwar S, Nandakumar B, Kumar S. Immune-based therapies in the management
of multiple myeloma. Blood Cancer J. 2020;10. https://doi.org/10.1038/s41408-
020-00350-x.

5. Leblay N, Maity R, Hasan F, Neri P. Deregulation of adaptive T Cell immunity in
multiple myeloma: Insights into mechanisms and therapeutic opportunities.
Front Oncol. 2020;10:636. https://doi.org/10.3389/fonc.2020.00636.

6. Kawano Y, Moschetta M, Manier S, Glavey S, Görgün GT, Roccaro AM, et al.
Targeting the bone marrow microenvironment in multiple myeloma. Immunol
Rev. 2015;263:160–72. https://doi.org/10.1111/imr.12233.

7. Fairfield H, Falank C, Avery L, Reagan MR. Multiple myeloma in the marrow:
Pathogenesis and treatments. Ann NY Acad Sci. 2016;1364:32–51. https://doi.org/
10.1111/nyas.13038.

8. Röpke C, Hougen HP, Everett NB. Long-lived T and B lymphocytes in the bone
marrow and thoracic duct lymph of the mouse. Cell Immunol. 1975;15:82–93.
https://doi.org/10.1016/0008-8749(75)90166-5.

9. Fujisaki J, Wu J, Carlson AL, Silberstein L, Putheti P, Larocca R, et al. In vivo
imaging of Treg cells providing immune privilege to the haematopoietic stem-
cell niche. Nature. 2011;474:216–9. https://doi.org/10.1038/nature10160.

10. Najafi M, Farhood B, Mortezaee K. Contribution of regulatory T cells to cancer: A
review. J Cell Physiol. 2019;234:7983–93. https://doi.org/10.1002/jcp.27553.

11. Foglietta M, Castella B, Mariani S, Coscia M, Godio L, Ferracini R, et al. The bone
marrow of myeloma patients is steadily inhabited by a normal-sized pool of
functional regulatory T cells irrespectiveof the disease status. Haematologica.
2014;99:1605–10. https://doi.org/10.3324/haematol.2014.105866.

12. Prabhala RH, Neri P, Bae JE, Tassone P, Shammas MA, Allam CK, et al. Dysfunc-
tional T regulatory cells in multiple myeloma. Blood. 2006;107:301–4. https://doi.
org/10.1182/blood-2005-08-3101.

13. Braga WMT, da Silva BR, de Carvalho AC, Maekawa YH, Bortoluzzo AB, Rizzatti EG,
et al. FOXP3 and CTLA4 overexpression in multiple myeloma bone marrow as a
sign of accumulation of CD4+ T regulatory cells. Cancer Immunol Immunother.
2014;63:1189–97. https://doi.org/10.1007/s00262-014-1589-9.

14. 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. https://doi.org/
10.1182/blood-2005-09-3671.

15. Alrasheed N, Lee L, Ghorani E, Henry JY, Conde L, Chin M, et al. Marrow-
infiltrating regulatory T cells correlate with the presence of dysfunctional
CD4+PD-1+ cells and inferior survival in patients with newly diagnosed multiple
myeloma. Clin Cancer Res. 2020;26:3443–54. https://doi.org/10.1158/1078-0432.
CCR-19-1714.

16. Feyler S, Scott GB, Parrish C, Jarmin S, Evans P, Short M, et al. Tumour cell
generation of inducible regulatory T-cells in multiple myeloma is contact-
dependent and antigen-presenting cell-independent. Unutmaz D, ed. PLoS One.
2012;7:e35981. https://doi.org/10.1371/journal.pone.0035981.

17. Feng X, Zhang L, Acharya C, An G, Wen K, Qiu L, et al. Targeting CD38 suppresses
induction and function of T regulatory cells to mitigate immunosuppression in
multiple myeloma. Clin Cancer Res. 2017;23:4290–300. https://doi.org/10.1158/
1078-0432.CCR-16-3192.

18. Kawano Y, Zavidij O, Park J, Moschetta M, Kokubun K, Mouhieddine TH, et al.
Blocking IFNAR1 inhibits multiple myeloma-driven Treg expansion and immu-
nosuppression. J Clin Invest. 2018;128:2487–99. https://doi.org/10.1172/JCI88169.

19. Trebing J, Lang I, Chopra M, Salzmann S, Moshir M, Silence K, et al. A novel llama
antibody targeting Fn14 exhibits anti-metastatic activity in vivo. MAbs.
2014;6:297–308. https://doi.org/10.4161/mabs.26709.

20. Chesi M, Matthews GM, Garbitt VM, Palmer SE, Shortt J, Lefebure M, et al. Drug
response in a genetically engineered mouse model of multiple myeloma is
predictive of clinical efficacy. Blood. 2012;120:376–85. https://doi.org/10.1182/
blood-2012-02-412783.

21. Riedel SS, Mottok A, Brede C, Bäuerlein CA, Jordán Garrote AL, Ritz M, et al. Non-
invasive imaging provides spatiotemporal information on disease progression
and response to therapy in a murine model of multiple myeloma. Metze K, ed.
PLoS One. 2012;7:e52398. https://doi.org/10.1371/journal.pone.0052398.

22. Lahl K, Loddenkemper C, Drouin C, Freyer J, Arnason J, Eberl G, et al. Selective
depletion of Foxp3+ regulatory T cells induces a scurfy-like disease. J Exp Med.
2007;204:57–63. https://doi.org/10.1084/jem.20061852.

23. Beilhack A, Schulz S, Baker J, Beilhack GF, Wieland CB, Herman EI, et al. In vivo
analyses of early events in acute graft-versus-host disease reveal sequential
infiltration of T-cell subsets. Blood. 2005;106:1113–22. https://doi.org/10.1182/
blood-2005-02-0509.

24. Chesi M, Robbiani DF, Sebag M, Chng WJ, Affer M, Tiedemann R, et al. AID-
Dependent Activation of a MYC Transgene Induces Multiple Myeloma in a
Conditional Mouse Model of Post-Germinal Center Malignancies. Cancer Cell.
2008. https://doi.org/10.1016/j.ccr.2008.01.007.

J. Dahlhoff et al.

798

Leukemia (2022) 36:790 – 800

https://seer.cancer.gov/csr/1975_2017/sections.html
https://doi.org/10.1182/blood.2019004176
https://doi.org/10.3324/haematol.2020.247015
https://doi.org/10.3324/haematol.2020.247015
https://doi.org/10.1038/s41408-020-00350-x
https://doi.org/10.1038/s41408-020-00350-x
https://doi.org/10.3389/fonc.2020.00636
https://doi.org/10.1111/imr.12233
https://doi.org/10.1111/nyas.13038
https://doi.org/10.1111/nyas.13038
https://doi.org/10.1016/0008-8749(75)90166-5
https://doi.org/10.1038/nature10160
https://doi.org/10.1002/jcp.27553
https://doi.org/10.3324/haematol.2014.105866
https://doi.org/10.1182/blood-2005-08-3101
https://doi.org/10.1182/blood-2005-08-3101
https://doi.org/10.1007/s00262-014-1589-9
https://doi.org/10.1182/blood-2005-09-3671
https://doi.org/10.1182/blood-2005-09-3671
https://doi.org/10.1158/1078-0432.CCR-19-1714
https://doi.org/10.1158/1078-0432.CCR-19-1714
https://doi.org/10.1371/journal.pone.0035981
https://doi.org/10.1158/1078-0432.CCR-16-3192
https://doi.org/10.1158/1078-0432.CCR-16-3192
https://doi.org/10.1172/JCI88169
https://doi.org/10.4161/mabs.26709
https://doi.org/10.1182/blood-2012-02-412783
https://doi.org/10.1182/blood-2012-02-412783
https://doi.org/10.1371/journal.pone.0052398
https://doi.org/10.1084/jem.20061852
https://doi.org/10.1182/blood-2005-02-0509
https://doi.org/10.1182/blood-2005-02-0509
https://doi.org/10.1016/j.ccr.2008.01.007


25. Chopra M, Biehl M, Steinfatt T, Brandl A, Kums J, Amich J, et al. Exogenous TNFR2
activation protects from acute GvHD via host T reg cell expansion. J Exp Med.
2016;213:1881–900. https://doi.org/10.1084/jem.20151563.

26. Suffner J, Hochweller K, Kühnle M-C, Li X, Kroczek RA, Garbi N, et al. Dendritic cells
support homeostatic expansion of Foxp3+ regulatory T cells in Foxp3.LuciDTR
mice. J Immunol. 2010;184:1810–20. https://doi.org/10.4049/jimmunol.0902420.

27. Kusumbe AP, Ramasamy SK, Adams RH. Coupling of angiogenesis and osteo-
genesis by a specific vessel subtype in bone. Nature. 2014;507:323–8. https://doi.
org/10.1038/nature13145.

28. Preibisch S, Saalfeld S, Tomancak P. Globally optimal stitching of tiled 3D
microscopic image acquisitions. Bioinformatics. 2009;25:1463–5. https://doi.org/
10.1093/bioinformatics/btp184.

29. Yi JS, Cox MA, Zajac AJ. T-cell exhaustion: Characteristics, causes and conversion.
Immunology. 2010;129:474–81. https://doi.org/10.1111/j.1365-2567.2010.03255.x.

30. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat
Rev Immunol. 2015;15:486–99. https://doi.org/10.1038/nri3862.

31. Whitmire JK, Eam B, Whitton JL. Mice deficient in stem cell antigen-1 (Sca1, Ly-
6A/E) develop normal primary and memory CD4+ and CD8+ T-cell responses to
virus infection. Eur J Immunol. 2009;39:1494–504. https://doi.org/10.1002/
eji.200838959.

32. DeLong JH, Hall AO, Konradt C, Coppock GM, Park J, Harms Pritchard G, et al.
Cytokine- and TCR-mediated regulation of T cell expression of Ly6C and Sca-1. J
Immunol. 2018;200:ji1701154. https://doi.org/10.4049/jimmunol.1701154.

33. Papadimitriou K, Tsakirakis N, Malandrakis P, Vitsos V, Metousis A, Orologas-
Stavrou N, et al. Deep phenotyping reveals distinct immune signatures correlating
with prognostication, treatment responses, and MRD status in multiple myeloma.
Cancers (Basel) 2020;12:1–19. https://doi.org/10.3390/cancers12113245.

34. Laronne-Bar-On A, Zipori D, Haran-Ghera N. Increased regulatory versus effector T cell
development is associated with thymus atrophy in mouse models of multiple mye-
loma. J Immunol. 2008;181:3714–24. https://doi.org/10.4049/jimmunol.181.5.3714.

35. Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M, et al. Immuno-
logic self-tolerance maintained by CD25 CD4 naturally anergic and suppressive
T cells: induction of autoimmune disease by breaking their anergic/suppressive
state. Int Immunol. 1998;10:1969–80.

36. Glatman Zaretsky A, Konradt C, Dépis F, Wing JB, Goenka R, Atria DG, et al. T
regulatory cells support plasma cell populations in the bone marrow. Cell Rep.
2017;18:1906–16. https://doi.org/10.1016/j.celrep.2017.01.067.

37. Borg C, Terme M, Taïeb J, Ménard C, Flament C, Robert C, et al. Novel mode of
action of c-kit tyrosine kinase inhibitors leading to NK cell-dependent antitumor
effects. J Clin Invest. 2004;114:379–88. https://doi.org/10.1172/JCI21102.

38. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al.
Effectiveness of donor natural killer cell alloreactivity in mismatched hemato-
poietic transplants. Science. 2002;295:2097–100. https://doi.org/10.1126/
science.1068440.

39. Dhodapkar MV, Krasovsky J, Olson K. T cells from the tumor microenvironment of
patients with progressive myeloma can generate strong, tumor-specific cytolytic
responses to autologous, tumor-loaded dendritic cells. PNAS 2002;99:13009–13.
https://doi.org/10.1073/pnas.202491499.

40. Dhodapkar MV, Geller MD, Chang DH, Shimizu K, Fujii S, Dhodapkar KM, et al. A
reversible defect in natural killer T cell function characterizes the progression of
premalignant to malignant multiple myeloma. J Exp Med. 2003;197:1667–76.
https://doi.org/10.1084/jem.20021650.

41. Raje N, Berdeja J, Lin Y, Siegel D, Jagannath S, Madduri D, et al. Anti-BCMA CAR
T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. N. Engl J
Med. 2019;380:1726–37. https://doi.org/10.1056/nejmoa1817226.

42. Munshi NC, Anderson LD, Jr, Shah N, Siegel D, Jagannath S, Madduri D, et al. Ide-
cabtagene vicleucel (ide-cel; bb2121), a BCMA-targeted CAR T-cell therapy, in patients
with relapsed and refractory multiple myeloma (RRMM): Initial KarMMa results. J Clin
Oncol. 2020;38:8503. https://doi.org/10.1200/jco.2020.38.15_suppl.8503.

43. Pillarisetti K, Edavettal S, Mendonça M, Li Y, Tornetta M, Babich A, et al. A T-
cell–redirecting bispecific G-protein–coupled receptor class 5 member D x CD3
antibody to treat multiple myeloma. Blood. 2020;135:1232–43. https://doi.org/
10.1182/BLOOD.2019003342.

44. Zah E, Nam E, Bhuvan V, Tran U, Ji BY, Gosliner SB, et al. Systematically optimized
BCMA/CS1 bispecific CAR-T cells robustly control heterogeneous multiple mye-
loma. Nat Commun. 2020;11:1–13. https://doi.org/10.1038/s41467-020-16160-5.

45. Chan WK, Kang S, Youssef Y, Glankler EN, Barrett ER, Carter AM, et al. A CS1-
NKG2D bispecific antibody collectivel activates cytolytic immune cells against
multiple myeloma. Cancer Immunol Res. 2018;6:776–87. https://doi.org/10.1158/
2326-6066.CIR-17-0649.

46. Chu J, Deng Y, Benson DM, He S, Hughes T, Zhang J, et al. CS1-specific chimeric
antigen receptor (CAR)-engineered natural killer cells enhance in vitro and in vivo
antitumor activity against human multiple myeloma. Leukemia. 2014;28:917–27.
https://doi.org/10.1038/leu.2013.279.

47. Zelle-Rieser C, Thangavadivel S, Biedermann R, Brunner A, Stoitzner P, Will-
enbacher E, et al. T cells in multiple myeloma display features of exhaustion and
senescence at the tumor site. J Hematol Oncol. 2016;9:116. https://doi.org/
10.1186/s13045-016-0345-3.

48. Suen H, Brown R, Yang S, Weatherburn C, Ho PJ, Woodland N, et al. Multiple
myeloma causes clonal T-cell immunosenescence: identification of potential
novel targets for promoting tumour immunity and implications for checkpoint
blockade. Leukemia. 2016;30:1716–24. https://doi.org/10.1038/leu.2016.84.

49. Minnie SA, Kuns RD, Gartlan KH, Zhang P, Wilkinson AN, Samson L, et al. Myeloma
escape after stem cell transplantation is a consequence of T-cell exhaustion and
is prevented by TIGIT blockade. Blood. 2018;132:1675–88. https://doi.org/
10.1182/BLOOD-2018-01-825240.

50. Guillerey C, Ferrari de Andrade L, Vuckovic S, Miles K, Ngiow SF, Yong MC, et al.
Immunosurveillance and therapy of multiple myeloma are CD226 dependent. J
Clin Invest. 2015;125:2077–89. https://doi.org/10.1172/JCI77181.

51. Trambley J, Bingaman AW, Lin A, Elwood ET, Waitze SY, Ha J, et al. Asialo GM1+
CD8+ T cells play a critical role in costimulation blockade-resistant allograft
rejection. J Clin Invest. 1999;104:1715–22. https://doi.org/10.1172/JCI8082.

52. Jinushi M, Vanneman M, Munshi NC, Tai YT, Prabhala RH, Ritz J, et al. MHC class I
chain-related protein A antibodies and shedding are associated with the pro-
gression of multiple myeloma. Proc Natl Acad Sci USA. 2008;105:1285–90. https://
doi.org/10.1073/pnas.0711293105.

53. Österborg A, Nilsson B, Björkholm M, Holm G, Mellstedt H. Natural killer cell
activity in monoclonal gammopathies: Relation to disease activity. Eur J Hae-
matol. 2009;45:153–7. https://doi.org/10.1111/j.1600-0609.1990.tb00443.x.

54. Onizuka S, Tawara I, Shimizu J, Sakaguchi S, Fujita T, Nakayama E. Tumor rejection by
in vivo administration of anti-CD25 (interleukin-2 receptor alpha) monoclonal anti-
body. Cancer Res. 1999;59:3128–33. http://www.ncbi.nlm.nih.gov/pubmed/10397255.

55. Waldmann TA, White JD, Goldman CK, Top L, Grant A, Bamford R, et al. The
interleukin-2 receptor: A target for monoclonal antibody treatment of human
T-cell lymphotrophic virus I-induced adult T-cell leukemia. Blood.
1993;82:1701–12. https://doi.org/10.1182/blood.v82.6.1701.1701.

56. Flynn MJ, Hartley JA. The emerging role of anti-CD25 directed therapies as both
immune modulators and targeted agents in cancer. Br J Haematol.
2017;179:20–35. https://doi.org/10.1111/bjh.14770.

57. Waldmann TA. Daclizumab (anti-Tac, Zenapax) in the treatment of leukemia/
lymphoma. Oncogene. 2007;26:3699–703. https://doi.org/10.1038/sj.
onc.1210368.

58. Jacobs JFM, Punt CJA, Lesterhuis WJ, Sutmuller RP, Brouwer HM, Scharenborg
NM, et al. Dendritic cell vaccination in combination with anti-CD25 monoclonal
antibody treatment: A phase I/II study in metastatic melanoma patients. Clin
Cancer Res. 2010;16:5067–78. https://doi.org/10.1158/1078-0432.CCR-10-1757.

59. Baur AS, Lutz MB, Schierer S, Beltrame L, Theiner G, Zinser E, et al. Denileukin
diftitox (ONTAK) induces a tolerogenic phenotype in dendritic cells and stimu-
lates survival of resting Treg. Blood. 2013;122:2185–94. https://doi.org/10.1182/
blood-2012-09-456988.

60. Solomon I, Amann M, Goubier A, Vargas FA, Zervas D, Qing C, et al. CD25-Treg-
depleting antibodies preserving IL-2 signaling on effector T cells enhance
effector activation and antitumor immunity. Nat Cancer. 2020;1:1153–66. https://
doi.org/10.1038/s43018-020-00133-0.

ACKNOWLEDGEMENTS
The authors would like to thank Tim Sparwasser (Hannover, Germany) for kindly
providing the C.B6-Tg(Foxp3-DTR/EGFP)23.2Spar mice and Günter Hämmerling
(Heidelberg, Germany) for the C57BL/6.Foxp3.Luci.DTR-4 mice. We thank the
members of the Beilhack laboratory for their support and vivid discussions.

AUTHOR CONTRIBUTIONS
Conceived and designed the experiments: JH, AB. Performed the experiments: JH,
HM, TS, JDG, ES, TS, and AB. Analyzed the data: JH. ZM, PT, ABr, LR, MK, DB, ML, HE,
and AB supported experiments, data analysis, and contributed ideas. JH and AB
wrote the paper.

FUNDING
This work was supported by grants from the German Research Council (DFG) to AB
(GRK2157 P1, 270563345; FOR1586, 179902948) to AB and HE (TRR221, 324392634),
to AB and ABr (µBone, 401253051) and Bayerische Forschungsstiftung (Fortither
WP2TP3) and the Europäische Fonds für Regionale Entwicklung (EFRE; Center for
Personalized Molecular Immunotherapy). Open Access funding enabled and
organized by Projekt DEAL.

J. Dahlhoff et al.

799

Leukemia (2022) 36:790 – 800

https://doi.org/10.1084/jem.20151563
https://doi.org/10.4049/jimmunol.0902420
https://doi.org/10.1038/nature13145
https://doi.org/10.1038/nature13145
https://doi.org/10.1093/bioinformatics/btp184
https://doi.org/10.1093/bioinformatics/btp184
https://doi.org/10.1111/j.1365-2567.2010.03255.x
https://doi.org/10.1038/nri3862
https://doi.org/10.1002/eji.200838959
https://doi.org/10.1002/eji.200838959
https://doi.org/10.4049/jimmunol.1701154
https://doi.org/10.3390/cancers12113245
https://doi.org/10.4049/jimmunol.181.5.3714
https://doi.org/10.1016/j.celrep.2017.01.067
https://doi.org/10.1172/JCI21102
https://doi.org/10.1126/science.1068440
https://doi.org/10.1126/science.1068440
https://doi.org/10.1073/pnas.202491499
https://doi.org/10.1084/jem.20021650
https://doi.org/10.1056/nejmoa1817226
https://doi.org/10.1200/jco.2020.38.15_suppl.8503
https://doi.org/10.1182/BLOOD.2019003342
https://doi.org/10.1182/BLOOD.2019003342
https://doi.org/10.1038/s41467-020-16160-5
https://doi.org/10.1158/2326-6066.CIR-17-0649
https://doi.org/10.1158/2326-6066.CIR-17-0649
https://doi.org/10.1038/leu.2013.279
https://doi.org/10.1186/s13045-016-0345-3
https://doi.org/10.1186/s13045-016-0345-3
https://doi.org/10.1038/leu.2016.84
https://doi.org/10.1182/BLOOD-2018-01-825240
https://doi.org/10.1182/BLOOD-2018-01-825240
https://doi.org/10.1172/JCI77181
https://doi.org/10.1172/JCI8082
https://doi.org/10.1073/pnas.0711293105
https://doi.org/10.1073/pnas.0711293105
https://doi.org/10.1111/j.1600-0609.1990.tb00443.x
http://www.ncbi.nlm.nih.gov/pubmed/10397255
https://doi.org/10.1182/blood.v82.6.1701.1701
https://doi.org/10.1111/bjh.14770
https://doi.org/10.1038/sj.onc.1210368
https://doi.org/10.1038/sj.onc.1210368
https://doi.org/10.1158/1078-0432.CCR-10-1757
https://doi.org/10.1182/blood-2012-09-456988
https://doi.org/10.1182/blood-2012-09-456988
https://doi.org/10.1038/s43018-020-00133-0
https://doi.org/10.1038/s43018-020-00133-0


COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-021-01422-y.

Correspondence and requests for materials should be addressed to Andreas
Beilhack.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

J. Dahlhoff et al.

800

Leukemia (2022) 36:790 – 800

https://doi.org/10.1038/s41375-021-01422-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Transient regulatory T-nobreakcell targeting triggers immune control of multiple myeloma and prevents disease progression
	Introduction
	Methods
	Ethics statement
	Tumor models
	Treg depletion experiments
	Antibody-mediated depletion
	Flow cytometry analysis
	MM patient samples
	Immunofluorescence microscopy

	Results
	Tregs accumulate within the bone marrow MM microenvironment
	Tregs in MM are activated and display an effector phenotype
	Tregs impede an effective anti-MM response
	Tregs inhibit effector cell functions in mice with MOPC-MM
	CD8 and NK cells are main effector cells after Treg depletion

	Discussion
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




