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ABSTRACT
Lenalidomide is clinically effective in chronic lymphocytic leukemia (CLL) treatment 
although it has no direct cytotoxic effects on CLL cells. Its effects are presumed to rather 
result from immunomodulation. Lenalidomide can induce the degradation of Ikaros 
proteins, and the importance in the development of healthy B cells of these proteins 
and their upregulation in CLL cells, led us to investigate whether lenalidomide’s clinical 
efficacy could in addition result from direct effects on CLL cells. Using multiplex PCR, we 
found that lenalidomide induces upregulation of BH3-only protein BID. These results were 
verified on protein level and were shown to depend on the ABL1-TP73 axis. Although BID 
upregulation could theoretically lead to sensitization to death receptor and cell-mediated 
cytotoxicity, we did not find sensitization to FAS/TRAIL treatment or in cytotoxicity assays. 
In addition to its effects on BID, lenalidomide upregulated CDK inhibitor p21. This 
upregulation has been shown to correlate with a decrease in cell proliferation. Lastly, we 
found an upregulation of Death receptor 6 after lenalidomide treatment. In conclusion, we 
found several direct effects of lenalidomide on CLL cells, and believe that its proliferation-
inhibiting effects most significantly contributes to its clinical efficacy.
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INTRODUCTION
Immunomodulatory drugs such as thalidomide and its later developed analogs 
lenalidomide, pomalidomide, and CC-122 have shown efficacy in the treatment of B cell 
malignancies such as chronic lymphocytic leukemia (CLL)1,2 and multiple myeloma3 during 
the last decades. Although these drugs have -in addition to their immunomodulatory 
effects- direct cytotoxic effects towards multiple myeloma cells, no direct cytotoxicity 
against CLL cells has been shown. Several indirect immunomodulatory effects of 
lenalidomide can however account for its clinical efficacy in CLL; first, lenalidomide can 
revert the supportive differentiation of bystander cells, as was shown for monocyte-derived 
Nurse-like cells4. Second, lenalidomide diminishes T cell exhaustion via downregulation of 
inhibitory receptors such as programmed cell death protein 1 on T cells and restoration 
of the immune synapse5. Third, T cell-mediated CLL killing is potentiated as lenalidomide 
induces T cell proliferation and cytokine production6. T cell killing is furthermore enhanced 
due to the induction of expression of costimulatory molecules on CLL cells by lenalidomide7. 
Next to these immunomodulatory effects, one study found an effect of lenalidomide on 
p21-mediated CLL cell proliferation8

Intracellularly, the effects of lenalidomide are mainly mediated via binding to its target 
cereblon (CRBN)9,10, which is part of an E3-Ubiquitin ligase complex with DNA damage-
binding protein 1, Cullin 4A, and regulator of cullins 19. Recently, several groups have 
independently found that lenalidomide binding leads to altered substrate specificity 
of CRBN, which results in degradation of transcription factors Ikaros Family Zinc Finger 
Protein (IKZF)1 and IKZF3 by the proteasome11-13. The important role of Ikaros transcription 
factors in non-malignant B cell sustenance14,15 and the fact that they are overexpressed 
in CLL cells16 suggest that perturbations via lenalidomide treatment could also directly 
affect CLL cells, albeit in a non-cytotoxic manner. We therefore investigated the effects 
of lenalidomide on BCL-2 family members and related proteins. Next to confirmation 
of induction  of p21, we found that lenalidomide treatment leads to a transcriptional 
upregulation of BH3-only protein BID, which could potentially sensitize CLL cells to cell-
mediated cytotoxic killing. Furthermore, death receptor DR6 was induced.

RESULTS
Lenalidomide upregulates BID, p21 and DR6
In order to verify the absence of effects of lenalidomide on CLL cell survival, cells were 
treated for 72h with lenalidomide. CD40L-overexpressing cells were used as a survival-
inducing control. As expected, no effect of lenalidomide on CLL cell survival was found 
(Figure 1A). Considering the fact that Ikaros proteins are upregulated in CLL16 and 
that they are able to regulate several BCL-2 family members17, we next investigated 
the mRNA levels of 46 apoptosis-related genes using multiplex ligation-dependent 
probe amplification (MLPA) after lenalidomide treatment. A linear model was fitted on 
the MLPA data and log fold change and P-value were calculated for each gene and 
plotted in a volcano plot. We found a strong upregulation of anti-proliferative protein 
p21WAF1/Cip1 (p21) and of death-receptor 6 (DR6). In addition, BH3 interacting-domain death 
agonist (BID) was upregulated. We did not find an overall shift in the apoptotic balance.  
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Van Attekum et al. Lenalidomide upregulates BID Figure 1

(Figure 1B). Although apparently neither of these upregulated genes induces apoptosis, 
they have important roles in cell proliferation (p2118), sensitization to externally induced 
apoptosis via death receptor signaling (DR619 and BID20,21), and granzyme-mediated killing 
(BID)22. We here focused on the upregulation of BID.

Figure 1: Lenalidomide upregulates BID, p21 and DR6. A. CLL cells were treated with 10 µM 
lenalidomide for 72h, left untreated, or were cultured on CD40L overexpressing NIH-3T3 cells as 
positive control. Next, the percentage of viable (Dioc6 positive) cells was determined by Dioc6-PI 
staining. Each dots represents one sample and mean ± s.e.m. are shown. B. CLL cells (N=5) were 
treated as in Figure 1A for 48h and complete RNA extracts were subjected to RT-MLPA analysis (see 
methods). mRNA expression levels were then fitted on a linear model using the limma package in R 
and plotted in a volcano plot. Colors indicate different functional groups contained in the MLPA kit. 
Highly regulated genes are indicated.

BID is upregulated at therapeutic concentrations
BID upregulation was verified on protein level by western blot together with BCL-2 
members Bcl-XL and MCL-1, which is known to be regulated independent of transcription23. 
Whereas MCL-1 and BCL-XL were unaffected by lenalidomide treatment, BID was strongly 
upregulated (Figure 2A, B). We then investigated the dynamics of BID upregulation in 
a time course and found that BID is most strongly upregulated after 72h of treatment (Figure 
2C). At this time point, lenalidomide induced BID starting from the clinically attainable24 
concentration of 300 nM (Figure 2D). As lenalidomide has been shown to promote CD40L 
expression on CLL cells25, which could underlie the observed BID upregulation26, we 
analyzed CD40L levels of lenalidomide-treated CLL cells using flow cytometry, but found 
no upregulation upon treatment (Figure S1), indicating that its effects are independent of 
CD40L signaling.

BID upregulation by Lenalidomide depends on TP73 and ABL1 signaling
The transcription factor TP73, which shares many functions with p53, but it is rarely 
mutated in cancer27, is directly involved in transcriptional regulation of both  CDKN1A 
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(p21)27 and BID26. We therefore studied the involvement of TP73 in lenalidomide induction 
of BID. Upon treatment of CLL cells with lenalidomide, TP73 was upregulated on protein 
level concurrently with BID (Figure 3A). Induction of TP73 in solid tumor cell lines depends 
on post-translational modification mediated by Abelson murine leukemia viral oncogene 
homolog 1 (ABL1)28. To test the dependence on TP73 in BID regulation, we therefore used 
the specific ABL inhibitor imatinib. The upregulation of BID and TP73 by lenalidomide 
could both be reverted when concurrently treating with imatinib (Figure 3A). These 
results indicate that lenalidomide-mediated BID induction depends on TP73 and that 
lenalidomide likely acts upstream of both ABL1 and TP73. In line with this, we found that 
the ABL1 promoter (5000 base pairs upstream of the transcription start site) contained 9 
copies of the Ikaros consensus sequence TGGGAW29 (Figure 3B).

BID upregulation by Lenalidomide does not sensitize CLL cells to death 
receptor or cytotoxic killing
Because BID is a substrate for caspase 8, which is activated upon ligation of death 
receptors Fas cell surface death receptor (FAS)20 and TNF-related apoptosis-inducing 
ligand (TRAIL)21, we tested if lenalidomide sensitizes CLL cells to FAS or TRAIL-mediated 
killing using recombinant proteins. FAS ligand (FASL) treatment, also in combination with 
TRAIL, did not induce CLL cell death, and lenalidomide did not increase the sensitivity of 
cells to killing (Figure 4A). Next to its potential sensitization in death receptor-  mediated 
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Figure 2: BID is upregulated after extended treatment time at therapeutic concentrations. A. 
CLL cells (N=3) were treated as in Figure 1A and protein extract were subjected to western blot 
analysis for the indicated BCL-2 family members, and actin was used as a loading control. CD40L 
stimulated cells were used as a positive BID control. B. BID and actin protein levels in CLL samples 
treated as in Figure 1A were quantified using densitometry and BID/actin ratios were compared to 
the unstimulated control. Bars show mean ± s.e.m. for N=5 CLL samples. **, P<0.01 in a t test.  
C. CLL cells were treated with 3 µM lenalidomide for the indicated times and BID levels were probed 
by western blot. The western blot shown is representative for N=3. D. CLL cells were treated with 
the indicated concentrations (in µM) lenalidomide for 72h and BID levels were probed by western 
blot. The western blot shown is representative for N=3.
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killing, BID is a substrate of Granzyme B22, which could lead to sensitization to T and NK 
cell-mediated killing30. To address this notion, we pretreated CLL cells with lenalidomide 
before coculturing them with healthy donor peripheral blood mononuclear cells (HD 
PBMCs). Cell viability after pretreatment was the same in treated and untreated cells (data 
not shown). To induce antibody-dependent cell-mediated cytotoxicity (ADCC), these 
cocultures were performed in the presence of one of two CD20 antibodies (rituximab and 
ofatumumab) or with an CD38 antibody (daratumumab). Daudi Burkitt lymphoma cells 
were included as positive controls. A trend towards more killing in lenalidomide pretreated 
CLL cells was observed, although these results were not significant (Figure 4B). We lastly 
tested whether lenalidomide sensitized CLL cells to Vγ9Vδ2-T cell mediated killing, as 
these γδ-T cell receptor bearing cells can target cells independent of antigen presentation 
by major-histocompatibility-complex molecules31. Killing by γδ-T cells was not enhanced 
by lenalidomide pretreatment (Figure 4C).

DISCUSSION
In this study, we found indications that lenalidomide exerts several direct effects on CLL 
cells, that could contribute to its clinical efficacy. Lenalidomide upregulated BID, p21, and 
DR6 in CLL cells. Upon CD40 stimulation, both BID26 and p2127 induction are mediated via 
TP73. Our data indicate that BID upregulation also depends on the ABL-TP73 axis after 
lenalidomide treatment (Figure 3A). The fact that lenalidomide-mediated BID upregulation 
was reverted by ABL1 inhibition, suggests that Ikaros proteins could act as repressors for 
ABL1 transcription, which is relieved upon CRBN-mediated degradation of Ikaros proteins 
during lenalidomide treatment11-13. This mechanism of action has also been found during 
T cell activation, where Ikaros proteins acts as transcriptional repressors of IL-2, which 
is reverted upon lenalidomide treatment or Ikaros knockdown11. Furthermore validating 
this repressor model is that fact that the ABL1 promoter contains 9 Ikaros consensus sites 
(Figure 3B). Considering that the mechanism of action of CD40L-mediated activation of 
the ABL1/TP73 axis is not known, one might speculate that CD40L could also act via Ikaros.

- - - - + + +
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Figure 3: BID upregulation by lenalidomide depends on TP73 signaling. A. CLL cells were treated for 
72h with the indicated combinations of 10 µM lenalidomide, 10 µM imatinib or with CD40L stimulation. 
Next, nuclear and cytoplasmic lysates were generated. BID was blotted in the cytoplasmic lysates and 
TP73 in the nuclear lysates. Actin and a non-specific band were used as loading controls. The western 
blot shown is representative for N=2. B. The ABL1 promoter (NC_000009.12) was downloaded from 
Ensembl and scanned for consensus sequence TGGGAW using a Python 3.0 script. Arrows indicate 
the positions of putative Ikaros binding sites. Position 0 is the transcription start site.
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Figure 4: BID upregulation by lenalidomide does not sensitize CLL cells to death receptor or T cell 
mediated killing. A. CLL cells were treated as in Figure 1A with lenalidomide (L) before culturing them 
with the indicated concentrations of rhFASL, with or without 5 µg/mL rhTRAIL (T) for 48h. Next, viability 
was determined as in Figure 1A. Points show mean ± s.e.m. for N=3 CLL samples. B. CLL cells were 
treated with 3 µM lenalidomide before adding PBMCs (30:1) in the presence or absence of a control 
antibody, CD38 antibody daratumumab, (Dara), or CD20 antibodies rituximab (Rtx), or ofatumumab 
(Ofa). Using cell tracing, the percentage of dead target cells after 3h was determined using propidium 
iodide staining by flow cytometry and the percentage increase of dead cells compared to the no 
antibody condition was calculated. Bars show mean ± s.e.m. and are representative of 3 experiments 
with a total of N=11 CLL samples and Daudi control cells. Each condition was measured in duplo.  
C. CLL cells were treated with 3 µM lenalidomide before coating them with aminobisphosphonate. 
Next, γδ-T cells were added in a 1:1 ratio. Using cell tracing, the percentage of dead target cells 
after 24h was determined using propidium iodide staining by flow cytometry and the percentage 
increase of dead cells from γδ-T cell cocultured CLL samples was compared to CLL cells without γδ-T 
cells. Bars show mean ± s.e.m. for N=3 CLL samples and are representative of 2 experiments. Each 
condition was measured in duplo.
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Functionally, upregulation of BID might lead to increased sensitivity to death receptor 
signaling or cell-mediated cytotoxicity, as both death receptor-activated caspase 820 and 
Granzyme B22 can cleave BID to its apoptosis-inducing tBID form20. We tested these notions 
in FAS/TRAIL and cytotoxicity assays, but found no increased apoptosis sensitivity (Figure 
4A), although a trend was observed for ADCC. The absence of an effect in these assays 
could be due to the overexpression of Inhibitor of Apoptosis proteins (IAPs) in CLL cells 
that counteract death receptor signaling32,33. Regarding death receptor-mediated killing, 
several evasion mechanisms have been described in CLL cells. First, CLL cells express 
low levels of FAS and TRAIL receptors in resting conditions34. Second, CLL cells might be 
unable to form a functioning death-inducing signaling complex (DISC) complex35. In this 
light, the upregulation of FLIP after lenalidomide treatment (Figure 1B), could also prevent 
DISC formation36. Third, death receptor signaling leads to the concurrent activation of 
survival-inducing37 factor NF-κB38.With respect to the ADCC-mediated killing, it is worth 
noting that we excluded that lenalidomide pretreated CLL cells were desensitized to killing 
as a result of CD20 downregulation (data not shown), an effect of lenalidomide found in 
another study39. 

The induction of p21 by lenalidomide treatment could lead to inhibition of cell cycle 
progression, as p21 acts as a cyclin/CDK2 inhibitor18. Indeed, it was recently found that 
in vitro CLL cell proliferation by CD40L/IL-4 stimulation is reduced by lenalidomide 
treatment8. An open question remains whether the upregulation of p21 is mediated via 
the upregulation of TP73 after lenalidomide treatment (Figure 3A)27 or if Ikaros is a direct 
repressor of p21.

DR6, which was also upregulated by lenalidomide, is part of the death-domain 
containing TNF receptor family members that includes FAS-R and TRAIL-R (DR-4 and 
DR-5)40. Although upregulation of these latter receptors could potentially sensitize to FAS/
TRAIL-mediated killing, DR6 is activated by β-amyloid precursor protein independent 
of FAS/TRAIL and mainly has a role in neuronal development19. In addition, it functions 
independent of caspase 8 and thus does not induce BID activation19. Nonetheless, other 
groups have found that also TRAIL-R DR5 is upregulated by lenalidomide treatment25, and 
based on our MLPA dataset which does not include a probe for DR5, we cannot exclude 
that it is upregulated. In case DR5 is upregulated, this would indicate that although DR5 
upregulation would be expected to synergize with BID upregulation in TRAIL-mediated 
cell killing, these effects are negated by other cellular programs in CLL cells.

Although short-term beneficial effects of lenalidomide treatment on CLL cells are to be 
expected based on our data, it is not known whether CLL cells develop resistance against 
lenalidomide, which is also frequently observed during ibrutinib treatment. Outgrowth of 
CLL clones bearing the C481S mutation during treatment41 hampers binding of ibrutinib to 
this highly specific residue and causes treatment resistance. As the binding of lenalidomide 
to its target CRBN also dependents on a single amino acid42 and mutations in CRBN can 
indeed lead to therapy resistance43, it would be important to study whether lenalidomide 
treatment also leads to treatment resistance. 

In conclusion, we have found several indications that the treatment efficacy of 
lenalidomide might not only depend on its immunomodulatory function, but also 
on direct effects on CLL cells, of which inhibition of proliferation is probably the most  
prominent one. 
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METHODS
CLL cell isolation and CD40L stimulation
Patient material was obtained from CLL patients, after written informed consent, during 
routine follow-up or diagnostic procedures in our institute. The studies were approved 
by our Ethical Review Board and conducted in agreement with the Helsinki Declaration 
of 1975, revised in 1983. Peripheral Blood mononuclear cells (PBMCs) of CLL patients 
were isolated using ficoll (Pharmacia Biotech, Roosendaal, The Netherlands) and stored in 
liquid nitrogen. Expression of CD5 and CD19 (both Beckton Dickinson Biosciences [BD], 
San Jose, CA) on leukemic cells was assessed by flow cytometry (FACS Canto, BD) and 
analyzed with FACSDiva software (BD). All samples contained at least 90% CD5+/CD19+. 
For CD40L stimulation, CLL cells were cultured on CD40L overexpressing NIH-3T3 cells or 
non-transduced control cells, as described previously44.

Reagents
The following reagents were used in the experiments: lenalidomide (Selleckchem Houston, 
TX, USA), imatinib (Cayman Chemical, Ann Arbor, MI, USA), rhFASL (FAS10, recombinantly 
produced in house), rhTRAIL (recombinantly produced in house), daratumumab 
(Genmab, Copenhagen, Denmark), rituximab (Genentech, San Francisco, CA, USA),  
ofatumumab (Genmab)

Multiplex-ligation dependent probe amplification
RT-MLPA was performed as previously described45 using the apoptosis C1 kit that includes 
probes for the following genes: AIF, APAF1, APOLLON, B2M, BAD, BAK, BAX, BCL-2, 
BCL-G, BCL-RAMBO, BCL-W, BCL-X, BFL-1, BID, BIK, BIM, BMF, BOK, BOO, CIAP1(2x), 
CIAP2, DR6, FAS, FASL, FLIP, FLIP2, GRZB, GUSB, HARAKIRI, LIVIN, MAP1, MCL-1, NIAP, 
NIP3, NIX, NOXA, OMI, p21, PARN, PERFORIN, PUMA, SERPINB9, SMAC, SURVIVIN, 
XIAP. To visualize differentially expressed genes, the MLPA data were processed in our 
web-based MLPA plotter application (https://martijnvanattekum.shinyapps.io/MLPA/) 
which fits a linear model on the data using the limma package in R (https://www.r-project.
org/) and plots using the ggplot2 package extended with plotly (https://plot.ly/). 

Flow cytometry
CLL cells were treated with 3 µM lenalidomide or left untreated for 72h and flow cytometry 
was performed as described previously44 using PE-labeled CD40L antibody 340477 from 
Becton Dickinson (Franklin Lakes, NJ, USA). Cell viability was measured by Dioc6-PI 
staining as described before44.

Western blot
Cytoplasmatic lysates were created using NP-40 lysis buffer (135 mM NaCl, 5 mM EDTA, 1% 
NP-40, 20 mM Tris-HCl pH 7.4) with added protease inhibitor (Roche, Basel, Switzerland) 
and phosphatase inhibitor (Roche). Nuclei were isolated by 15 min centrifugation at 13200 
RPM (4°C). Nuclei were subsequently lysed using Laemmli buffer (10% Glycerol and 2% 
SDS in 63 mM Tris-HCl pH 6.8) with protease and phosphatase inhibitors and western blot 
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was performed as described previously44 using MCL-1, BCL-XL, and BID antibody (all from 
Cell Signaling, Danvers, MA, USA), TP73 antibody (Novus, Littleton, CO,USA), and actin 
antibody (Santa Cruz, Dallas, TX, USA).

FAS/TRAIL and T cell killing assays
CLL cells were treated with 3 µM lenalidomide or left untreated for 24h before adding 
combinations of 0, 1, and 5 µg/mL FASL and TRAIL. After 48h, cell viability was determined 
using Dioc6-PI staining as described before44. In ADCC assays, CLL cells were pretreated 
for 72h with 3 µM lenalidomide. After washing away the lenalidomide, target cells (CLL 
cells or Daudi cells) were stained with 9H-(1,3-Dichloro-9,9-Dimethylacridin-2-One-7-yl) 
β-D-Galactopyranoside (DDAO) cell trace dye according to manufacturer’s instructions 
and diluted to 4,0*10^5 cells/mL. These cells were then preincubated for 30min with 
20 µg/mL b12 control antibody, rituximab, ofatumumab, daratumumab, or no antibody 
before adding freshly isolated PBMC’s from healthy volunteers in an effector:target ratio of 
30:1. These cells were cocultured for 3h in a cell incubator and cell viability of DDAO+ cells 
was determined using propidium iodide staining by flow cytometry. The relative amount of 
dead cells compared to the no antibody condition was subsequently calculated. For γδ-T 
cell killing assays, monocyte-derived dendritic cell (moDC) feeder layers were generated 
by differentiating CD14 sorted cells from PBMCs with  1000U/mL GM-CSF (Sanofi, Paris, 
France) and 20ng/mL IL-4 (R&D Systems). After irradiating moDCs with 50 Gy to stop 
proliferation, γδ-T cells were FACS sorted from healthy donor PBMCs using Vδ2 FITC 
(1:50), and Vγ9 PE (1:50) staining, placed on moDCs and expanded for 14 days in ijssels 
medium with added 1% human AB serum, 10 U/mL IL-7, and 10ng/mL IL-15. CLL cells 
were pretreated with lenalidomide as described above and subsequently coated with 
10 µM aminobisphosphonate. Next, expanded γδ-T cells were added in 1:1 ratio and 
incubated for 24h and the amount of dead cells was determined as described above. 
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SUPPLEMENTARY MATERIALS
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Figure S1: CLL cells (N=2) were cultured as in Figure 1A as indicated and CD40L surface expression 
levels were determined using flow cytometry. Shown is the log fold ratio of the geometrical mean of 
signal intensities compared to the unstimulated condition.




