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Abstract We have previously found that ex vivo

expanded human CD4?CD25?Treg cells suppress prolif-

eration of lymphoma B-cell lines. Here we demonstrate

that the immunomodulatory drug lenalidomide potentiates

suppression of lymphoma B-cell proliferation by freshly

isolated CD4?CD25?Tregs, as well as suppression by

Tregs expanded polyclonally in the presence of rapamycin

from CD4?CD25?T cells or CD4?CD25?CD127loT cells.

The regulation of lymphoma cell proliferation by Tregs

pre-expanded with ‘‘third-party’’ allogeneic MoDCs in the

presence of rapamycin was also potentiated by lenalido-

mide. Lenalidomide contributed to the suppression exerted

by Tregs despite concomitant downregulation of Treg

proliferation. Lenalidomide did not reduce the suppression

of conventional T cells by expanded Tregs. The exposure

of polyclonally expanded Tregs to lenalidomide did not

significantly alter their phenotype. There was no uniform

pattern of lenalidomide effect on Treg-mediated regulation

of lymphoma B cells freshly isolated from patients. Freshly

isolated lymphoma cells activated with multimeric CD40L

and IL-4 to support their survival in vitro varied in their

sensitivity to lenalidomide, and the regulatory effect of

Tregs on such lymphoma cells ranged from suppression to

help in individual patients. Lenalidomide potentiated or

attenuated Treg effects on the survival of freshly isolated

lymphoma cells. A combination of lenalidomide treatment

with adoptive transfer of CD4?CD25?Tregs or

CD4?CD25?CD127loTregs expanded ex vivo could be

used to suppress proliferation of residual lymphoma in

select patients with lymphoma responsive to the regulation

by Tregs and sensitive to lenalidomide.

Keywords Lenalidomide � Regulatory T cells � B-cell

lymphoma

Introduction

Lenalidomide (Revlimid�), a synthetic derivate of

thalidomide, is a drug with anti-angiogenic, anticancer, and

pleiotropic immunomodulatory activities [1]. Lenalido-

mide has been approved by the US Food and Drug

Administration for the treatment of patients (pts) with

transfusion-dependent anemia due to low- or intermediate-

1-risk deletion 5q myelodysplastic syndromes, with mantle

cell lymphoma (MCL) relapsed or progressed after two

prior therapies, and in combination with dexamethasone for

the treatment of pts with plasma cell myeloma (PCM) [2].

Lenalidomide has undergone clinical trials as a treatment

of pts with newly diagnosed PCM, chronic lymphocytic

leukemia (CLL) and relapsed/refractory non-Hodgkin

lymphoma (NHL) [3–5].
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Lenalidomide has been classified as an immunomodu-

latory drug because of its pleiotropic modulatory effects on

the immune system. Lenalidomide enhances antigen-

specific CD8? T-cell effector functions [6] and costimu-

lates both CD4? and CD8? T cells which results in the

increased production of IL-2 and IFN-c [7–9]. This effect

is mediated by degradation of Ikaros and Aiolos which are

repressors of IL-2 promoter [10, 11]. Lenalidomide

enhances binding of transcription factors Ikaros (IKZF1,

IKAROS family zinc finger 1) and Aiolos (IKZF3) to

CRBN and leads to their proteasomal degradation in both

malignant B cells and normal T cells [10–12]. Lenalido-

mide modulates interactions of immune cells and malig-

nant cells, i.e., repairs T-cell immunologic synapse

dysfunction induced by CLL cells [13] and follicular

lymphoma (FL) cells [14] by restoring appropriate F-actin

formation and T-cell signaling [13, 15]. Normal LFA-1-

mediated adhesion and migration in T cells from CLL pts is

also restored by lenalidomide [16].

Lenalidomide was reported to inhibit Treg expansion,

FOXP3 expression, and the suppressive function of Tregs

toward autologous CD4?CD25- T cells in vitro [17].

Lenalidomide reduced suppressive effect of Tregs isolated

from PCM pts on the proliferation and cytokine production

of autologous CD8? T cells [18]. Reports on Treg fre-

quency in pts treated with lenalidomide are ambiguous. In

CLL pts, one study showed that lenalidomide treatment

reduced proportion of Tregs in peripheral blood [19], and

another one that the percentage of peripheral blood Tregs

increased after 3 cycles of treatment, but decreased after 15

cycles [20]. Treg frequency increased in peripheral blood

of PCM pts after maintenance or salvage treatment with

lenalidomide following allo-HCT [21–23], and also after

lenalidomide treatment not preceded by allo-HCT [24, 25].

Reports on the role of Tregs in hematological neoplasms

are conflicting. High numbers of intratumoral or peripheral

Tregs have been shown to correlate with improved survival

in germinal center B-cell-like DLBCL [26, 27], FL [27–

29], and classical Hodgkin lymphoma (HL) [27, 30, 31].

Other studies showed association of follicular localization

of Tregs with poor survival and high risk of transformation

in FL [32]. The low number of circulating Tregs was

associated with poor prognosis in pts with DLBCL [33],

but in CLL pts and PCM pts unfavorable prognosis was

associated with high number of Tregs [34, 35]. It was

shown that in vitro CD4?FOXP3? and CD4?FOXP3- T

cells kill autologous leukemic B cells [36].

We have shown recently that polyclonal Tregs expanded

in the presence of rapamycin and a low dose of IL-2

in vitro from CD4?CD25? T cells as well as from

CD4?CD25?CD127lo T cells suppressed proliferation of

lymphoma B cells [37]. Here we investigated whether

lenalidomide affects interaction of steady-state Tregs or

Tregs activated and expanded in vitro with lymphoma B

cells.

Materials and methods

Human cell samples

Established cell lines: mantle cell lymphoma (MCL)—

MINO, JEKO-1, REC-1; follicular lymphoma (FL)—

DOHH-2, diffuse large B-cell lymphoma (DLBCL)—U-

2940; Hodgkin lymphoma (HL)—KM-H2, L-1236, L-428;

and Burkitt lymphoma (BL)—Ramos were purchased from

DSMZ (Germany).

Buffy coats processed from the peripheral blood of

healthy donors were obtained from the Regional Blood

Centre (Warszawa, Poland).

Patient characteristics

The study was approved by the institutional Bioethical

Committee. Between April 2013 and October 2014, 18 pts

were included. All pts signed informed consent for

obtaining samples by fine needle aspiration biopsy of

lymph nodes or extranodal tumors and/or donation of up to

4 mL peripheral blood from samples drawn for routine

tests.

Patients of age 33–72 years, including 7 females and 11

males, were diagnosed with follicular lymphoma (FL)

(n = 3), chronic lymphocytic leukemia/small lymphocytic

lymphoma (CLL/SLL) (n = 6/3), diffuse large B-cell

lymphoma, not otherwise specified (DLBCL NOS)

(n = 3), mantle cell lymphoma (MCL) (n = 3). Six pts had

recurrent disease (CLL/SLL–4, FL–1, DLBCL–1), 16 pts

required treatment, and 2 were eligible for observation

only.

Treg and Tcon isolation

Peripheral blood mononuclear cells (PBMC) were isolated

by centrifugation on Ficoll-Paque Plus (Amersham Bio-

sciences) density gradient and incubated for 35 min in

plastic flasks to separate adherent and non-adherent cells.

CD4?CD25?Tregs were isolated by magnetic separation

with the use of Dynabeads� Regulatory CD4?CD25?

T-cell Kit (Invitrogen, Life Technologies). CD4?CD25-

conventional T cells (Tcons) were obtained during Treg

isolation procedure.

Cell population enriched in Tregs contained

94.5 ± 2.46 % CD4? cells, 4.45 ± 2.77 % CD4-CD8-

cells, and 0.91 ± 0.39 % CD4-CD8? cells. CD127hi and

CD127lo subpopulations of CD4?CD25?T cells were sor-

ted on FACSAriaIII (BD Biosciences) cell sorter. The
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median purity of CD127hi subpopulation was 96.80 %

(range 89.60–98.60), and that of CD127lo subpopulation

was 99.20 % (range 91.80–99.80).

Lymphoma, MoDC, and T-cell expansion cultures

Normal lymphocytes, monocyte-derived dendritic cells

(MoDCs), and lymphoma cells were cultured in serum-free

AIM-V medium (Life Technologies). Culture medium used

for MCL and HL cell lines was supplemented with 2.5 %

of fetal calf serum (Gibco). To generate MoDCs, adherent

monocytes were cultured for 7 days with GM-CSF (Leu-

kine, Berlex, 100 ng/mL) and rhIL-4 (CellGenix, 250 IU/

mL). Treg expansion was initiated in 96-well flat bottom

plates at 1 9 105–1 9 106 cells per well with anti-CD3,

anti-CD28, anti-CD2 moAb-coated beads (T-cell Activa-

tion/Expansion Kit, Miltenyi Biotech) at a bead-to-cell

ratio 1:2 in the presence of rhIL-2 (R&D Systems, 50 IU/

mL) or at 1 9 106 cells per well with allogeneic MoDCs

irradiated 30 Gy from 137Cs source added to Tregs at a

proportion 1:10, in the presence of rhIL-2 (10 IU/mL).

Rapamycin (Sigma-Aldrich, 100 ng/mL) was added to the

cultures on day 4. The cultures were continued in 24-well

plates at a cell density of 5 9 105–2 9 106/mL, and res-

timulated polyclonally with moAb-coated beads or with

MoDCs in 2-week intervals. Cells were split depending on

cell growth, and fresh medium with IL-2 and rapamycin,

was added in 2–3 day intervals.

Reagents

Lenalidomide (CC-5013, IMiD3) provided by Celgene

Corp (Summit, New Jersey, USA) was dissolved in DMSO

(Sigma-Aldrich) at concentration of 10 mM and stored in

aliquots at -20 �C. For all experiments, lenalidomide was

used at a concentration of 1 lM, a dose within the range of

the concentrations of this drug found either in serum or

plasma or in the whole blood determined by pharmacoki-

netic analysis following oral administration of this drug to

pts [38]. DMSO was used as a vehicle control in all

experiments.

Antibodies and flow cytometry

FITC-, PE-, PerCP-, APC-, APC-Cy7-anti-CD3; FITC-,

PE-, APC-anti-CD4; FITC-, PE-, PerCP-anti-CD8; PE-

Cy7- anti-CD19; FITC-anti-CD20; PE-Cy7-anti-CD25;

PE-anti-CD73; PE-anti-CD127; APC-anti-CD152; FITC-

anti-granzyme B were purchased from BD Biosciences.

APC-anti-CD4; PE-Cy7-anti-CD19; PE-anti-CD20; FITC-

anti-CD39; FITC-anti-CD62L; PE-anti-GITR (CD357);

PE-anti-granzyme A; AlexaFluor647-anti-FOXP3 (Clone

259D); AlexaFluor647-anti-IgG1; PacificBlue-anti-FOXP3

(Clone 206D) were purchased from Biolegend. PE-anti-

TIGIT; AlexaFluor647-anti-GARP were purchased from

eBioscience. Intracellular staining was performed using

Foxp3 Staining Buffer Set (eBioscience). Cells were

incubated for 5 h with BD GolgiStop (BD Biosciences)

before staining for granzyme A and granzyme B.

Flow cytometry was performed using FACSCantoII or

FACSAriaIII (both from BD Biosciences). Data were

analyzed using the FACSDiva software (BD Biosciences)

and the FlowJo software (TreeStar).

Treg functional analysis

Mixed leukocyte cultures (MLC) of Tregs with lymphoma

cell lines or Tcons were carried in triplicates in 48-well

plates or in 24-well transwell plates (BD Biosciences) in

the absence of rapamycin, with rhIL-2 (10 IU/mL), and

with lenalidomide (1 lM) or with vehicle (DMSO) at a

corresponding concentration (0.1 %). Freshly isolated

Tregs or Tregs collected 7 days after the last restimulation

step were mixed with responders at ratios ranging from 1:1

to 1:4. Established lymphoma B-cell lines or non-adherent

peripheral blood mononuclear cells (NAC) or Tcons used

as responders were plated at 105 cells/well after labeling

with carboxyfluorescein succinimidyl ester (CFSE) using

Cell TraceTM CFSE Cell Proliferation Kit (Invitrogen, Life

Technologies), according to manufacturer’s instructions.

Prior to CFSE labeling, NAC or Tcons used as responders

were stimulated with anti-CD3/CD28/CD2-moAbs-coated

beads in the presence of IL-2 (10 IU/mL) for 3 h. Expan-

ded Tregs were labeled using Cell Proliferation Dye

eFluor670� (eBioscience) or Cell TrackerTM Orange

CMTMR (Molecular Probes), according to manufacturer’s

protocols. If freshly isolated Tregs were plated in MLC,

Tregs were identified by staining with anti-CD3 moAb on

day of cell harvest. To determine cell viability, harvested

cells were stained with 7-amino-actinomycin D (7-AAD,

BD Biosciences). The proliferation pattern of CFSE-la-

beled cells and eFluor670-labeled cells was evaluated by

flow cytometry. To compare cell yield in the cultures,

equivalent cell samples were collected at a constant time

and flow rate. A total cell yield in cultures was calculated

basing on a proportion of direct cell count in a hemocy-

tometer under a microscope to cell count in flow cytometry

samples. The expansion indices were calculated as the

proportion of the mean final yield of viable cells to the

initial cell number in the cultures.

Lymphoma cells from suspensions collected by fine

needle aspiration or leukemic cells from peripheral blood

obtained from pts were usually isolated by centrifugation

on Ficoll-Paque. Freshly isolated lymphoma/leukemia cells

were cocultured with expanded Tregs at a cell ratio 4:1 in

96-well plates in the presence of soluble
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MultimericCD40LTM (AdipoGen, 25 ng/mL), rhIL-2

(10 IU/mL), and rhIL-4 (250 IU/mL). Staining with

moAbs to B-cell markers (CD19, CD20) depending on

individual lymphoma phenotype was performed on day of

MLC harvest to distinguish lymphoma cells from allo-

geneic Tregs and autologous T cells. If possible, lymphoma

cells were stained with CFSE prior to MLC plating. Tregs

were stained with eFluor670 prior to MLC and/or with

anti-CD3 moAb on a day of cell harvest.

Statistics

Statistical significance between groups was evaluated with

2-tailed t test for unpaired samples or with Wilcoxon

nonparametric test using SPSS 14.0 (SPSS Inc). Data were

considered statistical significant at p\ 0.05.

Results

The suppression of lymphoma B-cell proliferation

by ex vivo expanded Tregs is augmented

by lenalidomide despite the concurrently

downmodulated proliferation of Tregs

We evaluated the effect of lenalidomide on the interaction

of in vitro expanded Tregs with established lymphoma

B-cell lines. CD4?CD25?Tregs obtained from peripheral

blood of healthy donors were activated with anti-CD3/

CD28/CD2 antibody-coated beads and expanded in vitro

in the presence of IL-2 (50 U/mL) and rapamycin (100 ng/

mL) for 3–5 weeks. The expanded Tregs were cocultured

with lymphoma cells in mixed leukocyte cultures (MLC)

in the presence of IL-2 (10 U/mL), but without rapamycin.

All but one of the studied lymphoma B-cell lines were

responsive to the regulation by expanded polyclonal

Tregs. Lenalidomide at a concentration of 1 lM did not

inhibit proliferation of BL line Ramos, but potentiated

suppression of this line exerted by expanded polyclonal

CD4?CD25?Tregs (Fig. 1a, b). Lenalidomide alone par-

tially inhibited proliferation of MCL line MINO (Fig. 1c),

DLBCL line U-2940 (Fig. 1d), HL line L-1236 (Fig. 1e),

and FL line DOHH-2 (not shown), and augmented sup-

pression of these lymphoma cell lines exerted by expan-

ded Tregs. The cumulative effect of lenalidomide and

Tregs was observed at different Treg/lymphoma cell ratios

(Fig. 1e). L-428 (HL), JEKO-1 (MCL), and KM-H2 (HL)

cell lines were weakly or not sensitive to inhibitory effect

of lenalidomide, and lenalidomide did not augment sup-

pression of these lines by expanded Tregs (a representa-

tive experiment in Fig. 1f). REC-1 (MCL) cell line was

not susceptible to suppression exerted by Tregs, but was

inhibited by lenalidomide (Fig. 1g). Lymphoma B-cell

lines mostly stimulated pre-expanded polyclonal

CD4?CD25?Tregs to proliferate in MLC. Lenalidomide

partially inhibited CD4?CD25?Treg proliferation induced

by lymphoma cells in 5-day MLC in the presence of IL-2

(10 U/mL) (Fig. 1h), but did not significantly affect via-

bility of Tregs cultured alone with IL-2 (10 U/mL). In

one-day cultures, lenalidomide did not evoke any exces-

sive apoptosis in expanded Tregs cultured alone or

cocultured with lymphoma cells in MLC (data not shown).

We have previously found that Tregs, expanded with

rapamycin from CD4?CD25? T cells and from sorted

CD4?CD25?CD127hi T cells or from CD4?CD25?CD127lo

T cells, mediate equally potent suppression of proliferation

in established lymphoma B-cell lines [37]. Here we found

that the suppression of lymphoma B cells exerted by Tregs

expanded from magnetically separated CD4?CD25? T cells

and from their sorted CD127hi or CD127lo subsets increased

in the presence of lenalidomide (Fig. 2a), although

lenalidomide partially inhibited the proliferation of all

these Treg populations in MLC (Fig. 2b). Lenalidomide

did not inhibit the regulatory function of the expanded

CD4?CD25?Tregs or CD4?CD25?CD127hiTregs or

CD4?CD25?CD127loTregs exerted toward allogeneic con-

ventional T cells or autologous conventional T cells

(Fig. 3a–c).

cFig. 1 Lenalidomide contributes to suppression of lymphoma B cells

by ex vivo expanded CD4?CD25?Tregs but downmodulates Treg

proliferation in MLC. a Flow cytometry plots and histograms show

CFSE dilution pattern in viable CFSE-labeled Ramos lymphoma cells

(L) and eFluor670 dilution pattern in viable eFluor670-labeled Tregs

(Treg) cultured alone or cocultured (L ? Treg) for 5 days at L/Treg

ratio 2:1, with vehicle (DMSO) only or with 1 lM lenalidomide

(LENA). Except from the CFSE histogram of Ramos cells stained on

day 0 prior to MLC plating (L d.0), a scale of cell count axis in the

histograms was normalized, and a proportion of areas under curve in

histograms depicts the proportion of cell yields in the respective

cultures. Plots and histograms are representative of triplicate cultures

of the experiment shown in Fig. 1b. b Mean fold expansion ± stan-

dard deviation (SD) of Ramos cells plated alone or in MLC with

expanded Tregs in the representative experiment (n = 4). c Mean fold

expansion indices of MINO cells plated alone or in MLC. Each

symbol represents one out of 7 experiments. d Mean fold expan-

sion ±SD of U-2940 cells plated alone or in MLC in the represen-

tative experiment (n = 4). e Mean fold expansion ±SD of L-1236

cells plated alone or in MLC at L-1236/Treg ratio 1:1, 2:1, and 4:1.

f Mean fold expansion ±SD of KM-H2 cells plated alone or in MLC

in the representative experiment (n = 4). g Mean fold expan-

sion ±SD of REC-1 cells plated alone and in MLC in the

representative experiment (n = 2). h Mean fold expansion indices

of Tregs plated alone or in MLC with B lymphoma cell lines. Each

symbol represents one out of 17 experiments performed with Tregs

from 8 different donors. Tregs were expanded polyclonally for 3 or

5 weeks prior to MLC plating. Each cell line was tested only once

with Tregs obtained from a particular donor. L/Treg ratio in 5-day

MLC was 2:1, if not otherwise indicated. Statistical differences

between groups were determined by independent 2-tailed t test, (b, d–

g) or by nonparametric Wilcoxon test (c, h), *p\ 0.05, ns no

statistically significant difference
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It was reported that Tregs kill normal B cells and

lymphoma B cells at Treg/B-cell ratio as high as 20:1

[36]. We have previously found that at a low Treg/lym-

phoma cell ratio, i.e., 1:2 or 1:4, apoptosis did not play an

essential role in suppressive effect of Tregs toward

lymphoma cell lines [37]. In this study, we did not

observe a substantial effect of lenalidomide on the early

and late apoptosis level of MINO and Ramos lymphoma

cell lines cultured alone or in MLC with Tregs for 1 day

(data not shown).
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As an alternative method to initiate Treg expansion,

Tregs were activated with allogeneic monocyte-derived

dendritic cells (MoDCs) in the presence of IL-2 (10 U/mL)

and rapamycin (100 ng/mL). The effect of Tregs pre-ex-

panded with ‘‘third-party’’ allogeneic MoDCs on the pro-

liferation of lymphoma B cells in MLC was evaluated in

the absence of rapamycin. Lenalidomide potentiated sup-

pression of lymphoma B-cell proliferation by Tregs pre-

expanded with allogeneic MoDCs (Fig. 4).

Tregs expanded polyclonally or with MoDCs suppressed

lymphoma B-cell proliferation both in cell-to-cell contact

and if Tregs and lymphoma cells were separated by a

semipermeable membrane. Lenalidomide potentiated sup-

pression exerted by Tregs in cell-to-cell contact and

mediated by soluble factors (representative experiments in

Fig. 5a, b). In our previous study, we have detected IFN-c,

IL-10, CD40L, and TNF-a in the supernatants collected

from the cultures of Tregs alone and from MLC of Tregs

with lymphoma B-cell lines MINO and U-2940 and PCM

line U-266 [37]. In this study, we did not observe alteration

of cytokine secretion pattern if lenalidomide was added to

Tregs cultured alone or to MLC (data not shown).

We investigated whether lenalidomide affects the

capacity of the polyclonally expanded Tregs to respond to

the restimulation with anti-CD3/CD28/CD2 antibody-

coated beads. On day 7, after the first or the second res-

timulation step, the expanded Tregs were once again acti-

vated with stimulatory beads and IL-2 (10 U/mL), with or

without lenalidomide or continuously cultured with IL-2

without restimulation, with or without lenalidomide.

Lenalidomide inhibited the proliferation of Tregs restim-

ulated with freshly added stimulatory beads, but did not

affect the proliferation of Tregs maintained in the presence

of IL-2 (Fig. 6a, b).

The expression of markers associated with function

is not modulated by lenalidomide in polyclonal

Tregs pre-expanded in vitro

Tregs collected after 3- or 5-week polyclonal expansion

in vitro were subsequently incubated in the presence of IL-

2 (10 U/mL) with or without lenalidomide for 3 days.

Lenalidomide did not alter FOXP3 expression in Tregs pre-

expanded in vitro for 3–5 weeks (Fig. 6c, d). We found

quantitative but not qualitative differences in the expres-

sion of several common markers of Treg phenotype and

function in expanded CD4?CD25?Tregs and in CD127lo

and CD127hi Treg subsets. The expression of markers such

as GARP, TIGIT, CD62L, CD73, CD39, intracellular

CTLA-4 (CD152), and granzyme A in CD4?CD25?Tregs

and in CD127lo and CD127hi Treg subsets pre-expanded

in vitro was not modified if these Treg populations were

exposed to lenalidomide (Fig. 6d). The proportion of

GITR(CD357)-expressing cells increased in all expanded

Treg populations exposed to lenalidomide, but the

observed differences did not reach statistical significance.

Lenalidomide augments suppression of B-lymphoma

cell proliferation exerted by freshly isolated Tregs

Freshly isolated allogeneic CD4?CD25?Tregs mostly

moderately suppressed proliferation of established lym-

phoma B-cell lines, and in some cases Tregs helped lym-

phoma cells to proliferate. A stimulation with anti-CD3/

CD28/CD2 moAb-coated beads potentiated the suppressive

effect of CD4?CD25?Tregs in MLC, and induced

CD4?CD25?Tregs to suppress when lymphoma cells on

their own did not do it. The suppression exerted by freshly

isolated Tregs activated solely by lymphoma cells was
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Fig. 2 Lenalidomide contributes to suppression of lymphoma B

cells exerted by polyclonally expanded CD4?CD25?Tregs as well

as by polyclonally expanded CD4?CD25?CD127hiTregs and

CD4?CD25?CD127loTregs. a Viable cell yield ±SD of MINO cells

plated alone or in MLC and b viable cell yield ±SD of Tregs plated in

MLC. Black arrow indicates initial lymphoma (a) or Treg (b) cell

number in well. Lymphoma cells and ex vivo expanded Tregs were

cultured alone or cocultured at L/Treg ratio 2:1 in 5-day MLC,

without or with 1 lM lenalidomide (LENA). Prior to MLC plating,

Tregs were expanded polyclonally for 5 weeks from total

CD4?CD25? T cells (Treg), sorted CD4?CD25?CD127hi T cells

(Treg CD127hi) and sorted CD4?CD25?CD127lo T cells (Treg

CD127lo). The experiment is representative out of four experiments

performed with different lymphoma lines. Statistical differences

between groups were determined by independent 2-tailed t test,

*p\ 0.05
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augmented by lenalidomide. However, lenalidomide did

not augment the suppressive effect of Tregs in MLC if

Tregs were concomitantly activated with stimulatory anti-

CD3/CD28/CD2 -moAbs-coated beads (Fig. 7a, b). Lym-

phoma cells supported survival and expansion of freshly

isolated Tregs in MLC. Freshly isolated Tregs did not

survive for 4–5 days if cultured alone in the presence of IL-

2 (10 U/mL) at a cell density of 0.125 9 106/mL. Treg

expansion induced in MLC by lymphoma cells was par-

tially inhibited by lenalidomide (Fig. 7a, right graph).

Despite the inhibitory effect of lenalidomide on Treg

expansion, the suppression of lymphoma cells in MLC in

the presence of lenalidomide was at least equally potent as

in the absence of lenalidomide. However, it cannot be

excluded that the inhibition of Treg proliferation by

lenalidomide could somehow counterbalance Treg func-

tional efficiency.

Diverse effects of lenalidomide and Tregs

on the survival of freshly isolated lymphoma cells

activated in vitro with CD40L and IL-4 are variably

combined in individual patients

We found previously that the regulatory effect of Tregs

expanded with rapamycin on survival of freshly isolated

lymphoma cells activated with soluble multimeric CD40L

and IL-4 was variable across lymphoma entities [37].

Lymphoma cells were activated with soluble multimeric

CD40L and IL-4 to promote their survival in vitro [39, 40].

Here we examined the influence of lenalidomide on the

regulatory effect of in vitro expanded allogeneic Tregs on

lymphoma cells freshly isolated from pts (n = 18). Quan-

titative and qualitative immunophenotype of neoplastic

cells analyzed according to the previously described pro-

cedure [41] is shown in Online Resource 1 (Table 1).
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Fig. 3 Lenalidomide does not inhibit regulatory function of poly-

clonally expanded Tregs toward allogeneic and autologous conven-

tional T cells. a Proliferation profiles of CFSE-labeled and

polyclonally activated CD4?CD8- Tcons plated alone (Tcon only)

or cocultured with allo-Tregs (Tcon ? Treg) at a ratio 1:1 and 4:1 in

4-day MLC, with vehicle (DMSO) only or with 1 lM lenalidomide

(LENA). Histograms show representative profiles of triplicate

cultures of the experiment shown in Fig. 3b. b Mean fold expan-

sion ±SD of polyclonally activated CD4?CD8- Tcons plated alone

or cocultured with allo-Tregs. The graph shows one representative

out of 3 experiments. Tregs were expanded for 5 weeks prior to MLC.

c Proliferation profiles of CFSE-labeled and polyclonally activated

non-adherent peripheral blood mononuclear cells (NAC) plated alone

or plated in 4-day MLC with expanded autologous total CD4?CD25?

Tregs (NAC ? Treg), CD4?CD25?CD127hi Tregs (NAC ? Treg

CD127hi) or CD4?CD25?CD127lo Tregs (NAC ? Treg CD127lo) at

a ratio 2:1, with vehicle (DMSO) or with 1 lM lenalidomide (LENA).

Tregs were expanded polyclonally for 5 weeks prior to MLC.

Histograms show representative profiles of triplicate cultures in one

experiment representative out of 4. Statistical differences between

groups were determined by independent 2-tailed t test, *p\ 0.05
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Freshly isolated lymphoma cells were activated with sol-

uble multimeric CD40L and IL-4 in 5–6 day MLC with

Tregs at Treg/lymphoma ratio 1:4, with IL-2 (10 U/mL),

without or with lenalidomide. The effects of Tregs and

lenalidomide on the lymphoma cell survival were conver-

gent or opposite, and consequently there was no uniform

pattern of effects of combined lenalidomide and Tregs on

freshly isolated lymphoma cells. In some cases, lenalido-

mide potentiated suppression of lymphoma B-cell survival

by Tregs or enhanced helper effect of Tregs, but in others

lenalidomide attenuated or did not affect regulation of

lymphoma cells by Tregs (Fig. 8a, b). Lenalidomide did

not modify Treg effect on the level of early and late

apoptosis in lymphoma cells during one-day MLC at

Treg/lymphoma cell ratio 1:4 (data not shown).

Discussion

Here we demonstrated that lenalidomide exerts diverse

immunomodulatory effects on lymphoma B cells and

CD4?CD25?Tregs and in addition modulates their mutual

interactions. Lenalidomide interfered with polyclonal

activation of Tregs as well as with activation induced by

lymphoma cells resulting in decreased Treg proliferation.

However, lenalidomide did not affect viability and

expansion of Tregs induced to proliferate in the absence of

lenalidomide. These data imply that lenalidomide inter-

feres with signals inducing Treg proliferation, but does not

directly inhibit proliferation of Tregs that have been pre-

viously activated in the absence of lenalidomide.

Galustian et al. [17] reported that the expansion of

CD4?CD25highCTLA-4?FOXP3? Tregs among PBMC
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Fig. 4 Lenalidomide augments suppression of lymphoma B cells by

Tregs expanded following activation with allogeneic MoDC. Mean

fold expansion indices of lymphoma cells (L) plated alone or plated in

5-day MLC with Tregs at L/Treg ratio 2:1 or 4:1(#), with vehicle only

or with 1 lM lenalidomide (LENA). Each symbol represents one out

of five experiments. Prior to MLC plating, Tregs were expanded for 3

or 4 weeks in the presence of allogeneic MoDCs. U-2940 lymphoma

cell line was tested with Tregs obtained from two different donors.

Statistical differences between groups were determined by nonpara-

metric Wilcoxon test, *p\ 0.05
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Fig. 5 Lenalidomide augments suppression of lymphoma B cells

exerted by Tregs in cell-to-cell contact and by soluble factors. a,

b Histograms show CFSE dilution pattern in viable CFSE-labeled

lymphoma cells cultured alone (L), cultured in MLC with expanded

Tregs (L ? Treg), cultured alone under the insert (L[]) or separated

from Tregs by a semipermeable membrane (L ? [Treg]). Tregs were

expanded polyclonally for 4 weeks (a) or in the presence of

allogeneic MoDCs for 4 weeks (b), and subsequently cocultured

with lymphoma cells at lymphoma cell/Treg ratio 1:1, either with

vehicle (DMSO) only or with 1 lM lenalidomide (LENA). Except

from the CFSE histogram of lymphoma cells stained on day 0 prior to

MLC plating (day 0), a scale of cell count axis in the histograms was

normalized, and a proportion of areas under curves in histograms

depicts the proportion of cell yield in the respective 5-day cultures.

The experiment shown in Fig. 5a is representative out of 3

experiments. The experiment shown in Fig. 5b is representative out

of 3 experiments
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cultured for 7 days with IL-2 (150 U/mL) was inhibited in

the presence of lenalidomide. Their data also indicate that

lenalidomide may inhibit the conversion of conventional T

cells to FOXP3? T cells as well as the proliferation of

peripheral Tregs among PBMCs incubated for 7 days with

IL-2 at concentration of 500 U/mL. Luptakova et al. [42]

showed that following anti-CD3/CD28 stimulation in the

presence of lenalidomide, the percentage of CD4?CD25?

FOXP3? T cells decreased among T cells obtained from

healthy donors or PCM pts. Galustian et al. [17] observed

decreased FOXP3 expression in Tregs pretreated with

lenalidomide. We found that Tregs expanded polyclonally

with rapamycin and then exposed to lenalidomide expres-

sed FOXP3 at the same level as Tregs not exposed to

lenalidomide.

A mechanism of lenalidomide interference with Treg

activation process requires further studies. Lenalidomide

affects the expression level of transcription factors, such as

Ikaros, Aiolos and IRF4, in malignant and non-malignant

cells [10–12, 43, 44]. Human memory Helios-FOXP3?

Tregs express transcriptional regulator Aiolos [45]. The

functional activation of Tregs induced by transforming

growth factor b1 requires action of Aiolos. It was sug-

gested that Aiolos interacts with Foxp3 to silence the

transcriptional program of effector T cells and promote the

differentiation of functional Tregs [46]. Then, the degra-

dation of Aiolos induced by lenalidomide could interfere

with activation of induced Tregs. Lenalidomide downreg-

ulates the expression of transcription factor IRF4 [43].

Since IRF4 is essential for the differentiation of effector

Tregs [47], downmodulation of IRF4 may be considered as

a possible mechanism of lenalidomide inhibitory effect on

Treg activation. Luptakova et al. [42] observed a decreased

proportion of CD4?CD25? FOXP3? T cells in T-cell

population stimulated in vitro with dendritic cell/PCM

fusions in the presence of lenalidomide that was accom-

panied by 50 % decrease in the amount of phosphorylated

STAT5 in this T-cell population. Since STAT5 activation

promotes Treg expansion [48, 49], it suggests that the

inhibition of STAT5 phosphorylation is one of the mech-

anisms responsible for inhibition of Treg expansion by

lenalidomide.

Galustian et al. [17] showed that the regulatory capacity

of CD4?CD25?Tregs diminished after treatment with

lenalidomide. These authors exposed Tregs to lenalidomide

and subsequently evaluated their suppressive function

toward autologous conventional T cells in the absence of

lenalidomide. In our study, lenalidomide was added

directly to MLC of freshly isolated or in vitro expanded

CD4?CD25?Tregs with conventional T cells or with

lymphoma cells, so it could affect each of mixed cell

populations during their interaction. We did not observe an

inhibition of Treg suppressive effects directed against
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Fig. 6 Lenalidomide inhibits the expansion of Tregs if present during the

activation step, but does not affect the proliferation and phenotype of

Tregs activated in the absence of lenalidomide and thereafter exposed to

lenalidomide. a Histograms display eFluor670 dilution pattern in Tregs

cultured with IL-2 (10 U/mL) only (Treg) or Tregs restimulated with

stimulatory beads in the presence of IL-2 (Treg ? aCD3/2/28), with

vehicle (DMSO) only or with 1 lM lenalidomide (LENA) for 5 days,

beginning on day 7 after the previous restimulation step. The scale of cell

count axis in the histograms was normalized, and the proportion of areas

under the curve in the histograms depicts the proportion of cell yields in

the respective cultures. The representative histograms of triplicate

cultures are shown. b Mean fold expansion ±SD of triplicate Treg

cultures in the experiment shown in Fig. 6a. Statistical difference between

means was determined by independent 2-tailed t test *p\ 0.05, ns–no

statistically significant difference. Similar results were obtained in 6

experiments. c FOXP3 expression in CD4?CD25? Tregs (Treg)

polyclonally expanded for 3 weeks prior to incubation for 3 days with

vehicle (DMSO) only or with lenalidomide (LENA). Histograms are

representative out of 5 experiments. d Flow cytometry analysis of

CD4?CD25?Tregs (Treg), CD4?CD25?CD127hiTregs (CD127hiTreg)

and CD4?CD25?CD127loTregs (CD127loTreg) expanded for 5 weeks

prior to incubation for 3 days with vehicle (DMSO) only or with

lenalidomide (LENA).Shadedhistogramsdepict control, solid lines depict

indicated markers. CTLA-4 (CD152) expression was analyzed following

intracellular labeling. Histograms are representative out of 4 experiments
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Fig. 7 Lenalidomide augments suppression of lymphoma B cells by

freshly isolated CD4?CD25?Tregs activated by lymphoma cells, but

concurrently downmodulates Treg proliferation in MLC. a Left graph

shows mean fold expansion indices of lymphoma cells plated alone or

cocultured with freshly isolated Tregs at L/Treg ratio 1:1 or 4:1(#) for

5 days, without or with 1 lM lenalidomide (LENA), without or with

stimulatory beads (?aCD3/2/28). Right graph shows mean fold

expansion indices of Treg cells plated in MLC with lymphoma cell

lines (L). Each symbol represents one out of 18 experiments

performed with Tregs obtained from 12 different donors. Each

lymphoma line was tested only once with Tregs obtained from a

particular donor. Statistical differences between groups were

determined by nonparametric Wilcoxon test *p\ 0.05, ns no

statistically significant difference. b Flow cytometry plots and

histograms show CFSE dilution pattern in viable CFSE-labeled

MINO cells (L) cultured alone or with freshly isolated Tregs

(L ? Treg) at 2:1 ratio in 4-day MLC, with vehicle (DMSO) or with

1 lM lenalidomide (LENA) and without or with anti-CD3/2/28-

moAbs-coated beads (?aCD3/2/28). At the day of cell harvest, Tregs

were identified by staining with anti-CD3 moAb. Except from the

CFSE histogram of MINO cells stained on day 0 prior to MLC plating

(L d.0), a scale of cell count axis in the histograms was normalized,

and a proportion of areas under curve in histograms depicts the

proportion of cell yields in the respective cultures
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Fig. 8 Combination of lenalidomide and Tregs variably affects the

survival of freshly isolated lymphoma cells activated in vitro with

CD40L and IL-4. a The graphs show mean ratio ±SD of viable

lymphoma cell count in cultures without or with Tregs, without or

with 1 lM lenalidomide (LENA) to the mean lymphoma cell count in

the control with vehicle (DMSO) evaluated in individual pts.

Lymphoma cells were cocultured at a ratio 4:1 with Tregs for

5–6 days, except for lymphoma cells obtained from Pt 10 cocultured

for 3 days. Cultures were set at least in quadruplicates. Statistical

difference between means was determined by independent 2-tailed

t test *p\ 0.05. b Lenalidomide and Tregs affected both survival and

proliferation of lymphoma B cells. Flow cytometry plots show viable

lymphoma cells (L) obtained from Pt 4, cultured alone or cocultured

with expanded Tregs (L ? Treg), with vehicle (DMSO) only or with

lenalidomide (LENA). Lymphoma cells were identified by staining

with anti-CD19 moAb and Tregs were labeled with eFluor670.

Histograms show CFSE dilution pattern in lymphoma cells collected

in a gate set both on lymphoma cells alone and on double-stained

events (doublets)
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established lymphoma B-cell lines and against conven-

tional T cells by lenalidomide. Lenalidomide enhances

suppression of lymphoma B-cell proliferation exerted by

freshly isolated or ex vivo expanded CD4?CD25?Tregs.

CD127 expression is inversely correlated with FOXP3

expression in CD4?CD25? T-cell compartment [50, 51].

The isolation of CD4?CD25?CD127lo T cells is as a way of

obtaining purified Tregs with high FOXP3 expression and

with demethylated FOXP3 intronic Treg-specific demethy-

lation region (TSDR). We have previously found that Tregs

expanded in the presence of rapamycin from total

CD4?CD25? T cells and from their sorted CD127lo and

CD127hi subsets expressed the same molecules delivering

coinhibitory signals, molecules involved in cytotoxicity, and

ectonucleases mediating metabolic suppression, although

there were some quantitative differences at the expression

level of some of these molecules. Nevertheless,

CD4?CD25?Tregs, CD4?CD25?CD127loTregs, and

CD4?CD25?CD127hiTregs were equally potent suppres-

sors [37]. Here we observed that lenalidomide similarly

augmented suppression exerted by expanded

CD4?CD25? Tregs, CD4?CD25?CD127hi Tregs and

CD4?CD25?CD127lo Tregs toward lymphoma B cells and

conventional T cells.

We found previously that the effect of expanded

CD4?CD25?Tregs on the survival of freshly isolated

lymphoma cells activated in vitro with soluble multimeric

CD40L and IL-4 was variable across lymphoma entities,

and ranged from suppression to help in individual pts [37].

Polyclonal Tregs expanded with rapamycin displayed a

wide spectrum of coinhibitory and cytotoxic molecules, but

also secreted pleiotropic inflammatory cytokines that could

suppress or stimulate B cells. Possibly, the contrasting

outcomes of Treg interaction with lymphoma cells could

result of the various sensitivities of lymphoma cells

obtained from different pts to particular mechanisms of the

regulation by Tregs. Here we demonstrated highly variable

effects of lenalidomide alone or combined with

CD4?CD25?Tregs on survival of freshly isolated lym-

phoma B cells activated with soluble multimeric CD40L

and IL-4.

It was reported that lenalidomide downregulated the

expression of coinhibitory surface molecules in tumor cells

and in this manner prevented tumor-induced T-cell

immunologic synapse impairment [15]. The profound

molecular and functional synapse defects observed in T cells

after CLL or FL tumor-cell coculture were global. Never-

theless, Ramsay et al. [15] reported that they could not

demonstrate any involvement of regulatory T cells in the

observed immune synapse defect. Here we demonstrated that

lenalidomide variably affected Treg response to stimulatory

signals delivered by lymphoma B cells to Tregs in MLC.

Lenalidomide decreased the proliferative response of Tregs to

stimulation by lymphoma cells, but concomitantly enhanced

Treg suppressive activity induced by lymphoma cells in MLC.

Since Tregs expanded with rapamycin do not express

PD-1(CD279) [37], the downregulation of PD-L1 expression

in lymphoma cells by lenalidomide does not seem to be a part

of the mechanism of enhancement of Treg functional activity

in MLC. The inhibitory signal delivered via PD-L1(CD274)-

PD-1(CD279) axis induces profound suppression of effector

cytokine signaling in conventional CD4? T cells [52], and

therefore lenalidomide can be used to block lymphoma-me-

diated suppression of conventional T cells [15]. We have not

found any substantial lenalidomide effects on the expression

of markers associated with Treg function or the secretion of

cytokines by Tregs, as it was observed in conventional T cells

[7]. The direct inhibitory effect of lenalidomide on lymphoma

cell proliferation and suppressive effect of Tregs were usually

additive. However, we also observed a modulation of lym-

phoma cell–Treg interaction by lenalidomide leading to the

enhanced Treg-mediated suppression in the absence of

detectable direct inhibitory effect of lenalidomide on lym-

phoma cell proliferation.

The inhibitory effect of lenalidomide is restricted to

malignant cells expressing transcription factors Ikaros,

Aiolos [10, 12] and IRF4 [43, 44]. Zhang et al. [43] observed

that 4 of 16 established DLBCL lines were inhibited by

lenalidomide, but the proliferation of two lines was enhanced

in the presence of lenalidomide. We found that lenalidomide,

used at a clinically relevant concentration, inhibited prolif-

eration of 5 of 9 evaluated lymphoma B-cell lines, but did not

eliminate these lines from the cultures. Since the lenalido-

mide effect on the proliferation of various B-cell lymphoma

lines is different, it may differently combine with Treg-me-

diated regulation of lymphoma cells.

Our data suggest that in select pts with lymphoma sensi-

tive to lenalidomide and responsive to regulation by Tregs,

lenalidomide treatment could be applied to induce or

enhance the suppressive activity of Tregs directed against

malignant B cells in the tumor microenvironment, optionally

if lenalidomide could be combined with other factors acti-

vating Tregs to the suppressive function. So far, adminis-

tration of low dose of IL-2 has been shown to specifically

activate and expand Treg populations in vivo [53]. Recently,

a humanized anti-CD4 monoclonal antibody tregalizumab

was reported to selectively activate Tregs [54]. A combina-

tion of lenalidomide treatment with adoptive transfer of

CD4?CD25?Tregs or CD4?CD25?CD127loTregs expan-

ded ex vivo could be used to suppress proliferation of

residual lymphoma following autologous HCT.

Adoptive transfer of donor Tregs freshly isolated or

expanded ex vivo is explored as an option to surmount

GVHD following allogeneic HCT [55, 56]. Possibly, ben-

efits of adoptive Treg transfer accompanying allogeneic

HCT could increase if Tregs were pre-activated ex vivo to
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suppress lymphoma cells. However, it does not seem rea-

sonable to combine adoptive Treg transfer accompanying

allogeneic HCT with lenalidomide therapy. The HOVON

76 clinical trial revealed that lenalidomide maintenance

therapy after non-myeloablative allo-HCT was not feasible

in PCM pts, mainly because of the induced rapid devel-

opment of GVHD [22].

In conclusion, we showed that lenalidomide treatment

could be used to enhance suppression of lymphoma B-cell

proliferation by Tregs in the lymphoma microenvironment.

Hypothetically, lenalidomide may be combined with

adoptive transfer of Treg expanded ex vivo and/or with

treatment aimed to activate anti-lymphoma suppressive

activity of Tregs in pts with hematological malignancies

following auto-HCT. A prerequisite for such therapies is

the sensitivity of lymphoma to lenalidomide and to the

regulation by Tregs. It is worth considering the adoptive

transfer of Tregs committed to regulate both effector T

cells and lymphoma cells in pts after allogeneic HCT, but

not in a combination with lenalidomide treatment which is

associated with increased risk of GVHD.
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