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Abstract

Chimeric antigen receptors (CAR)-modified T cells are an emerging therapeutic tool for chronic 

lymphocytic leukemia (CLL). However, in patients with CLL, well-known T-cell defects and the 

inhibitory properties of the tumor microenvironment (TME) hinder the efficacy of CAR T cells.

We explored a novel approach combining CARs with lenalidomide, an immunomodulatory drug 

that tempers the immunosuppressive activity of the CLL TME. T cells from patients with CLL 

were engineered to express a CAR specific for CD23, a promising target antigen. Lenalidomide 

preserves CD23.CAR T cells in vitro effector functions in terms of antigen-specific cytotoxicity, 

cytokine release and proliferation. Overall, lenalidomide preserved functional CAR T-CLL cell 

immune synapses. In a Rag2−/−γc
−/−-based xenograft model of CLL, we demonstrated that, when 

combined with low-dose lenalidomide, CD23.CAR T cells efficiently migrated to leukemic sites 

and delayed disease progression when compared to CD23.CAR T cells given with rhIL-2. These 

observations underline the therapeutic potential of this novel CAR-based combination strategy in 

CLL.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) is a chronic lymphoid malignancy characterized by 

immune dysfunction that particularly involves the T-cell compartment. Tumor-mediated 

immunosuppression is a key feature of CLL and is essentially due to malignant cells’ 

capacity to modify the surrounding microenvironment, including lymphoid and myeloid 

cells (1, 2). This immunosuppression likely contributes to disease progression and to limited 

effectiveness of current immunotherapeutic approaches (3–5). We recently reported that the 

targeting of the immunosuppressive myeloid and lymphoid cells of the TME has promising 

therapeutic value in CLL (2, 6).

Patients with CLL have low IgG levels associated with reduced survival. The respiratory 

tract represents a frequent site of infection (7, 8). This evidence highlights the unmet need 

of investigating alternative target antigens and immunotherapy strategies preserving normal 

CD19+ B cells and repairing immune dysfunction.

Chimeric antigen receptors (CARs) are emerging, powerful tools that redirect T-cell 

specificity against B-cell leukemias (9–11). CARs are artificial molecules comprising a 

single-chain variable fragment (scFv) of a monoclonal antibody fused with an intracellular 

signaling region, usually the zeta chain of the TCR/CD3 complex, that is triggered after 
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antigen recognition. Therefore, CARs exploit both the non-MHC-restricted antigen binding 

properties of monoclonal antibodies and the typical T-cell mediated effector functions (12, 

13). Significant response rates have been reported in patients with relapsed/refractory B-cell 

acute lymphoblastic leukemia (B-ALL), diffuse large B-cell lymphomas (DLBCL), mantle 

cell lymphomas and follicular lymphomas (10, 14–17). In contrast, in CTL019 trials, 

only 26% of CLL patients had durable antitumor responses with dramatic mechanisms 

of resistance to anti-CD19.CAR T-cell therapy (18). Additional studies have demonstrated 

that CD8+ anti-CAR T cells from patients with CLL exhibit impaired metabolic function 

compared to CD8+ T cells from healthy donors and that these features are associated with 

T-cell exhaustion and a reduction in T-cell activation and degranulation (19).

Several T-cell defects have been observed in patients with CLL and are mainly related to 

impaired immune synapse (IS) formation, and these defects could ultimately impact on the 

CAR T-cell activation and expansion upon antigen encounter (1) (20) (21).

Thus, the purpose of this study was to explore the possibility of using lenalidomide, 

an immunomodulatory agent that has induced significant, long-lasting responses in CLL 

patients (22–25), to enhance the therapeutic efficacy of CD23.CAR-redirected T cells.

CD23 is typically overexpressed on leukemic B cells, but not on normal CD19+ B cells and 

CD19+ CD5– CD27+ antibody secreting cells (26) (27), therefore it represents a valuable 

alternative target antigen to consider in patients at risk of infections.

In vitro, lenalidomide repairs defects in the IS formation between T and CLL cells by 

interfering with several cytoskeletal molecules (1, 28, 29). The drug’s immunomodulatory 

effect is not only on T cells, but also on the myeloid tumor microenvironment 

(TME), mostly through the alteration of the protumor cytokine milieu. Lenalidomide 

specifically down-modulates in vitro the production of pro-CLL factors by nurse like cells 

(NLCs), identified as CLL-specific tumor-associated macrophages (30–32). Recent reports 

demonstrate the involvement of monocytes and macrophages in mechanisms of resistance 

and toxicity related to CAR-T cell therapy (33, 34).

In this study, we show that lenalidomide positively impacts in vitro activation of CD23.CAR 

T cells against CLL target cells. We have used a Rag2−/−γc
−/−-based xenograft model 

of CLL (35) to demonstrate that lenalidomide can be efficiently associated to CD23.CAR-

based immunotherapy. CD23.CAR+ T cells from patients with CLL combined with low-

dose lenalidomide induced a potent anti-leukemic effect in lymphoid and non-lymphoid 

tissues and improved mice survival. CD23.CAR+ T cells exposed daily to lenalidomide in 
vivo efficiently migrated to leukemic sites and mounted a tumor-specific cytotoxic response 

ex vivo. These results warrant additional investigation of the clinical use of lenalidomide in 

patients with CLL to improve CAR T-cell therapeutic strategies.
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MATERIALS AND METHODS

Generation of CD23.CAR T lymphocytes from primary CLL cells

Peripheral blood (PB) samples were obtained from RAI stage 0–1 patients with CLL, after 

informed consent as approved by the Institutional Ethical Committee (protocol VIVI-CLL) 

of the IRCCS San Raffaele Hospital in accordance with the Declaration of Helsinki. The 

CD23.CAR cloning, its expression in T lymphocytes and the cellular expansion were 

performed as previously described (27). Briefly, an optimized single chain antibody (scFv) 

was generated using a synthetic DNA technology (Assembly PCR Oligo Maker) starting 

from and already published monoclonal antibody sequence. The scFv was then cloned 

in frame with the human IgG1 endodomain, the CD28 co-stimulatory endodomain and 

the ζ chain of the TCR/CD3 complex into the SFG retroviral backbone to generate the 

CD23.CAR vector.

Activated T lymphocytes were then transduced with the retroviral supernatants using 

retronectin coated plates (Takara, Shuzo Co. Ltd, Shiga, Japan), as previously described 

(27).

Cell line and reagents

MEC1 cells are a CD5low/– CLL cell line established from a patient with CLL in 

prolymphocytoid transformation to B-cell prolymphocytic leukemia (B-PLL), obtained 

from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DMSZ, Braunschweig, 

Germany).

Lenalidomide was provided by Celgene Corporation (Summit, NJ, USA) or purchased from 

Sigma-Aldrich. For MEC1 cell culture methods and lenalidomide powder dilution, see 

supplemental methods.

Immunophenotyping

For in vitro studies, human cells were stained with the following antibodies: FITC Anti-

Human CD19, HIB19 clone; PE Anti-Human CD23, M-L233 clone; FITC Anti-Human 

CD45RO, UCHL1 clone, PE Anti-Human CD62L, DREG-56 clone; FITC Anti-Human 

CD8 from BD; PE Anti-Human CD4, SK3 clone. All the antibodies were obtained from 

BD Biosciences (San Jose, CA, USA). Anti-Fc-γCy5 antibody was obtained from Jackson 

ImmunoResearch (West Grove, PA, USA)(27).

Samples were acquired using the FACS Canto II flow cytometer (BD Biosciences) and data 

were analyzed using BD FACS DIVA software version 6.1.3 (BD Biosciences).

For detailed immunophenotyping methods, intracellular cytokine staining and proliferation 

assay, see supplemental methods.

FACS-based IS assay

To evaluate IS functionality on CD23.CAR+ T cells, we performed in vitro studies with 

lenalidomide. CellTracker FITC CD23.CAR+ T cells, both untreated control and those 

pretreated for 48 hours with 1 μM lenalidomide, were co-cultured with CellTracker PE 
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MEC1 target cells (effector cell to target cell E:T ratio, 1:2). After 4 hours of co-culture, PE 

and FITC double-positive cells were quantified using flow cytometry.

Short-Term cytotoxicity assay

Non-transduced (NT) and CD23.CAR+ T cells, pretreated for 48 hours or not with 1μM 

lenalidomide, were co-cultured for 4-hours with MEC1 cells (previously labeled with 

CellTracker PE) at an E:T ratio of 5:1. Target cell killing was measured through apoptosis 

detection by flow cytometry as previously described (36).

For cytotoxicity assay in xenograft studies, see supplemental methods.

Nanostring

NT and CD23.CAR+ T cells (5×106), either untreated or treated for 48 hours with 1μM 

lenalidomide were lysed with RLT Buffer (160 μL/106 cells) (Qiagen, Valencia, CA) and 

lysates were frozen at −80°C. RNA lysates were thawed and immediately analyzed for 

gene expression analysis by using standard nCounter®. For detailed methods/analysis, see 

supplemental methods.

The nanostring data have been deposited in NCBI’s Gene Expression omnibus (GEO, 

https://www.ncbi.nlm.nih.gov/geo/info/linking.html) public repository and are accessible 

through GEO Series accession number GSE178893.

In vivo studies

Female Rag2–/–γc–/– mice on BALB/c background were kindly provided by CIEA/Taconic 

(Kawasaki, Japan) or purchased from Taconic (Rensselaer, NY, USA). Mice were housed 

and bred in specific pathogen-free animal facilities at San Raffaele Scientific Institute and at 

the University of Texas MD Anderson Cancer Center. Depending on the experiments, mice 

were treated in accordance with the European Union guidelines and with the approval of the 

San Raffaele Scientific Institute Institutional Ethical Committee (protocol 601) or with the 

approval of the Institutional Animal Care and Use Committee of the University of Texas MD 

Anderson Cancer Center (protocol 00001627-RN00) and conducted in accordance with the 

Animal Welfare Act.

For detailed doses/schedules, murine cell preparation and related flow cytometry, see 

supplemental methods.

Statistical analysis

Statistical analyses were performed using the Student t-test. Data were expressed as the 

mean values (± standard deviation SD), and comparison of growth curves was considered 

statistically significant for P values less than 0.05. Survival curves were compared using the 

log-rank test. Nanostring data analysis is described in Supplementary Methods.
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RESULTS

CD23.CAR+ T cells can be efficiently generated from samples obtained from patients with 
CLL

Starting with PB mononuclear cells (PBMCs) isolated from six patients with CLL, we 

successfully generated high numbers of CD23.CAR+ T lymphocytes from a residual 

percentage (3% −10%) of CD3+ cells (27). Non-transduced (NT) T cells were cultured 

as controls. The genetic manipulation produced a mean (± SD) CD23.CAR expression rate 

of 82% ± 5.5 (n=6, Figure 1A) in CAR.CD23+ T cells without alteration of the T-cell 

immunophenotype. In both NT T cells and CAR.CD23+ T lymphocytes, the polyclonal 

activation of T cells from all analyzed patients preferentially stimulated CD8+ cells on CD4+ 

cells, with high percentages of CD8+ TEM (Figure 1B).

Lenalidomide preserves immune synapse formation and enhances T-cell function 
transcriptional signatures of CD23.CAR+ T cells

A critical immune defect induced by CLL cells is the disruption of the immune synapse (IS), 

the interface between T cells and tumor cells (1).

To evaluate IS functionality and the costimulatory effect of lenalidomide on CD23.CAR+ 

T cells, we performed 48 h in vitro studies with lenalidomide at 1 μM, a dose previously 

tested on BCMA CAR T cells (37). To assess IS formation, we cocultured CellTracker 

FITC-labeled CD23.CAR T cells (control cells and those pretreated with lenalidomide) with 

the CellTracker PE-labeled MEC1 CLL cells. After 4 h, we analyzed by flow cytometry 

the percentage of FITC-PE double-positive cells as a means of qualitatively measuring the 

interaction between the effector and target cells. Lenalidomide-based treatment increased the 

percentage of CD23.CAR T cell/ MEC1 cell pairs (Figure 1C–D). We also found that the 

addition of lenalidomide did not hamper the in vitro functional properties of CLL-derived 

T cells in terms of cytotoxicity, cytokine production, and proliferation in response to MEC1 

target cells (Figure S1A–D). This confirms the beneficial effect of lenalidomide on IS 

formation.

To evaluate whether lenalidomide is able to preserve CAR T-cell function machinery at 

transcriptional level, we performed Nanostring analysis of NT T cells and CD23.CAR 

T cells generated from CLL patient sample #1, with or without lenalidomide. A 

number of genes was modulated (fold change >1.5) between lenalidomide-treated and 

untreated samples (GEO, GSE178893). Gene signatures associated to Th1 T cell response, 

costimulation and interleukin signaling pathways were positively modulated by lenalidomide 

(Figure 2A–E), in line with the evidence generated in RNAseq studies of CAR T cells 

in multiple myeloma patients. IL-21 was found upregulated on CAR T cells exposed to 

lenalidomide (Figure 2D) and it is known to control gene expression and promote apoptosis 

of CLL cells (38, 39). Of note, the exposure of CD23.CAR T cells to lenalidomide 

downmodulated transcripts associated with T cells exhaustion, including PDC1, TIGIT and 

CD160 (Figure 2F), confirming previous results in multiple myeloma (40). As previously 

observed in CLL T cells (1, 28), CDC42, ACTN1, ICAM1 transcripts were found modulated 

by lenalidomide on CD23.CAR T cells (Figure 2G), thus confirming at transcriptional level 
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the restoration of the IS machinery and T cell-adhesion/migration induced by lenalidomide. 

In general, the upregulation of some costimulatory/memory transcripts (e.g. CD27, IL6R, 

CD62L) previously observed in patients with CLL and MM who completely responded to 

CD19.CAR T cell therapy (Figure 2 B,D,H) (18, 41), was detected in CD23.CAR T cells 

treated with lenalidomide.

Conclusively, coupling the CD23.CAR redirection of T cells with lenalidomide-based 

immunomodulatory effect sustained all the functional properties of the T cells from patients 

with CLL, resulting in an efficient in vitro anti-leukemic activity.

Lenalidomide administered as a single agent reduces the growth of MEC1 cells 
transplanted into Rag2−/−γc

−/− mice

We verified the in vivo antitumor activity of lenalidomide in our subcutaneously injected, 

MEC1-based xenograft model of CLL (35). Treatment with four escalating lenalidomide 

doses markedly reduced MEC1 tumor growth in mice receiving lenalidomide compared 

with control mice (starting at day 24 for all the doses, except for 0.214 mg/kg dose where 

the tumor reduction started significantly at day 33) and induced survival extension in mice 

administered with 0.357 mg/kg dose (Figure S2A–C). The drug did not modify the animal 

weights (data not shown), thereby excluding drug-related toxicity. This in vivo sensitivity to 

lenalidomide was confirmed in two different experiments in which 0.214 mg/kg lowest dose 

was the less efficient and did not induce significant improvement of the survival (Figure 

S2C). We selected 0.214 mg/kg lenalidomide dose for the studies in combination with CAR 

T cell therapy being the less efficient in terms of tumor burden reduction, as we aimed to 

exploit the immunomodulatory effect of the drug rather than its direct anti-leukemic effect.

Lenalidomide improves the therapeutic efficacy of CD23.CAR+ T lymphocytes in vivo

To assess the impact of CD23.CAR-T cells plus lenalidomide on the immune tumor 

microenvironment and on leukemic cells, Rag2−/−γc
−/− mice transplanted i.v. with MEC1 

cells (10×106) were adoptively transferred (day 11) with either NT T cells or CD23.CAR+ 

T cells from CLL patient #1, with or without lenalidomide. CD23.CAR T cells from 

CLL patient #1 have been previously analyzed at transcriptionl level (Fig 2A–H). Mice 

received 0.214 mg/kg lenalidomide i.p. daily starting at day 8, except for the day of 

the adoptive transfer (day 11) (Figure 3A). At day 21, reductions of the spleen weights 

have been detected (Figure 3B), and flow cytometry analysis showed reductions in the 

numbers of human CD19+ CD23+ MEC1 cells in the SP, PB, and BM of mice treated with 

CD23.CAR+ T cells, either in absence or presence of lenalidomide (Figures 3C–E). Human 

CD8+ and CD4+ T cells remained detectable in the lymphoid tissues but CD4+ CD23.CAR+ 

T cells with memory phenotypes significantly increased in the presence and absence of 

lenalidomide, when compared to NT controls (Figures 3F–G, S3A–B). An increase of 

TCM has been previously observed in myeloma patients that received lenalidomide in 

combination with a pneumococcal vaccine (42). Moreover, in an independent experiment, 

CAR T lymphocytes remained detectable in the BM of mice that had been given 

lenalidomide plus CD23.CAR+ T cells generated from CLL patient #2 and were sacrificed at 

day 30 (Figure S4A–B).
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Low-dose lenalidomide did not induce neutropenia nor myelosuppression, but in 

combination with CD23.CAR+ T cells significantly reduced neutrophils, monocytes, and 

macrophages producing IL-6 (Figure 4A–H), a cytokine which promotes B-cell proliferation 

and correlates with poor prognosis in patients with CLL (43–45).

Knowing the delayed effect of immunotherapy and immunomodulatory agents in altering 

the biology of the microenvironment before inducing a decrease of the tumor burden, we 

evaluated the additive effect of lenalidomide and CD23.CAR in a survival experiment with 

an extended follow-up (46, 47).

We injected Rag2−/−γc
−/−-engrafted mice with CD23.CAR+ T cells or NT T cells obtained 

from a different CLL patient (#3). Recombinant human interleukin-2 (rhIL-2) was included 

in the schedule, as previously described in CAR T cell preclinical studies (48).

Treatment with lenalidomide plus one or two adoptive transfers of CD23.CAR+ T 

lymphocytes from patient #3 significantly improved the survival of xenotransplanted mice 

more effectively than did the rhIL-2 combination used in preclinical studies (48) (Figure 

5A–B, Figure S5).

Lenalidomide elicits a strong, tumor-specific cytotoxic activity of CD23.CAR+ T 
lymphocytes in the BM of xenotransplanted mice

Finally, we investigated whether the therapeutic benefit obtained by combining lenalidomide 

with CD23.CAR+ T lymphocytes correlated with the induction of a productive tumor-

specific immune response to CD23 antigen. To this end, we generated CD23.CAR+ T 

lymphocytes from the PB of a fourth CLL patient (#4).

Rag2−/−γc
−/−-engrafted mice were randomized and adoptively transferred once with 

CD23.CAR T or NT cells in combination with lenalidomide or rhIL-2 (Figure 6A). After 

30 days, we sacrificed the mice, we purified human CD3+ T cells from their BM and 

tested them in a cytotoxic assay. CD23.CAR+ T lymphocytes exposed to lenalidomide or 

rhIL-2 in vivo responded again to MEC1 cells in vitro (Figure 6B). Notably, we showed 

that lenalidomide combined with CD23.CAR T cells contributed to a CD23-specific in vivo 
anti-leukemic response.

In conclusion, lenalidomide administration combined with CD23.CAR-T cells from patients 

#4 reduces disease progression, especially in the BM (Figure 6C–F).

DISCUSSION

In this study, we demonstrated that CD23.CAR+ T cells from patients with CLL exhibit 

efficient cytotoxic activity in vitro and in vivo preclinical settings. Furthermore, we showed 

that treatment with low-dose lenalidomide enhances CD23.CAR T-cell immunotherapy by 

targeting the pro-tumor immune cells in the TME.

Previous preclinical studies demonstrated the feasibility of lenalidomide plus CAR T- cell 

therapy for the treatment of multiple myeloma (18, 37, 49, 50). Two active clinical studies of 
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patients with multiple myeloma (NCT03070327, NCT03651128) are using lenalidomide and 

CAR T cells targeting tumor-associated B-cell maturation (BCMA) antigen.

Our study is the first to investigate low-dose lenalidomide plus CD23.CAR T cell therapy 

for CLL. CD23 represents an attractive antigen in CLL because leukemic B cells typically 

overexpress CD23 compared to normal B cells (51) (52, 53). The majority of CAR T-cell 

strategies in CLL target CD19, however several reports on CART-19 therapy documented 

prolonged B-cell aplasia and tumor escape with loss of CD19 antigen. Furthermore, the 

features of severe immunosuppression of elderly patients with CLL raises the relevant 

concern of CD19+ cell-based targeting strategies. Therefore, the search of alternative target 

antigens is warranted (54, 55). We previously reported that healthy donor T cells engineered 

to express a CD23-specific CAR display in vitro cytotoxic activity against CD23+ tumor 

target cells and provide significant control of leukemia growth in vivo when infused into 

xenotransplanted mice (27). In the current study, we efficiently transduced T lymphocytes 

from CLL patient samples with CD23.CAR and showed relevant cytotoxic activity against 

CD23+ MEC1 cells. In short-term in vivo experiments, CD23.CAR+ T cells were able to 

control the tumor load. Despite their persistence in murine lymphoid tissues, CD23.CAR+ T 

cells as monotherapy were not able to efficiently improve survival in mice. Similar results 

were observed in a different CLL xenograft model when CTL019 CAR T-cells from CLL 

patients were administered as single agent (54). These data are in accordance with the 

response rates observed in CLL patients on different CAR T-cell platforms: only a minority 

of patients did respond to CAR T cells, and too few patients experienced complete remission 

(4, 18). It is conceivable that the limited activity of CAR T-cell therapy may be linked 

to the well-characterized immunosuppression and dysfunction of both adaptive and innate 

immune cells in patients with CLL. Along this line, it has been demonstrated that ibrutinib 

improves T cell function in CLL (56) and enhances CAR T-cell therapy in xenograft 

studies (54), therefore novel clinical studies combining ibrutinib and CAR T cells have been 

designed (NCT03960840, NCT02640209, and NCT03331198). Indeed, several patients with 

CLL are intolerant, fail to respond or develop resistant disease during ibrutinib treatment 

(57, 58). Recent studies demonstrated that patients with lymphoid malignancies receiving 

ibrutinib are at risk for serious infections, including lethal invasive fungal infections. Kinase 

inhibitors affect critical components of the immune system (including myeloid cells and 

neutrophils), thus increasing the infection burden in treated patients (59, 60) (61).

Therefore, in search of alternative strategies to improve CAR T cell therapy in CLL, we 

explored the combination of CD23.CAR+ T cells with an immunomodulatory drug targeting 

both the arms of the immune system such as lenalidomide. We first showed that, in vitro, 

lenalidomide did not interfere with CLL-derived CAR T-cell function, increased CD23.CAR 

T-cell cytotoxic activity and cytolytic IFNγ production, as well as CAR T-cell proliferation. 

It also had a positive effect on CAR T-cell ISs and preserved at transcriptional level the 

T-cell adhesion/migration machinery. These findings confirm those of previous reports on 

the activity of lenalidomide on ISs in the T cells of patients with CLL (1), in healthy 

donor CS1 or CD19 CAR T cells (40) and in BCMA CAR T cells generated from multiple 

myeloma patient samples (62). At transcriptional level lenalidomide induced regulation of 

Th1 T-cell response, costimulation and interleukin signaling pathways. We also confirmed 

the modulation of costimulatory/memory transcripts correlating with complete response of 
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patients with CLL and MM treated with CD19.CAR T cell therapy (e.g. CD27, IL6R 

and CD62L) (18) (41). However, due to the lack of biological replicates in our study, a 

donor-dependent effect cannot be fully ruled out.

When we combined CD23.CAR+ T cells and lenalidomide in our Rag2−/−γc−/−-

xenotransplanted CLL mouse model, lenalidomide enhanced the anti-leukemic function 

of CD23.CAR+ T cells and increased mice survival. In accordance with previous in 
vitro findings demonstrating that lenalidomide alters the CLL myeloid microenvironment 

(31), we observed a significant reduction in the number of IL-6-producing monocytes 

and macrophages in mice treated with the combination. It has been demonstrated in 

CTL019 clinical trials that CD19-directed T cells generated from patients with CLL in 

complete remission were characterized by IL-6/STAT3-pathway upregulation (18); however 

the increase of IL-6 plasma levels has been associated with poor prognosis in patients 

with CLL and its detrimental clinical activity is mediated by the microenvironment (45). 

Furthermore, recent findings highlight the role of macrophages (33) and monocyte-derived 

IL-6 in the development of Cytokine Release Syndrome (CRS) and neurotoxicity associated 

with CAR T-cell therapy (34). For this reason, our observation of a significant reduction 

in the number of CSF1R– neutrophils producing IL-6 in the spleens of xenotransplanted 

mice might be key not only to improve the efficacy of the treatment but also to reduce the 

possibility of CRS. These results are of particular interest because a pro-tumor activity of 

neutrophils in patients with CLL (63) together with a neutrophil-mediated suppression of 

T-cell activity in the TME of the lung (64) have been documented.

Overall, we demonstrated that the combination of lenalidomide and CAR T-cell therapy 

provides multiple effects, including anti-leukemia activity, enhancement of CAR T-cell 

function, and subversion of the immunosuppressive TME. This strategy may lead to a highly 

effective immunotherapy not only for patients with CLL but also for other types of cancer 

patients with immunosuppressive features.
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Figure 1. Lenalidomide preserves IS formation on CD23.CAR+ T cells generated from CLL 
patient samples.
(A) Expression of CD23.CAR on the surface of T lymphocytes derived from a representative 

CLL patient evaluated by flow cytometry with APC-conjugated anti-human-Fc antibody 

(CAR) (left); CD23.CAR expression in CLL-derived T cells (gray) and control not-

transduced (NT) T cells from 6 patients with CLL (white) (right). (B) Phenotype of NT 

(white bars), and CD23.CAR+ (gray bars) T lymphocytes generated from CLL samples. 

T cells have been identified as described in the Methods (left). The histogram data 
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represents means (± SD) from six different differentiations (right). (C) For FACS-based 

synapse analysis, CD23.CAR+ T cells were treated with lenalidomide for 48h or left 

untreated. CellTracker (Ct) PE-labeled MEC1 cells were cocultured with CellTracker (Ct) 

FITC-labeled CD23.CAR+ T cells (E:T ratio, 1:2) for 4h hours, then PE and FITC double-

positive cells were quantified by flow cytometry (n=3, ***, p<0.001). (D) Gating strategy 

of CellTracker (Ct) PE/ CellTracker (Ct) FITC double-positive cells in one representative 

experiment.
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Figure 2. Lenalidomide enhances transcriptional signatures related to T-cell function.
The heat maps and dendrograms of unsupervised hierarchical clustering display 

differentially expressed genes between NT and CD23.CAR+ T lymphocytes obtained 

from CLL donor #1, treated in vitro with lenalidomide or left untreated. The gene 

expression differences among the samples were functionally classified as follows: (A) Th1; 

(B) costimulatory molecules; (D) interleukin signaling; (F) T-cell exhaustion; (G) T-cell 

migration; (H) memory markers. Fold changes between lenalidomide (+L) and untreated 
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(-L) sample for costimulatory molecules (C) and interleukin signaling (E) are represented 

with box and whisker plots.
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Figure 3. Lymphoid cell compartment characterization in CLL xenotransplanted mice treated 
with CD23.CAR+ T cells and lenalidomide.
(A-B-C-D-E-F-G) Rag2−/−γc

−/− mice transplanted i.v. with MEC1 cells on day 11 of the 

leukemic challenge were left untreated (Unt, black circles), injected with lenalidomide 

(Lena) as monotherapy (red rhombi), or adoptively transferred with NT T cells (empty 

circles), NT T cells with lenalidomide (black triangles), CD23.CAR+ T cells (blue rhombi), 

CD23.CAR+ T cells with lenalidomide (empty red rhombi). Mice received 0.214 mg/kg 

of intraperitoneal lenalidomide daily starting at day 8, except for the day of the adoptive 

transfer. NT and CD23.CAR+ T lymphocytes were obtained from CLL donor #1. At day 23 
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after the transplantation, mice were evaluated by flow cytometry analysis for the presence 

of human CD19+ CD23+MEC1 cells in the lymphoid tissues. The graphs show: (B) spleen 

weight, (C) the mean value (± SD) of the relative contribution of hCD19+ CD23+cells (gated 

on CD19+ cells) in SP, (D) the mean value (± SD) of the percentage of hCD19+ CD23+cells 

(gated on CD19+ cells) in PB, (E) the mean value (± SD) of the relative contribution of 

hCD19+ CD23+cells (gated on CD19+ cells) in BM, (F-G) the mean value (± SD) of the 

relative contributions of hCD4+ TN, TEM, and TCM in SP and BM.*P < 0.05, **P < 0.01, 

Student’s t-test.
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Figure 4. Lenalidomide impacts immune cells of the microenvironment.
(A-B-C-D-E-F-G-H) Rag2−/−γc

−/− mice were transplanted with MEC1 cells and treated as 

described in Figure 4A. NT and CD23.CAR+ T lymphocytes were obtained from CLL donor 

#1. At day 23 after the transplantation, murine neutrophils, monocytes and macrophages 

were evaluated by flow cytometry analysis in the PB and lymphoid tissues. The graphs 

show: (B) the mean value (± SD) of the relative contribution of CD11b+ CSF1R– SSChigh 

neutrophils gated on CD45+ in PB, (C) the mean value (± SD) of the absolute number of 

CD11b+ CSF1R– SSChigh neutrophils gated on CD45+ in SP, (D) the mean value (± SD) of 
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the absolute number of CD11b+ CSF1R– SSChigh IL-6+ neutrophils gated on CD45+ in SP, 

(E) the mean value (± SD) of the absolute number of CD11b+ CSF1R+ monocytes gated 

on CD45+ in SP, (F) the mean value (± SD) of the absolute number of CD11b+ CSF1R+ 

IL-6+ monocytes gated on CD45+ in SP, (G) the mean value (± SD) of the absolute number 

of CD11b+ F4/80+ macrophages gated on CD45+ in BM, (H) the mean value (± SD) of the 

absolute number of CD11b+ F4/80+ IL-6+ macrophages gated on CD45+ in BM. *P < 0.05, 

**P < 0.01, ***P < 0.001, Student’s t-test.
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Figure 5. Combination therapy with lenalidomide and CD23.CAR T cells impacts the survival of 
CLL xenotransplanted mice.
(A) Rag2−/−γc

−/− mice who received MEC1 cells intravenously on day 0 were left untreated 

(black circles) or given NT T lymphocytes (days 11 and 18) with rhIL-2 every other day, 

starting at day 12 (six administrations, empty rhombi); NT T lymphocytes (days 11 and 18) 

with daily lenalidomide from day 8 (black triangles); CD23.CAR+ T lymphocytes (at days 

11 and 18) with rhIL-2 every other day starting at day 12 (six administrations, full blue 

rhombi); or CD23.CAR+ T lymphocytes (at days 11 and 18) with daily lenalidomide from 
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day 8 (full red rhombi) and monitored for survival. NT and CD23.CAR+ T lymphocytes 

were from CLL donor #3. mNT and mCAR refers to multiple adoptive transfer (days 11 and 

18). (B) Kaplan-Meier survival curve is represented; statistical analysis was performed using 

Log-Rank test and is indicated in Figure.
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Figure 6. Lenalidomide elicits a tumor-specific cytotoxic activity of CD23.CAR+ T lymphocytes 
in CLL xenotransplanted mice.
(A-B-C-D) Rag2−/−γc

−/− mice who received MEC1 cells intravenously (day 0) were left 

untreated (black circles) or adoptively transferred with NT T lymphocytes (day 11, white 

circles), NT T lymphocytes (day 11, black triangles) with daily lenalidomide starting at 

day 8, NT T lymphocytes (day 11) with rhIL-2 every other day starting at day 12 (six 

administrations, empty rhombi), CD23.CAR+ T lymphocytes (day 11) with rhIL-2 every 

other day starting at day 12 (six administrations, blue rhombi), CD23.CAR+ T lymphocytes 

(day 11) with daily lenalidomide starting at day 8 (red rhombi). NT and CD23.CAR+ T 
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lymphocytes were obtained from CLL donor #4. (B) BM cells were flushed from mice 

femurs and tibiae; using MACS-microbeads for human CD3 positive selection NT and 

CD23.CAR+ T cells were isolated via magnetic separation. After 12h of in vitro culture 

without restimulation, NT (white bar) and CD23.CAR+ (black bar) T cell cytotoxic activity 

(from IL-2- and lenalidomide-treated mice, respectively) was evaluated against CD23+ 

MEC1 target, in a 4-hour assay at an E:T ratio of 3:1. The graphs show (C) the mean 

value (± SD) of the relative contribution of hCD19+ cells in BM, (D) the mean value (± SD) 

of the relative contribution of hCD19+CD23+ cells in BM, (E) the mean value (± SD) of the 

absolute number of hCD19+ cells in the BM, and (F) the mean value (± SD) of the absolute 

number of hCD19+CD23+ cells in the BM. *P < 0.05, **P < 0.01, Student’s t-test.
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