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Abstract
The perspective of combining cancer vaccines with immunomodulatory drugs is currently regarded as a highly promising 
approach for boosting tumor-specific T cell immunity and eradicating residual malignant cells. The efficacy of dendritic cell 
(DC) vaccination in combination with lenalidomide, an anticancer drug effective in several hematologic malignancies, was 
investigated in a follicular lymphoma (FL) model. First, we evaluated the in vitro activity of lenalidomide in modulating the 
immune responses of lymphocytes co-cultured with a new DC subset differentiated with IFN-α (IFN-DC) and loaded with 
apoptotic lymphoma cells. We next evaluated the efficacy of lenalidomide and IFN-DC-based vaccination, either alone or in 
combination, in hu-PBL-NOD/SCID mice bearing established human lymphoma. We found that lenalidomide reduced Treg 
frequency and IL-10 production in vitro, improved the formation of immune synapses of CD8 + lymphocytes with lymphoma 
cells and enhanced anti-lymphoma cytotoxicity. Treatment of lymphoma-bearing mice with either IFN-DC vaccination or 
lenalidomide led to a significant decrease in tumor growth and lymphoma cell spread. Lenalidomide treatment was shown to 
substantially inhibit tumor-induced neo-angiogenesis rather than to exert a direct cytotoxic effect on lymphoma cells. Nota-
bly, the combined treatment with the vaccine plus lenalidomide was more effective than either single treatment, resulting in 
the significant regression of established tumors and delayed tumor regrowth upon treatment discontinuation. In conclusion, 
our data demonstrate that IFN-DC-based vaccination plus lenalidomide exert an additive therapeutic effect in xenochimeric 
mice bearing established lymphoma. These results may pave the way to evaluate this combination in the clinical ground.
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Introduction

Follicular lymphoma (FL) is the most common indolent 
non-Hodgkin lymphoma in Europe and in the United 
States [1, 2]. Over the past several decades, substantial 
advances have been made in the progression-free survival 
(PFS) and overall survival (OS) of patients with FL. How-
ever, despite the improved effectiveness of chemo-immu-
notherapy regimens, FL is still considered an incurable 
disease [3, 4]. Recently, immunotherapeutic approaches 
have revolutionized cancer treatments, and the chance to 
combine cancer vaccines with immunomodulatory drugs 
appears as a highly promising approach [5, 6].

Dendritic cells (DC) have been widely used over the last 
decade in clinical trials in patients with different types of 
hematologic malignancies [7], including FL, with some 
encouraging results [8, 9]. We described an effective 
modality of differentiation of partially mature DC (IFN-
DC) from human monocytes in the presence of GM-CSF 
and IFN-α [10]. IFN-DC are characterized by the capac-
ity to release a unique array of cytokines and chemokines 
known to favor Th1 type response and to powerfully stimu-
late cellular CD8 + T cell immune responses [11–13]. We 
previously showed, in vitro and in immunodeficient NOD/
SCID mice reconstituted with human PBL, that antigen-
pulsed IFN-DC are endowed with an enhanced cross-prim-
ing activity and immunostimulatory activities against viral 
and tumor antigens as compared to conventional myeloid 
DC obtained with IL-4 and GM-CSF [12–16]. Recently, 
we evaluated in preclinical models a new DC-based vacci-
nation protocol, exploiting the specific features of IFN-DC 
loaded with FL cells undergoing immunogenic cell death 
[17]. In particular, we demonstrated that IFN-DC loaded 
with apoptotic lymphoma cells from FL patients cultured 
for 2 weeks with autologous lymphocytes led to massive 
IFN-γ production, Th1 response skewing and enhanced 
cytotoxic effector function toward autologous lymphoma 
cells [17]. Although the use of IFN-DC in pre-clinical 
studies has led to encouraging results, it should be noted 
that long-term clinical benefit rarely occurs in clinical 
protocols involving cancer vaccination alone. This is pos-
sibly due to the induction of T cell regulatory response and 
immune tolerance. Therefore, we assumed that the combi-
nation with novel immunotherapeutics or immune modu-
lators might improve the effectiveness of IFN-DC-based 
therapeutic vaccination, antagonizing negative immune 
regulation and enhancing the strength and persistence of 
antitumor effector cells.

Lenalidomide represents an attractive drug, due to its 
original mechanism of action. Its activity against several 
hematologic malignancies is mediated by pleiotropic 
effects, including the activation of anti-tumor immunity 

and the modification of tumor microenvironment [18]. In 
refractory/relapsed FL patients, lenalidomide has proven 
effective in determining an overall response rate of 29% 
[19]. Higher response rates can be achieved when it is 
administered in combination with rituximab [20]. Here, 
we have investigated both in in vitro and in vivo models 
whether an improved anti-tumor activity can be achieved 
by combining an IFN-DC-based vaccine with lenalido-
mide, which has been shown to dampen immunoregula-
tory responses and to enhance immune functions in many 
tumor models [21–23].

Studies on the immunotherapy of FL have been hampered 
so far by the lack of validated syngeneic mouse models of 
FL and the impossibility to engraft immunodeficient mice 
with primary human FL cells [24–26]. Thus, we evaluated 
the antitumor effect of lenalidomide administration com-
bined with IFN-DC-based vaccine in humanized NOD/SCID 
mice bearing Karpas-422 human FL cells, a FL model uti-
lized with success in our previous studies [27].

Materials and methods

Cell preparation and culture

Peripheral blood mononuclear cells (PBMC) were obtained 
from buffy coats of healthy blood donors. The HLA-A2 hap-
lotype of the subjects was assessed by FACS analysis, using 
anti A2-specific mAbs (BD Biosciences, USA). PBMC were 
purified from blood by Ficoll density gradient centrifugation 
(Biochrom, Germany). IFN-DC were obtained from purified 
CD14 + monocytes according to our procedure previously 
described elsewhere [17] and plated at the concentration of 
2 × 106 cells/mL in CellGro DC medium (Cell Genix, USA), 
supplemented with 500 U/mL GM-CSF (Genzyme Corpora-
tion, UK) and 10,000 U/mL IFN-α2b (Intron A; Schering 
Plough, USA) for 3 days. PBL were obtained from PBMC 
following CD14 + monocyte depletion [17]. Karpas-422 
cells were cultured in RPMI-1640 medium (Gibco, USA) 
supplemented with 20% FBS, 2 mM l-glutamine, 100 U/
mL penicillin and 100 µg/mL streptomycin.

Tumor cell death induction and PBL/DC co‑cultures

Apoptotic cell bodies were generated by exposing Kar-
pas-422 cell suspensions to heat shock, γ-irradiation, and 
UVC rays, as already described [17]. IFN-DC were pulsed 
with apoptotic tumor cells at a 1:2 ratio for 16 h at 37 °C 
and then cultured with autologous PBL at a cell ratio of 1:4. 
The medium was supplemented with human IL-2 (50 U/mL, 
Roche, Germany), starting from day 3 of co-culture, once 
every 3 days. At day 7 of co-culture, PBL were restimulated 
with frozen-stocks of apoptotic cell-loaded IFN-DC and 
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7 days later the effector cells were analyzed. Lenalidomide 
was added to the culture medium from the step of antigen 
presentation and every 3 days for 14 days at the concentra-
tion of 2 µM.

Flow cytometry

Cells were stained with fluorochrome-conjugated mAbs 
specific for DC, T and NK cells: anti-CD11c, anti-CD80, 
anti-CD86, anti-CD83, anti-CD40, HLA-ABC, HLA-DR, 
anti-CD54, anti-CD70, anti-CD3, anti-CD4, anti-CD25, 
anti-CD8, anti-CD56 (BD Biosciences, USA) and anti-
FOXP3 (eBiosciences, USA). PBL functional tests were 
performed on day 14 of PBL/DC co-cultures, as previously 
described [28].

Apoptosis and proliferation assays

Karpas-422 cells were incubated with Annexin V/7-Amino-
Actinomycin D (7-AAD) and analyzed by flow cytometry 
using the Kaluza 1.3 software. Cell proliferation was evalu-
ated by CFSE (2.5 µM) dilution assay.

Cytokine assay

Cytokine quantification was performed by commercial 
ELISA kits for: IFN-γ (15.6 pg/mL), IL-10 (3.9 pg/mL) 
(Biolegend Inc., USA), IL-15 (15.6 pg/mL), IL-12 (7.8 pg/
mL) and TNF-α (15.6 pg/mL) (Boster Biological Technol-
ogy, USA), according to manufacturer instruction.

Cytotoxicity assay

Cytotoxicity was tested against Karpas-422 or K562 by Cal-
cein-AM release test. Target cells were labelled with 15 µM 
calcein-acetoxymethyl (Calcein-AM, USA) for 30 min at 
37 °C. Tests were performed V-bottom 96-well plates for 
4 h at 37° as previously described [17].

Conjugation assay and confocal laser scanning 
microscopy (CLSM) analysis

Cell conjugates were obtained culturing freshly purified 
or stimulated PBL with Karpas-422 target cells (E:T 2:1) 
for 20 min, as previously reported [16]. Cells were stained 
for CD8 and CD56 detection (PE-conjugated anti-CD8 
and anti-CD56 mAbs, BD Biosciences, USA), then fixed 
and permeabilized, followed by actin staining with Alexa 
 Fluor®-488-conjugated phalloidin (Thermo-Fisher Scien-
tific, USA). CLSM observations were performed with a 
Leica TCS SP2 AOBS apparatus, using a 63 ×/1.40 NA oil 
objective and excitation spectral laser lines at 405, 488 and 
594 nm.

Staining of tumor sections

Hematoxylin and eosin staining (H&E) and immuno-
fluorescent labeling for CD31, CD8, Granzyme B, CD4 
and FOXP3 detection were performed on Formalin Fixed 
Paraffin Embedded (FFPE) tissue sections. Slides (5 µm 
thick) were deparaffinized, hydrated through graded alco-
hols and subjected to a heat-induced Epitope Retrieval 
step by citrate pH 6 (Novus) for 3 × 3 min in a microwave 
oven. Sections were washed with PBS-T (0.01% Tween 
20) and blocked in PBS-BSA 3% for 60 min at 37 °C. 
Primary Abs (rabbit anti-Pecam-1 or CD31, LifeSpan 
BioSciences, USA; mouse anti-CD8 clone C8/144B, 
Dako; rabbit anti-Granzyme-B-AlexaFluor®-647, Novus 
Biologicals; mouse anti-CD4 clone 4B12, Dako; rabbit 
anti-FOXP3 clone 1054C, R&D Systems) were incubated 
for 30 min at 37 °C, followed by secondary Abs plus 
DAPI (Thermo Fisher Scientific, USA). Image acquisition 
was performed with a Leica TCS SP2 AOBS apparatus 
and the fluorescence intensity of CD31, was determined 
by the confocal software (Leica 2.6 rel 1537), using the 
parameter Sum of intensity [SUM (I)]. Equivalent sized 
regions for each experimental condition were analyzed 
(the mean value of CD31 immunofluorescence staining 
in tissue sections from control untreated mice was nor-
malized to 1.0). Microvessel density was also evaluated 
by H&E staining.

Therapeutic vaccination of tumor‑bearing 
hu‑PBL‑NOD/SCID mice

NOD/SCID mice were injected subcutaneously (s.c.) in 
the shoulder with 5 × 106 Karpas-422 cells re-suspended 
in 0.2 mL RPMI 1640 medium. Lymphoma cells required 
about 14 days to become palpable masses. NOD/SCID mice 
were reconstituted intraperitoneally (i.p.) with 20-30 × 106 
HLA-A2 + human PBL, re-suspended in 0.5  mL RPMI 
medium [25] before tumor masses became evident (day 
10). The resulting hu-PBL-NOD/SCID mice were vacci-
nated (i.p.) 4 days later with 2 × 106 IFN-DC loaded with 
apoptotic Karpas-422 cells, received lenalidomide or were 
left untreated (CTR). Mice received boost immunizations at 
days 21 and 28. Tumor growth was followed for 70 days. The 
two major diameters of each tumor nodule were measured 
by calipers and the mean tumor diameter was calculated for 
each tumor.

Lenalidomide treatment of hu‑PBL‑NOD/SCID mice

Lenalidomide was dissolved in dimethyl sulfoxide (DMSO) 
at a stock concentration of 10.36 mg/mL. Vaccinated mice 
received lenalidomide i.p. (10 mg/kg) starting on the day 
of immunization, and every 3 days or equal volume vehicle 
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control for 3 weeks. Treatment control groups consisted in 
tumor-bearing mice receiving only PBL and either unloaded 
IFN-DC or lenalidomide.

Statistical analysis

All results are expressed as mean ± SD, except where indi-
cated, whereas the statistical analyses were performed by 
Mann–Whitney or Wilcoxon test and Spearman’s rank cor-
relation test.

Results

Lenalidomide does not affect IFN‑DC phenotype 
and activity when added during the DC 
differentiation step

We first evaluated the phenotype and quality of IFN-DC 
generated in the presence of lenalidomide. IFN-DC were 
obtained from peripheral monocytes cultured for 3 days in 
the presence of GM-CSF and IFN-α, with or without lena-
lidomide (10 μM/mL) added from the beginning or after 
24 h of culture. Lenalidomide did not influence IFN-DC 
viability and yield. However, FACS analysis did not reveal 
any significant difference in the expression of DC-asso-
ciated surface markers in the different culture conditions 
(Fig. 1a). Analogous results were obtained with IFN-DC 
from FL patients (Fig. 1b). No significant differences in 
IL-12, IL-15 and TNF-α production, nor in IL-10 release by 
lenalidomide-treated IFN-DC could be detected by ELISA 
test (data not shown). Then, we loaded IFN-DC from HLA-
A2 + healthy donors with apoptotic Karpas-422 lymphoma 
cells induced to undergo immunogenic apoptotic cell death 
(Fig. 1c, d) as previously described [17]. Tumor cell-loaded 
IFN-DC were used to stimulate autologous PBL in vitro to 
induce antigen-specific CTLs. No clear improvements of 
cytotoxic activity could be detected in cultures stimulated 

with IFN-DC differentiated in the presence of lenalidomide, 
as depicted in Fig. 1e, which shows results from cytotoxic 
assays toward Karpas-422 cells, performed with three dif-
ferent donors. Overall, our results indicated that lenalido-
mide pre-treatment of IFN-DC did not provide significant 
improvement of PBL immune response against lymphoma 
cells with respect to IFN-DC differentiated by the standard 
protocol.

Lenalidomide modulates immune responses 
induced by IFN‑DC: effects on functional activity

A second set of experiments was performed by adding lena-
lidomide to the culture medium from the step of antigen 
presentation and throughout the whole IFN-DC/PBL co-
culture period. Lenalidomide was used at the concentra-
tion of 2.0 µM/mL, since higher concentrations resulted in 
decreased lymphocyte viability and yield over a 2 weeks 
co-culture. Karpas-422 cells (HLA-A2 +) were induced to 
undergo immunogenic apoptosis, loaded onto IFN-DC from 
a small group of HLA-matched healthy donors and used to 
stimulate autologous PBL.

We measured CD8 T cell response to Karpas-422 cells 
in terms of IFN-γ production and ectopic expression of 
CD107a, as a marker of cytolytic activity by FACS analy-
sis, showing that lenalidomide can determine an increase 
in the frequency of IFN-γ −/CD107a + and IFN-γ +/
CD107a + effector CD8 + T cells. However, as some donors 
appeared not to benefit from lenalidomide addition to their 
PBL cultures, the overall difference between the two culture 
conditions was not statistically significant. On the contrary, 
FACS analysis of NK cell response showed a statistically 
significant lenalidomide-induced increase of IFN-γ pro-
duction in response to Karpas-422 cells (p = 0.043), while 
the lytic activity, as measured by the detection of CD107a 
ectopic expression, did not differ in the two culture condi-
tions (Fig. 2a). Cytokine detection in culture supernatants at 
day 7 and 14 showed that IFN-γ production was not modu-
lated by lenalidomide treatment (Fig. 2b). However, lena-
lidomide was shown to significantly improve early TNF-α 
release (day 7) and to reduce IL-10 accumulation in culture 
supernatants (Fig. 2b), which is a key immune-suppressive 
cytokine produced by helper T cells and regulatory T cells 
(Tregs). Notably, lower levels of this cytokine were detected 
in the presence of lenalidomide at both days 7 and 14 in 
supernatants from PBL co-cultivated with tumor cell-loaded 
IFN-DC with respect to control cultures.

Effects on Tregs frequency

We have recently demonstrated that IFN-DC induce Treg 
expansion with a lower efficiency as compared to conven-
tional DC obtained with GM-CSF and IL-4, thus potentially 

Fig. 1  Immunophenotypic pattern and activity of IFN-DC differenti-
ated in the presence of lenalidomide. a Phenotypic characterization of 
IFN-DC differentiated in the presence or not of lenalidomide added at 
the beginning of the culture (t0) or for the last 24 h of culture (t24). 
b Representative dot histogram FACS profiles of IFN-DC from one 
FL patient. c Dot plot representation of typical apoptotic and necrotic 
Karpas-422 cell frequency detected by annexin V-FITC and 7-AAD 
staining at 24 h and 48 h after apoptosis induction. d Phagocytosis of 
apoptotic Karpas-422 cells labelled with PHK67 (green fluorescence) 
by purified IFN-DC (stained with anti-CD11c) after 90  min of co-
culture. One representative experiment is shown. e Cytotoxic activity 
of PBL isolated from healthy blood donors and cultured for 14 days 
with IFN-DC differentiated in the presence or not of lenalidomide 
and loaded with apoptotic tumor cells. Cytotoxic activity was tested 
by Calcein-AM assay against Karpas-422 target cell line. Three dif-
ferent representative experiments are shown

◂
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reducing the negative impact of Treg responses induced by 
vaccination [17]. Likewise, lenalidomide has been reported 
to inhibit Treg expansion and suppressive function [28]. 
Thus, we assessed whether lenalidomide can contribute to 
further reduce Treg frequency in cultures stimulated with 
tumor cell-loaded IFN-DC. The results of Tregs analysis 
are summarized in the column chart of Fig. 2c, which shows 
Treg percentage after two cycles of PBL stimulation with 
tumor cell-loaded autologous IFN-DC in the presence or 
absence of lenalidomide, respectively. Overall, Treg fre-
quency, determined as the percentage of CD4 + lymphocytes 
expressing CD25 and FOXP3, was significantly reduced 
in the presence of lenalidomide (p = 0.041 Wilcoxon rank 
test). Reduced Treg frequency and lower IL-10 levels in 
culture supernatants (Fig. 2b, c) suggest that lenalidomide 
may interfere with immunosuppressive mechanisms, thus 
potentially improving the activity of IFN-DC. Consistently 
with this assumption, in lenalidomide-exposed cultures, we 
found an inverse correlation, as calculated by Spearman’s 
rho rank correlation coefficient (ρ = − 0.857), between 
Treg frequency and the rate of CD8 + cell degranulation in 
response to lymphoma cells measured by FACS analysis 
as CD107a mobilization to the cell membrane (Fig. 2d). In 
contrast, such correlation was not found in the basal culture 
condition without lenalidomide (ρ = − 0.357).

Cytotoxic response to lymphoma cells

We then evaluated whether lenalidomide was able to improve 
lymphocyte cytotoxic activity toward target lymphoma cells. 

As some healthy blood donors appeared not to benefit from 
lenalidomide addition to their PBL co-cultures with IFN-
DC, cytotoxic activity toward lymphoma cells was evalu-
ated on the basis of Treg reduction in response to lenalido-
mide. Accordingly, PBL cultures showing at least twofold 
reduction of Treg frequency (6.7% ± 1.5–2.7% ± 0.9) and 
defined as group 1 were assayed for cytotoxicity distinctly 
from those showing irrelevant changes in Treg percentage 
(3.8% ± 2.0–4.6% ± 2.7) and defined as group 2 (Fig. 2e).

T cell cytotoxicity was determined to evaluate specific 
anti-tumor activity against Karpas-422 cells and against 
K562 cells to assess natural killer activity (Fig. 2e). Of note, 
PBL from lenalidomide-treated cultures showing reduced 
Treg frequency (group 1) exhibited improved cytotoxic 
activity toward both Karpas-422 and K562 target cells. On 
the contrary, no significant improvement of cell cytotoxicity 
could be detected in the cultures showing irrelevant Treg 
modulation (Fig. 2e, left panels).

Effects on immune synapse

To assess whether lenalidomide was able to improve 
immune effector cell capability to form conjugates with 
lymphoma target cells, confocal images of PBL allowed 
to conjugate with Karpas-422 target cells and stained for 
CD8 or CD56 were acquired. As shown in Fig. 3a, both 
CD8 + and CD56 + cells from IFN-DC-stimulated PBL 
cultures were able to conjugate with Karpas-422 cells, at 
variance with freshly purified PBL from the same donor. 
Of note, the median percentage of target cells conjugated 
to PBL was increased from 33.3 ± 1.9 to 50.0 ± 2.0% 
(median ± SE) upon lenalidomide addition to PBL co-cul-
tured with lymphoma cell-loaded IFN-DC. In particular, the 
frequency of CD8 + cell conjugates with lymphoma cells 
appeared increased in lenalidomide-treated PBL, which also 
displayed binding of multiple CD8 + effector cells to single 
target cells (Fig. 3a). Actually, visual counts of the overall 
cell conjugates in distinct microscopic fields showed a rise 
in CD8 + cell conjugates from 33.3% ± 5.6 to 63.3% ± 4.0 
(median ± SE) when lenalidomide was added to PBL co-cul-
tured with lymphoma cell-loaded IFN-DC (Fig. 3b), while 
no significant modulation of CD56 + NK cell capability to 
conjugate with target lymphoma cells was detected (Fig. 3b).

Lenalidomide does not induce apoptosis and cell 
growth inhibition in vitro, while it impairs tumor 
development in lymphoma‑bearing mice

First, we assessed whether lenalidomide could exert any 
possible direct cytotoxic effect on FL cells cultured up 
to 72 h in the presence of escalating drug concentrations 
using annexin-V/Propidium iodide staining. FACS analysis 
of stained cells showed no appreciable rise in apoptotic 

Fig. 2  Modulation of antitumor immune responses of PBL from 
HLA-A2 + healthy donors, stimulated by IFN-DC loaded with 
apoptotic Karpas-422 cells (HLA-A2 + FL cells) in the presence 
of lenalidomide. a Frequencies of Karpas-422-responsive CD3 +/
CD8 + lymphocytes and NK cells (CD3  −/CD56 +), as determined 
by FACS analysis for IFN-γ intracellular staining and degranula-
tion (CD107a membrane mobilization) in PBL cultured for 14 days 
with autologous IFN-DC loaded with apoptotic Karpas-422 cells 
in the presence or not of 2  µM lenalidomide. Representative dot 
plot graphs from one representative experiment are shown. b 
Modulation of IFN-γ, TNF-α and IL-10 release as evaluated in 
culture supernatants by ELISA test at day 7 and 14. The data rep-
resent the mean value ± SD of 4 independent experiments. Statisti-
cally significant differences were calculated using Wilcoxon test 
(*p ≤ 0.05). c Frequency of CD25 +/FOXP3 + Tregs in CD4 + lym-
phocyte, as assessed by flow cytometric analysis. The  dot-plot 
analysis of CD25 +/FOXP3 + expression in CD4 + cells from one 
representative experiment is  shown d Spearman’s rho correlation 
calculation between Treg frequency and the percentage of degranu-
lating CD8 + cells in response to lymphoma cells, measured as 
CD107a mobilization to the cell membrane by FACS analysis. An 
inverse correlation (ρ = −  0.857) is shown in lenalidomide-exposed 
cultures (ρ = −  0.857). e Cytotoxic activity against Karpas-422 and 
NK-sensitive K562 target cells as assessed by Calcein-AM assay in 
PBL cultures, showing Treg frequency reduction (group 1) or irrel-
evant changes (group 2) in response to lenalidomide treatment (see 
“Results”)

◂
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or necrotic cell percentage as compared to untreated cul-
tures (Fig. 4a). Likewise, no effects on Karpas-422 cell 
division rate could be evidenced by CSFE dilution assay 
(Fig. 4b). We then evaluated the ability of lenalidomide 
to alter lymphoma tissue microenvironment in NOD/SCID 
mice engrafted with Karpas-422 cells in the absence of 
human PBL. Preliminary experiments in NOD/SCID mice 
demonstrated that subcutaneous inoculation of 5 × 106 
Karpas-422 cells led to the development of tumor masses 
becoming palpable after 14 days from implantation. Thus, 
mice were inoculated subcutaneously with Karpas-422 
cells in the right flank, tumors were allowed to engraft 
and grow. To evaluate drug direct effect on tumor masses 
and neo-angiogenesis, on day 14 after tumor injection, 
mice were divided into the following groups: (1) control 
lymphoma-bearing mice injected with reference volume 
vehicle; (2) lymphoma-bearing mice injected with lena-
lidomide every 3 days for six cycles; (3) lymphoma-bear-
ing mice injected with 2 × 106 IFN-DC every 7 days for 
three cycles. Tumor growth was monitored for 70 days. 
Mice were then euthanized, tumors were harvested, the 
necrotic and vascularized areas were evaluated on For-
malin-Fixed Paraffin-Embedded (FFPE) tissue sections by 

hematoxylin/eosin staining (Fig. 5a). Tumor tissue sec-
tions were scanned at low power (10 ×). Despite tumor 
masses were similarly reduced in the treated mice with 
respect to the control group, no major differences in the 
extension of necrotic areas could be detected among the 
different groups (data not shown). Remarkably, the den-
sity of blood vessels in the tumor masses, as detected by 
hematoxylin/eosin staining, was strongly reduced in lena-
lidomide-treated animals and to a lesser extent in mice 
treated with IFN-DC as compared to the control group 
(Fig. 5a). To better evaluate neo-angiogenesis, the expres-
sion of the pan-endothelial marker CD31 in tumor tissue 
was assessed by CLSM examinations of FFPE sections 
after immunofluorescent staining (Fig. 5b). Consistently 
with hematoxylin/eosin staining, intratumoral expression 
of CD31-positive areas in tissue sections from lenalido-
mide-treated mice was considerably lower as compared 
to control animals (Fig. 5b). By normalizing to 1.0 the 
median value of CD31 immunofluorescence staining (sum 
of intensity) in tissue sections from control mice, CD31 
staining intensity dropped to 0.23 ± 0.06 in tumor tissues 
from lenalidomide-treated mice. These results confirm 
that in our xenochimeric mouse model lenalidomide can 

Fig. 3  Effects of lenalidomide on conjugate formation. a CLSM 
examinations of lymphoma co-cultures (central optical sections) with 
freshly purified PBL or PBL cultured for 14  days with tumor cell-
loaded IFN-DC in the absence or presence of lenalidomide. Cells 
were stained for CD8 or CD56 (red) and for actin detection (green). 
DAPI was used to stain nuclei (blue). Arrows indicate CD8 + or 
CD56 + cell conjugates. Scale bars 10 µm. Images are representative 

of three independent experiments. b Quantitative analysis of cell con-
jugates expressed as the median percentage of CD8 + or CD56 + cell 
conjugates from PBL/lymphoma co-cultures treated or not with 
lenalidomide (median ± SE of three independent experiments). Sta-
tistically significant differences were estimated by the Wilcoxon test 
(*p < 0.05)
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exert its actions at least in part by altering tissue vascu-
larization rather than exhibiting direct apoptotic effects 
on lymphoma cells. Interestingly, a substantial reduction 
in microvasculature density was also shown in xenochi-
meric mice injected with IFN-DC (CD31 median value of 
0.37 ± 0.12), as compared to control lymphoma-bearing 
mice. 

Combining lenalidomide with the IFN‑DC vaccine 
results in a potent therapeutic antitumor effect 
against established lymphomas in hu‑PBL‑NOD/
SCID mice

To assess the feasibility and efficacy of the combined treat-
ment in vivo, we tested tumor cell-pulsed-IFN-DC vacci-
nation in a therapeutic setting using a hu-PBL-NOD/SCID 
mouse model. Lymphoma bearing mice were reconstituted 
with human PBL on day 10 and subsequently exposed to 
three cycles of vaccination (Fig. 6a). We compared four 
groups of human PBL-reconstituted xenochimeric mice: 
(1) untreated tumor-bearing control mice, (2) tumor-bear-
ing mice treated with lenalidomide; (3) mice vaccinated 

with IFN-DC loaded with apoptotic-Karpas-422 cells; (4) 
mice receiving the combined therapy of both therapeutic 
vaccination and lenalidomide administration. None of the 
engrafted mice developed any sign of GVHD in long term 
follow-up. Treatments were well tolerated, and all mice 
survived until sacrifice with no changes in any vital organs 
among the different treatment groups. Mouse survival and 
tumor growth were followed for 70 days. Mice receiving 
IFN-DC vaccination or lenalidomide showed significant 
and comparable inhibition of tumor growth with respect 
to the control group. However, tumor growth was inhibited 
without obvious regression upon either single treatment, 
while the combination of active immunization with lena-
lidomide was markedly more effective, resulting in the 
rapid reduction of tumor size and delayed tumor regrowth 
upon treatment discontinuation, as compared to the other 
treatment groups (Fig. 6b). Necroscopic gross examina-
tion of control tumor-bearing mice revealed lymphoma 
cell spread from the injection site to the axillary nodes 
forming visible tumor masses, while lymphatic and blood 
vessels proximal to the tumor appeared thicker and/or 
dilated (Fig. 6c). On the contrary, examination of mice 

Fig. 4  Evaluation of lenalidomide direct effect on Karpas-422 cell 
viability and proliferative activity. a Bar graph resuming FACS analy-
sis of apoptotic/necrotic Karpas-422 cells cultured for 72  h in the 
presence of 1 or 100 µg lenalidomide, as determined by Annexin-V/
propidium iodide staining. Dot-plot analysis of apoptotic/necrotic 

cells from one representative experiment are shown b relative prolif-
erative activity of Karpas-422 cells cultured for 4 days with or with-
out the addition of lenalidomide, as determined by CFSE dilution 
assay. Cytometric analyses are representative of three experiments
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in the treatment groups, revealed reduced lymphoma cell 
dissemination to axillary lymph nodes and smaller tumor 
masses. Nonetheless, complete tumor eradication could 
not be achieved and tumors eventually resumed growth 
after treatment discontinuation in the majority of treated 
mice. Of note, the combination treatment appeared far 
more effective than either single therapy intervention in 
inhibiting lymphoma cell spread and growth. We next 
analyzed the extent of tumor-infiltrating human CD8 + T 
lymphocytes and CD4 + Tregs, which could be involved 
in tumor growth inhibition. Thus, tumor tissues were ana-
lyzed 14 days after the last immunization by immunofluo-
rescent labeling for CD8, granzyme-b, CD4 and FOXP3 
detection. Only scarce human FOXP3 + Tregs were detect-
able in tumor tissue from mice treated with the IFN-
DC vaccine alone. Of note, no FOXP3 + cells could be 
detected in the corresponding samples from mice receiving 
the combination therapy (Fig. 6d). Conversely, the median 
number (± SE) of tumor-infiltrating CD8 + T cells in the 

combination therapy group (whose great majority was also 
granzyme-b positive) was markedly increased (57 ± 4.25 
per field), as compared to the group receiving only vac-
cination (12 ± 6.03) (Fig. 6d).

Discussion

In the era of targeted therapies and personalized medicine, 
the development of a new generation of DC-based vaccines 
and their combination with immune check-point inhibitors 
and immunomodulatory drugs is regarded as a promising 
approach to defeat cancer [5]. IFN-DC can represent a valu-
able DC candidate subset [10, 15, 29] to be tested for the 
development of effective cancer vaccines. We have recently 
demonstrated that IFN-DC from FL patients loaded with 
autologous lymphoma cells can efficiently activate the cel-
lular arm of the immune response to kill lymphoma cells 
in vitro [17].

Fig. 5  Effects of lenalidomide on tissue vascularization of lym-
phoma-bearing NOD/SCID mice. a Hematoxylin and eosin (H&E) 
staining of FFPE tissue sections of Karpas-422 lymphoma bearing 
NOD/SCID mice. Tissues from untreated tumor-bearing mice (on the 
left) are compared to tumor sections from lenalidomide (in the mid-
dle) or IFN-DC-treated mice (on the right). Blood vessel density is 
particularly evident in insets. Results of one representative mouse out 
of three are shown. Bars correspond to 100 μm. b Detection of intra-

tumoral CD31 (marker of vascular endothelial cells) by CLSM exam-
inations of FFPE tissue sections from untreated mice (left panel), 
lenalidomide (middle panel) or IFN-DC-treated xenochimeric mice 
(right panel). Images (three-dimensional reconstruction images) show 
the merged fluorescent signal from CD31 (pseudocolor gray) and 
DAPI (blue) staining. Panels are representative of three independent 
experiments. Scale bars 50 µm
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Fig. 6  In vivo evaluation of the 
antitumor effects of lena-
lidomide and IFN-DC-based 
vaccination in hu-PBL-NOD/
SCID mice bearing FL tumors. 
a Therapeutic vaccination 
schedule. All NOD/SCID 
mice were engrafted with 
Karpas-422 lymphoma cells, 
reconstituted with human PBL 
and divided into four groups. 
Hu-PBL-NOD/SCID mice 
were vaccinated 4 days later 
and received boost immuniza-
tions at day 21 and day 28. 
Lenalidomide was administered 
as described in “Materials and 
methods”. b Evaluation of 
tumor-growth inhibition. The 
graph represents Karpas-422 
cell growth rate in the different 
treatment groups. Four mice per 
group were treated as reported 
and observed until day 70. The 
mean tumor growth is shown as 
a compendium of three separate 
experiments. Statistically 
significant differences were 
estimated at day 70 by the non-
parametric Mann–Whitney test 
(*p < 0.05, **p < 0.01). Mean 
tumor diameters ± SD at day 70 
in the different treatment groups 
are also shown. c Representa-
tive necroscopic examinations 
of mice from different treatment 
groups, showing lymphoma 
cell masses and spreading from 
the injection site to axillary 
nodes (arrows). d Evaluation 
of Treg and CD8 + lymphocyte 
infiltration in tumor sections. 
Tumors were harvested and 
analyzed 14 days after the last 
immunization. FFPE tissue 
sections were stained for CD4 
(detected in green) and FOXP3 
(red) expression (upper panels) 
or for CD8 (detected in green) 
and granzyme-b (red) detection 
(lower panels). DAPI was used 
to stain nuclei (blue). Scale bars 
50 µm
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Lenalidomide as single agent exhibits activity in differ-
ent subtypes of non-Hodgkin lymphoma and recent clini-
cal trials suggest that its combination with rituximab can 
substitute standard chemotherapy in the FL treatment [31]. 
Furthermore, lenalidomide can effectively be combined with 
other chemo-free approaches and used as immune adjuvant 
with therapeutic cancer vaccines [32].

Here, we report on the effects of IFN-DC-based vaccina-
tion in combination with lenalidomide in both in vitro and 
in vivo models of FL. Differently from a recent study in mul-
tiple myeloma patients [23], we could not show any effect 
of lenalidomide on DC functional activity or phenotype. 
We showed that lenalidomide can reduce Treg frequency 
in vitro, reporting an inverse correlation between the per-
centage of Tregs and CD8 + T cell degranulation activity 
in response to Karpas-422 cells. Notably, an enhanced lytic 
activity toward lymphoma cells was detected only in PBL 
cultures exhibiting a significant reduction of Treg frequency 
in response to lenalidomide treatment. Although our results 
substantiate the notion of lenalidomide as an immune adju-
vant, we currently cannot explain the variable sensitivity of 
PBL from different blood donors to lenalidomide. Likewise, 
it remains unclear whether the enhancement of CD8 + T 
cell response is directly correlated to Treg reduction or 
instead both are independently due to the pleiotropic activ-
ity of lenalidomide. Although lenalidomide was previously 
reported to inhibit both Treg expansion and suppressive 
function [30], existing reports on Treg reduction in lena-
lidomide-treated patients are conflicting [33–39]. Notably, 
non-responding patients exhibiting no Treg decline under 
lenalidomide therapy have also been described [40]. Impor-
tantly, our results also show that lenalidomide has effects on 
the immune synapse formation, increasing the frequency of 
CD8 + T cell conjugates with lymphoma cells, in accord-
ance with previous observations of lenalidomide reversal of 
immune synapse alterations in FL [41].

Here, we have also reported the therapeutic efficacy of 
the lymphoma vaccine and lenalidomide in NOD/SCID 
mice bearing established human lymphomas, showing 
that both treatments can markedly inhibit the growth and 
spread of established tumors. Noteworthy, while lenalido-
mide did not exert any direct anti-proliferative or cytotoxic 
effect on Karpas-422 cells under in vitro conditions, it 
inhibited in vivo the tumor growth in lymphoma-bearing 
mice, even in the absence of human PBL. Remarkable 
inhibition of blood microvessel formation was demon-
strated in tumor tissue sections from these mice. This 
effect was not unexpected and can partly account for 
tumor growth inhibition seen in reconstituted mice, since 
lenalidomide is known to inhibit VEGF-induced endothe-
lial cell cord formation [42] as well as functional tumor 
lymphangiogenesis in a mouse xenochimeric model of 
mantle cell lymphoma [43]. Interestingly, we also found 

that the sole IFN-DC administration in lymphoma-bear-
ing mice could slightly reduce microvascular density in 
tumor tissues. Emerging data indicate that angiogenesis 
may be important in the progression and maintenance of 
lymphoid malignancies [44]. Our observation on the IFN-
DC-induced inhibition of tumor angiogenesis strengthens 
the notion that DC can promote or inhibit angiogenic pro-
cesses/mediators depending on their activation status and 
cytokine production [45]. Noteworthy, the combination 
showed a significant additive therapeutic effect on human 
lymphoma cell growth, rapidly reducing tumor burden and 
effectively delaying tumor regrowth after the discontinua-
tion of the therapy, demonstrating that the combination is 
far more effective than either single therapeutic approach. 
On these grounds, we may speculate that tumor eradication 
can be achieved by administering an appropriate number 
of combined therapy cycles, with short intervals between 
administrations to minimize tumor regrowth. Our results 
are consistent with previous studies demonstrating that 
a combination of DC vaccination and lenalidomide can 
efficiently enhance antitumor immune response in murine 
models of multiple myeloma and colon cancer, via the 
inhibition of immunosuppressor cells and the enhancement 
of CD8 cell responses [21–23].

Unloaded IFN-DC have recently been utilized by our 
group in a phase I clinical study in patients with advanced 
melanoma in combination with dacarbazine [46] and, 
more recently, in another phase I trial (EudraCT no. 2013-
003158-25) of sequential intranodal injection of low dose 
rituximab followed by the injection of unloaded IFN-DC 
in FL patients, exploiting the ADCC-mediated lymphoma 
cell killing by rituximab and the capacity of IFN-DC to 
take up apoptotic lymphoma cells in vivo [47]. While the 
results of this pilot trial are encouraging, the next logi-
cal step is to evaluate lymphoma cell-loaded IFN-DC as 
a personalized therapeutic vaccine in clinical settings of 
combination therapies. Even though a cautious approach 
should be maintained due to the possible outbreak of auto-
immune diseases [32], our results support the hypothesis 
that lenalidomide can improve the clinical efficacy of 
therapeutic DC cancer vaccines. Proof-of-concept trials 
are eagerly awaited to assess the clinical efficacy of this 
new and promising combination therapy.
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