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Abstract

Purpose

To assess the immunomodulatory and clinical effects of lenalidomide with standard treat-

ment of gemcitabine in patients with advanced pancreatic cancer.

Patients and Methods

Patients with advanced pancreatic cancer were treated in first line with lenalidomide orally

for 21 days of a 28 days cycle and the standard regimen for gemcitabine. In Part I, which we

previously have reported, the dose of lenalidomide was defined (n = 12). In Part II, every

other consecutive patient was treated with either lenalidomide (Group A, n = 11) or gemcita-

bine (Group B, n = 10) during cycle 1. From cycle 2 on, all Part II patients received the

combination.

Results

A significant decrease in the proliferative response of peripheral blood mononuclear cells

and the frequency of DCs were noted in patients at baseline compared to healthy control

donors while the frequencies of CD4+ and CD8+ T cells, NK-cells and MDSCs were signifi-

cantly higher in patients compared to controls. In Group A, a significant increase in the abso-

lute numbers of activated (HLA-DR+) CD4 and CD8 T cells and CD8 effector memory T

cells (p<0.01) was noted during treatment. A statistical increment in the absolute numbers

of Tregs were seen after cycle 1 (p<0.05). The addition of gemcitabine, reduced most lym-

phocyte subsets (p<0.05). In Group B, the proportion of lymphocytes remained unchanged

during the study period. There was no difference in overall survival, progression free survival

and survival rate at one year comparing the two groups.
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Discussion

Patients with advanced pancreatic carcinoma had impaired immune functions. Lenalido-

mide augmented T cell reactivities, which were abrogated by gemcitabine. However, addi-

tion of lenalidomide to gemcitabine seemed to have no therapeutic impact compared to

gemcitabine alone in this non-randomized study.

Trial Registration

ClinicalTrials.gov NCT01547260

Introduction

Pancreatic cancer is characterised by aggressive growth and treatment resistance [1]. The

majority of patients presents with advanced disease and the five-year survival rate is less than

5% [2]. Even those twenty percent of patients who are eligible for radical surgery including

adjuvant chemotherapy have a poor prognosis with only 20% alive at 5 years [3].

For patients with advanced disease, gemcitabine is the standard treatment resulting in a

median survival time of 5.7 months [4]. Combining gemcitabine and capecitabine improved

overall survival (OS) but with a more pronounced toxicity profile compared to gemcitabine

alone [5]. Triple chemotherapy (FOLFIRINOX) also increased OS compared to gemcitabine,

but again with added toxicity [6]. Blocking the epidermal growth factor receptor (EGFR) with

erlotinib in combination with gemcitabine significantly improved OS but only with two

months and hand-foot side effects were common [7]. Overall survival was also extended by

two months adding nabpaclitaxel to gemcitabine [8]. Regardless of currently available treat-

ments regimens, survival of pancreatic cancer patients remains dismal and new therapies are

warranted.

Lenalidomide (Revlimid1), is a thalidomide analogue that was initially approved by the U.

S. Food and Drug Administration (FDA) and the European Medicine Agency (EMA) for multi-

ple myeloma (MM) [9,10]. The compound may exert anti-tumor effects through anti-angio-

genic activities [11] and by the expansion of tumor antigen-specific T cells, augmenting natural

killer (NK)—cell cytotoxicity [12]. Furthermore, lenalidomide stimulates T-cells inducing pro-

liferation, cytokine production, and cytotoxic activity [12–14] and inhibits TNF-α and interleu-

kin 12 production [15,16].

Clinical effects of lenalidomide alone have been observed in patients with various advanced

solid tumors [17–20] or in combination with chemotherapy [21]. Combined treatment with

gemcitabine and lenalidomide of pancreatic carcinoma cells in vitro induced a higher tumor

cell killing than with either agent alone [22]. Treatment of patients with metastatic pancreatic

carcinoma using immunomodulatory drugs, such as pomalidomide or lenalidome in combi-

nation with gemcitabine, showed no clinical effects [23,24](23, 24). However, our study was

initiated before the results from those studies were published.

Gemcitabine exerts a direct cytotoxic effect on tumor cells [23], but also augments immune

responses contributing to a therapeutic effect [24]. Gemcitabine may activate T cells [25],

increase the number of dendritic cells (DCs) [26], augment loading of antigens onto antigen-

presenting cells (APC) [27], down-regulate the frequency of T-regulatory (Treg) cells [28], as

well as myeloid derived suppressor cells (MDSC) [29] and increase the production of T cell

derived IL-6 [30]. Administration of gemcitabine may also render tumor cells more susceptible
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to T-cell mediated destruction by up-regulation of death receptors [31]. Furthermore, gemcita-

bine has been shown to enhance immune responses against cancer vaccines [25]. The data sup-

port that lenalidomide and gemcitabine in combination may be of interest to explore for the

therapy of pancreatic carcinoma.

We have conducted a study in chemo-naive patients with advanced pancreatic cancer com-

bining lenalidomide and gemcitabine. Part I of the trial, defining the lenalidomide dose has

previously been reported [32]. In part II, patients were first treated with lenalidomide or gem-

citabine alone respectively,followed by the combination of these two agents. In this report,

immune responses and clinical effects of part II are presented as well as survival data for all

patients.

Materials and Methods

The Protocol for this trial and supporting TREND Checklist are available as supporting infor-

mation, see S1 File and S1 Fig. The CONSORT Flow Diagram is shown in Fig 1.

To our knowledge, all ongoing and related trials for this drug/intervention are registered.

The study (ClinicalTrials.gov identifier, NCT01547260) (https://register.clinicaltrials.gov/)

was approved by the Regional Ethical Review Boards for Stockholm and Uppsala on the 6th of

October 2009 and by the Medical Products Agency Uppsala, Sweden. The study was registered

at ClinicalTrials.gov only after inclusion began since registration was not a routine procedure

in Sweden in 2009. Patients were treated according to the Declaration of Helsinki’s ethical

principles for medical research involving human subjects. The trial was performed according

to Good Clinical Practice guidelines. All patients provided an informed written consent prior

to study entry.

Patient population

Details regarding patients have been described elsewhere [32]. Briefly, eligible patients had histo-

logically or cytologically confirmed unresectable, locally advanced, or metastatic adenocarci-

noma of the pancreas. No prior chemotherapy for metastatic or locally advanced disease was

allowed. Other eligibility criteria included: age>18 years, Eastern Cooperative Oncology Group

(ECOG) performance status of 0 or 1, life expectancy> 12 weeks, adequate bone marrow, renal

and hepatic functions as defined [32]. Patients enrolled in part I were recruited from the 14th

January 2010 to the 20th May 2011, patients enrolled in part II were recruited from the 12th Octo-

ber 2011 to the 13th February 2013.All patients were followed up for survival every 3 month after

discontinuation of the trial. The first follow up was on the 12th October 2010 and the last follow

up was on the 11th November 2014.

Study design and treatment schedule

This dual-agent, three-centre, open-label phase I/II study was conducted at the Karolinska

University Hospital, Departments of Oncology, Solna (parts I and II) and Danderyd (part II),

respectively, and Department of Oncology, Uppsala University Hospital, Uppsala, Sweden

(parts I and II).

Thirteen patients were recruited to part I and 21 patients to part II. Patients, who received

at least two cycles of the treatment according to the study protocol, were considered to be

evaluable. If therapy was discontinued before completion of two treatment cycles for other rea-

sons than AEs as per protocol, the subject was replaced.

The primary study objectives of part I was to determine MTD (Maximum Tolerated Dose)

and safety. In part II, the primary objective was to evaluate immunomodulatory effects. For

both parts of the study, the secondary objective was to evaluate clinical efficacy.
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In part I, lenalidomide was administered orally once daily for 21 days of a 28 day cycle. The

dose-escalation procedure of lenalidomide in part I has previously been described [32]. Gemci-

tabine was administered at a dose of 1000 mg/m2 intravenously for 30 minutes, at days 1, 8

and 15 every 28 days. MTD of lenalidomide in combination with the standard dose of gemcita-

bine was established to 25 mg/day days 1–21 of 28 [32]. In part II, every other consecutively

included patient was treated with either lenalidomide (Group A) or gemcitabine (Group B) as

monotherapy, during treatment cycle number 1. From treatment cycle number 2, all patients

(part II) were treated with lenalidomide in combination with gemcitabine. This design was

chosen since we wanted to evaluate the immunomodulatory effects of either drug separately,

in addition to the combined treatment. The patients received prophylactic low molecular

Fig 1. CONSORT Flow Diagram for the patients screened for and enrolled in part II. Corresponding data for

patients enrolled in part I, has been published in Ullenhag GJ et al, PLOS ONE, 2015; 10(4).

doi:10.1371/journal.pone.0169736.g001
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weight heparin (LMWH) (dalteparin, Pfizer Inc. New York, USA) (5000 IU s.c. once daily)

during lenalidomide treatment.

Patient evaluation

Patients were evaluated as previously described [32]. Progression-free survival (PFS) and OS

were calculated from the time of start of study treatment until clinical and/or radiological

signs of progression or until death, respectively. Survival rate at one year was calculated as the

frequency of patients alive at week 52 after start of therapy. An electronic case report form

(eCRF), PheedIt (SAS Institute) was used for recording.

Immunoassays

In part II, peripheral blood samples were drawn for immune monitoring at three time-points;

before treatment (baseline), at the end of treatment with lenalidomide or gemcitabine alone

(after cycle 1) and after treatment with the combination of lenalidomide and gemcitabine

(after cycle 2). Phenotyping of T cells (CD4, CD8), B cells and NK/NKT cells (CD16/CD56),

Tregs and MDSCs was performed as described below.

Monoclonal antibodies and other reagents

Antibodies conjugated with FITC, PE, PerCP, APC, AF700 and Pacific blue against the sur-

face on intracellular molecules CD3, CD4, CD8, CD16, CD25, CD56, CD69, CD95, CD123,

CD178, CD197, CD45RA, HLA-DR, CD11c, CD11b, CD127, Foxp3, Perforin, Granzyme B,

IFN-γ, IL-17 as well as the anti-human lineage cocktail, CD3,CD14,CD19,CD20, CD56

including isotype-matched controls were purchased from Biolegend (Nordic Biosite, Täby,

Sweden) and eBioscience, (San Diego, CA, USA). PMA and ionomycin were purchased

from Sigma (St Louis, MO, USA) and Brefeldin A was obtained from BD (Mountain view,

CA, USA).

Cellular staining and flow cytometry

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood by separa-

tion on a Ficoll–Isopaque gradient (Amersham Pharmacia Biotech AB, Uppsala, Sweden).

PBMC were used for cytokines secretion (IL-17/IFNγ) assay in T cells (CD4+/CD8+), NK cells

(CD3-CD56+) and NKT cells (CD3+CD56+) as well as for T cell proliferation assays.

Lysed blood was used for detecting Tregs (CD4+CD25+CD123-/low Foxp3+), effector/mem-

ory CD4+/CD8+ cells (CD45RA+/-/CCR7+/-), DCs (Lin-HLA-DR+CD16+CD11c+CD123+),

MDSCs (Lin-HLA-DR-CD16-CD11b+CD33+), lymphocyte subsets and Perforin/Granzyme B

secretions by T, NK and NKT cells. Briefly, 1x106 cells per tube were incubated with the appro-

priate concentrations of antibodies or isotype controls for 30 min on ice. Intracellular staining of

cells was done after surface staining, fixation, permeabilization, and incubation with specific

antibodies. To assess the ability of T/NK/NKT cells to produce IL-17/IFNγ in response to sti-

muli, intracellular staining for cytokines was performed after treatment with PMA/Ionomycin

for 3 hours. Treg staining was carried out according to the instruction of the manufacturer

(eBioscience). Cells were analyzed using a LSRII (BD) and data analyzed by the Flowjo software

(OR, USA) as described [33]. A positive staining was set at a fluorescence intensity displayed

by<1% of the cells stained with the isotype control. Cell subsets are presented as absolute num-

bers (x 109/L).
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Proliferation assay

PBMC were stimulated with PHA (10 μg/ml) (Gibco BRL, Grand Island, NY, USA) in a

96-well culture plate. Cultures were incubated for 5 days. 1 mCi / well 3H-thymidine (Amer-

sham Pharmacia Biotech, Uppsala, Sweden) was added for the final 16–18 h. Incorporated

radioactivity was measured in a β-counter (Micro β1450, Wallace, Turku, Finland). Results are

presented as stimulation index (SI) and calculated as the ratio of radioactivity of cells incu-

bated with PHA compared to control cultures [34].

Healthy controls

Blood of healthy aged-match donors, recruited among health care and laboratory personnel,

were used as controls.

Statistical methods

Statistical analyses were done using StatView1 (SAS Institute Inc. Version 5.0.1., USA) and

Prismversion 6.0 (Graphpad software, Ca, USA). Frequency and intensity of adverse events

(AE) and serious adverse events (SAE) are subjects to descriptive analysis. PFS and OS time

curves were plotted using the Kaplan-Meier method. Differences between survival curves were

tested using the log-rank statistics. The chi-square and Fisher´s exact tests were applied for

comparison of distribution between groups. The one way ANOVA for repeated measures was

used to calculate statistical significance for cell markers. The Mann-Whitney test was used for

comparison of patients at baseline with healthy controls. There was no adjustment for multi-

plicity. Results were considered to be statistically significant for p<0.05.

Results

Patient characteristics

Thirteen patients were included in the part I study. The patients characteristics has been

described elsewhere [32]. Twenty-one were included in the part II study (Group A: n = 11,

Group B: n = 10). Clinical characteristics of the patients included in part II are shown in

Table 1. Median time from diagnosis to start of treatment with lenalidomide and gemcitabine

was 7 weeks (range 2–11 weeks).

Treatment scheduling performance

Dose reductions and treatment delays for patients in part I has been described previously [32].

In part II, a total number of 85 cycles were initiated (12 with lenalidomide as monotherapy; 9

with gemcitabine as monotherapy and 64 with the combination). Dose-reductions were fre-

quently seen both for lenalidomide and gemcitabine. In Group A, 44.7% (17/38) of the treat-

ment cycles were dose-reduced. The corresponding figure for Group B was 42.5% (20/47).

In twenty-four cycles, reduction was due to haematologic toxicities (in 23 cycles due to leu-

copenia/neutropenia and in one cycle thrombocytopenia). In eleven cycles, reduction was

associated with non-haematologic toxicities (in three cycles nausea/vomiting, in two cycles

muscle/skeletal pain, in two cycles fatigue, in one cycle abdominal pain, in one cycle elevated

ALAT/ASAT value, in one cycle vein thrombosis and in one cycle pulmonary embolism). In

two patients (no 205 and 217) lenalidomide was permanently withdrawn at day 14 during

cycle 1 (see below).

Treatment delays were uncommon. In four patients, four cycles were delayed due to nausea

(n = 1) and viral infections (n = 3). In two patients, six cycles were delayed at the discretion of

the patients. Median delay was 12 days (range 1–32 days).
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Median number of treatment cycles was 2 (range 1–10) in Group A and 4 (range 1–15) in

Group B. Median treatment duration time was 8 weeks (range 2–35 weeks) and 15 weeks

(range 2–70 weeks) in Group A and B, respectively. For all patients, median treatment dura-

tion was 10 weeks (range 2–70 weeks).

Immune responses

Peripheral blood was drawn at baseline in 19 of the 21 enrolled patients. All nineteen patients

completed immune testing after cycle 1 (Group A, n = 9, Group B, n = 10) and 17 patients also

after cycle 2 (Group A, n = 8, Group B, n = 9).

Immune responses before treatment

A significant decrease in T-cell proliferation (PHA-stimulation) and the frequency of DCs was

noted in patients at baseline as compared to healthy control donors. However, the frequencies

of CD4+, CD8+ and NK-cells, producing perforin and granzyme B, as well as MDSCs were

significantly higher in patients compared to controls (Table 2). No difference in other immune

tests comparing patients at baseline and healthy controls were noted (data not shown). There

Table 1. Patients baseline characteristics and number of patients per treatment arm in phase II.

Patient

no.

Sex/age

(years)

ECOG

performance

status

Site of

metastasis at

inclusion

Previoustreatment Treatment

Arm #

No. of

treatment-

cycles

No. of

immune-

samples

PFS

(weeks)

OS

(weeks)*

201 M/64 0 Peritoneum None A 4 3 10 25

202 F/68 1 Liver None B 2 3 8 32

203 F/61 0 LAPC w/o met* Surgery (P)** A 2 2 8 13

204 F/77 0 Liver None B 4 3 16 76

205 M/78 1 LAPC w/o met None A 1 1 NE ## 19

206 M/63 1 Multiple None B 1 2 NE 7

207 F/66 1 Peritoneum Surgery (P) A 5 3 19 84

208 F/58 0 LAPC w/o met None B 4 3 16 112

209 F/72 1 LAPC w/o met None A 6 3 23 79

210 F/69 0 Liver None B 9 3 42 48

211 F/73 0 Nodes None A 10 3 39 130

212 M/72 1 LAPC w/o met None B 4 3 17 85

213 M/51 0 Peritoneum None A 2 3 8 31

214 M/72 1 LAPC w/o met None B 2 3 8 27

215 M/62 1 Lungs Surgery (C) A 2 3 8 19

216 M/77 1 LAPC w/o met None B 2 3 8 17

217 M/77 1 Liver None A 1 1 NE 4

218 F/68 0 Liver None B 4 3 17 26

219 F/66 0 Liver None A 2 3 7 25

220 F/78 0 LAPC w/o met None B 15 3 66 74

221 F/63 1 Multiple None A 3 3 15 18

* LAPC w/o met = locally advanced pancreatic cancer without metastasis.

** Surgery (P) = surgery, palliative intention.

Surgery (C) = surgery, curative intention (pancreaticoduodenectomy).

# Arm A = lenalidomide monotherapy in cycle no. 1.

Arm B = gemcitabine monotherapy in cycle no. 1.

## NE = not evaluable.

doi:10.1371/journal.pone.0169736.t001
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was no significant difference in immune responses at baseline comparing patients in Group A

and B (Figs 2–4).

Immune responses during treatment

In Group A, a significant increase in the absolute numbers of activated CD4 and CD 8 T cells

(HLA-DR+) (p< 0.01) was noted after cycle 1 (Fig 2E and 2G) but the addition of gemcitabine

significantly reduced the total number of CD4 and CD8 T cells as well as the fraction of acti-

vated (HLA-DR+) T cells (Fig 2A, 2C, 2G and 2E).

CD8+ effector memory T cells (CD45RA-CCR7-CD8+) increased significantly after cycle 1

compared to baseline (p<0.01) (Fig 3G) and after adding gemcitabine CD4 and CD8 effector

(Fig 3A and 3C) as well as effector memory T cells decreased significantly (Fig 3E and 3G).

A clear trend (p = 0.06) to an increase in absolute numbers of NK-T cells (CD3+CD16

+CD56+) was observed after cycle 1 compared to baseline in Group A (Fig 4A) and after add-

ing of gemcitabine, the numbers of NKT cells was reduced (p<0.05). No significant changes in

NK cells were observed (data not shown). A statistically significant increment in the absolute

numbers of regulatory T-cells (Treg) (CD4+CD25+CD127-FOXp3+) was also noted in Group

A after cycle 1, compared to baseline (p<0.05) which was reduced to baseline after cycle 2 (Fig

4C).

In Group B, however, the proportion of absolute numbers of CD4+ and CD8+ T cells (Fig

2B and 2D), activated (HLR-DR+) CD4+ and CD8+ T cells (Fig 2F and 2H), CD4+ and CD8

+ effector (Fig 3B and 3D) and effector memory T cells (Fig 3F and 3H), NK cells (data not

shown), NK-T cells and Tregs (Fig 4B and 4D), did not change over time.

In both Group A and B, the frequencies of activated B cells (CD69+CD95+), CD4+ cells

CD8 T cells and NK/NKT-cells producing perforin, granzyme B or IFNγ remained unchanged

(data not shown)as well as the proportion of MDSCs and DCs (data not shown).

Side-effects

Adverse events (AEs) and serious adverse events (SAEs) in part I have recently been described

[32]. Hematological and non-hematological toxicities in part II are summarized in Table 3.

Hematological AEs (all grades) were the most common, gastrointestinal (GI) intolerance and

fatigue.

The incidence of neutropenia was 57% with 28% was of grade 3–4. There was one febrile

neutropenia episode (5%) and one septicemia (5%). Thrombocytopenia and anemia (all

Table 2. Immune reactivity of patients with advanced pancreatic cancer before treatment compared to healthy donors.

Immune function Patients Mean + SEM (n) Controls Mean + SEM (n) p value

PHA-stimulation of PBMC (SI)* 38.8 ± 13 (18) 102.7 ± 17.6 (19) <0.01

Lymphocyte subsets (%):

CD3+CD8+perforin 3.95 ± 1.1 (19) 0.7 ± 0.2 (11) <0.01

CD3+CD4+perforin 2.2 ± 0.7 (19) 0.3 ± 0.05 (11) <0.01

NK + perforin 12.3 ± 1.8 (19) 5.5 ± 1.0 (11) <0.01

CD3+CD8+granzyme B 10.3 ± 2.0 (19) 5.2 ± 1.3 (11) <0.05

CD3+CD4+granzyme B 3.0 ± 0.5 (19) 1.2 ± 0.3 (11) <0.05

NK+granzyme B 12.0 ± 1.7 (19) 6.7 ± 0.6 (11) <0.05

Dendritic cells (%) 0.08 ± 0.02 (19) 0.5 ± 0.1 (11) <001

Myeloid derived suppressor cells (%) 0.33 ± 0.07 (19) 0.06 ± 0.01 (11) <0.01

*Stimulation index.

doi:10.1371/journal.pone.0169736.t002
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grades) were noted in 53% and 24%, respectively, but only grade 1 or 2. No effects on lympho-

cyte, monocyte, eosinophil and basophil counts were noted (data not shown).

Fatigue was the most prominent non-hematological side-effect, noted in 95% of the

patients, 14% was of grade 3. GI toxicities were common (diarrhea 53%, nausea 43% and

anorexia 33%) and one episode of anorexia grade 3 as well as one of vomiting grade 3 were

noted.

Elevation of ALAT or ASAT was reported in 53% and 47% (all grades), respectively, but

only 9% were grade 3–4. There was one (5%) grade 2 hypothyroidism. No renal dysfunction

was registered.

Dermatological toxicities (urticaria-rash/dry skin/pruritus-itching) were seen in 38%. Six

patients (28%) had dizziness, 9% was of grade 3. Neuropathy, mainly neurosensory toxicity

was noted in 19% (all grade 1–2). A grade 3 somnolence was seen in one patient.

There were three thromboembolic AEs, which occurred during or after cycle 2. Two were

unilateral deep vein thrombosis (DVT) (one of grade 2 and one of grade 3). One patient had a

grade 4 pulmonary embolism. Treatment with lenalidomide was hold during cycle 3 but

restarted at a lower dose from cycle 4.

Twelve SAEs were reported. Five were classified as probably not related to the trial drugs

but underlying disease: grade 3 abdominal pain in pats no 201 and 203; progressive disease (in

pats no 220 and 217); and a grade 3 fracture of the femoral neck in pat no 205; constipation

related to disease progression in pat 220 which required surgical intervention but the patient

died 18 days postoperatively; in pat 217 requiring hospitalization and the patient died after 8

days due to rapid disease progression. One patient (pat no 218) required hospital admission at

three occasions due to diarrhea (grade 3), dyspnoea (grade 3) and septicemia (grade 4), respec-

tively. One patient was treated for febrile neutropenia (grade 3) (no 209) and another for cho-

langitis (grade 3) (no 207). Two SAEs were grade 3 vomiting (no 212) and grade 3 DVT (no

219) respectively.

Clinical effects

All patients were evaluable for OS and survival rate at week 52. Twenty-nine patients com-

pleted at least two cycles of therapy and evaluable for PFS. In part I, one out of the twelve

patients was withdrawn during cycle 1 due to vomiting related to underlying disease [32]. In

part II, three out of the 21 patients were withdrawn before completion of two cycles: in two

due serious adverse events (SAEs) (no 205 and 217, see above) and in another due to reduced

performance status related to the underlying disease (pat no 206).

Median PFS in part I was 14 weeks (range; 8–66), in part II, Group A 10 weeks (7–39), and

in Group B 16 weeks (range; 8–66) and in all patients together 15 weeks (range; 7–66). Median

OS time in part I was 28.5 weeks (range; 12–204); in part II, Group A 25 weeks (range; 4–130),

in part II Group B 40 weeks (range; 7–112) and in all patients together 27 weeks (range;

4–204). The OS and PFS curves for all patients in the study are shown in Fig 5. The survival

rate at one year was 42% in part I, 27% in Group A (part II), 40% in Group B (part II) and 36%

Fig 2. Absolute numbers of subsets of T cells at baseline (BL), at the end of cycle 1 (End C1) and at the end of cycle 2 (End C2)

in part II patients treated with either lenalidomide monotherapy during cycle 1 with the addition of gemcitabine from cycle 2 (Arm

A) (Left column) (Fig 2 A, C, E and G) or gemcitabine monotherapy during cycle 1 with the addition of lenalidomide from cycle 2

(Arm B) (Right column) (Fig 2 B, D, F and H). Changes in the absolute numbers of CD4+ T cells (A, B), CD8+ T cells (C, D),

HLA-DR positive CD+4 T cells (E, F) and HLA-DR positive CD8+ T cells (G, H) over the treatment course, n = number of patients

analysed at each time-point. P-values refer to the comparison with BL, End C1 and End C2 by one way ANOVA with repeated

measures. The box, with a line indicating median, represents the 25th and 75th percentiles. The top and bottom whiskers

represent the 90th and 10th percentiles, respectively.

doi:10.1371/journal.pone.0169736.g002
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in all patients together. There was no statistical difference in OS, PFS or survival rate at one

year comparing patients within the different groups or between patients in part I and part II.

Discussion

In this investigator-initiated phase I/II study, we examined the safety and therapeutic efficacy

of a novel protocol using the immunomodulatory agent lenalidomide in combination with

Fig 3. Absolute numbers of subsets of effector and effector memory T cells at baseline (BL), at the end of cycle 1 (End C1) and at the

end of cycle 2 (End C2) in part II patients treated with either lenalidomide monotherapy during cycle 1 with the addition of gemcitabine

from cycle 2 (Arm A) (Left column) (Fig 3 A, C, E and G) or gemcitabine monotherapy during cycle 1 with the addition of lenalidomide

from cycle 2 (Arm B) (Right column) (Fig 3 B, D, F and H). Changes in the absolute numbers of CD8+ effector T cells (CD45RA

+CCR7-CD8+) (C, D), CD8+ effector memory T cells (CD45RA-CCR7-CD8+) (G, H), CD4+ effector T cells (CD45RA+CCR7-CD4+)

(A-B) and CD4+ effector memory T cells (CD45RA-CCR7-CD4+) (E, F) over the treatment course. n = number of patients analysed at

each time-point. P-values refer to the comparison with BL, End C1 and End C2 by one way ANOVA with repeated measures. The box,

with a line indicating median, represents the 25th and 75th percentiles. The top and bottom whiskers represent the 90th and 10th

percentiles, respectively.

doi:10.1371/journal.pone.0169736.g003

Fig 4. Absolute numbers of NKT-cells (CD3+CD56+CD16+) and regulatory T cells (Treg)(CD4+CD25+CD127-Foxp3+) at baseline (BL), at the end of

cycle 1 (End C1) and at the end of cycle 2 (End C2) in part II patients treated with either lenalidomide monotherapy during cycle 1 with the addition of

gemcitabine from cycle 2 (Arm A) (Left column) (Fig 4 A and C) or gemcitabine monotherapy during cycle 1 with the addition of lenalidomide from cycle

2 (Arm B) (Right column) (Fig 4 B and D). Changes in the absolute numbers of NKT-cells (A, B) and regulatory T cells (C, D) over the treatment course.

n = number of patients analysed at each time-point. P-values refer to the comparison with BL, End C1 and End C2 by one way ANOVA with repeated

measures. The box, with a line indicating median, represents the 25th and 75th percentiles. The top and bottom whiskers represent the 90th and 10th

percentiles, respectively.

doi:10.1371/journal.pone.0169736.g004
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Table 3. Summary of maximum grade for toxicity in Ph II (Arm A and Arm B) (aggregate for all treatment cycles) (NCI CTCAE.V3.0).

Toxicity Arm A (n = 11) Arm B (n = 10) Total (n = 21)

G* 1–4 No** (%) G 1–4 No (%) G 1–4 No (%) G 3–4 No (%)

Blood/bone marrow

Anemia 2(18) 3(30) 5(24) 0(0)

Leukopenia 7(64) 7(70) 14(67) 0(0)

Neutropenia 6(55) 6(60) 12(57) 6(28)

Thrombocytopenia 5(45) 6(60) 11(53) 0(0)

Cardiac general

Hypotension 1(9) 0(0) 1(5) 0(0)

Constitutional symptoms

Fatigue 11(100) 9(90) 20(95) 3(14)

Fever, in the absence of neutropenia (ANC <1.0 x 109/L) 2(18) 4(40) 6(28) 0(0)

Dysgeusia 2(18) 2(20) 4(19) 0(0)

Dermatology/skin

Urticaria/Rash 1(9) 2(20) 3(14) 0(0)

Dry skin 0(0) 1(10) 1(5) 0(0)

Pruritus/itching 1(9) 3(30) 4(19) 0(0)

Endocrine

Hypothyroidism 1(9) 0(0) 1(5) 0(0)

Gastrointestinal

Constipation 2(18) 0(0) 2(9) 0(0)

Diarrhea 4(36) 5(50) 9(43) 0(0)

Dry mouth 2(18) 0(0) 2(9) 0(0)

Nausea 6(55) 5(50) 11(53) 0(0)

Vomiting 1(9) 2(20) 3(14) 1(5)

Anorexia 3(27) 4(40) 7(33) 1(5)

Stomatitis 0(0) 2(20) 2(9) 0(0)

Colonic stenosis 0(0) 1(10) 1(5) 1(5)

Hepatobiliary/pancreas

Cholangitis 1(9) 0(0) 1(5) 1(5)

Infection

Febrile neutropenia (ANC<1.0x109/L, fever>38.5˚C) 1(9) 0(0) 1(5) 1(5)

Septicemia 0(0) 1(10) 1(5) 1(5)

Viral infection 0(0) 1(10) 1(5) 0(0)

Lymphatics

Edema; limb 0(0) 3(30) 3(14) 0(0)

Metabolic

ALAT elevated 4(36) 7(70) 11(53) 2(9)

ASAT elevated 3(27) 7(70) 10(47) 0(0)

Musculoskeletal

Fracture 1(9) 0(0) 1(5) 1(5)

Neurology

Dizziness 5(45) 1(10) 6(28) 2(9)

Neuropathy–sensory/motor 1(9) 3(30) 4(19) 0(0)

Somnolence 1(9) 0(0) 1(5) 1(5)

Pain

Muscle 3(27) 1(10) 4(19) 0(0)

Abdominal 3(27) 1(10) 4(19) 2(9)

(Continued )
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gemcitabine as first-line treatment of patients with advanced pancreatic cancer. The feasibility

and tolerability of the combination regime in part I of the study, has recently been described

[32].

In this report, the clinical effects for both part I and II are reported. This is the first study

examining the immunomodulatory effects of lenalidomide as a single agent in patients with

pancreatic cancer as compared to gemcitabine alone. Patients were shown to have impaired

immune functions before entering the study. A significantly lower frequency of DCs and a sig-

nificantly higher frequency of MDSCs compared to healthy controls were observed. These

findings are in agreement with previous studies in patients with pancreatic cancer [35,36]. How-

ever, no difference in the total number of Tregs in patients compared to healthy volunteers

could be noted in the present study while a significantly lower frequency was seen in patients

compared to controls in a previous study [37]. Moreover, a significantly higher frequency of T-

cells (CD4+, CD8+) and NK-cells producing perforin and granzyme B compared with healthy

controls were noted, which might be related to the presence of tumor antigen-specific T cells as

reported in pancreatic cancer patients [38]. Furthermore, the T cell proliferative capacity in

response to mitogen was impaired, which is a common finding in cancer patients [39]. This

Table 3. (Continued)

Toxicity Arm A (n = 11) Arm B (n = 10) Total (n = 21)

G* 1–4 No** (%) G 1–4 No (%) G 1–4 No (%) G 3–4 No (%)

Pulmonary/Upper respiratory

Dyspnea 1(9) 1(10) 2(9) 1(5)

Pneumonitis 0(0) 1(10) 1(5) 1(5)

Secondary primary malignancy 0(0) 0(0) 0(0) 0(0)

Vascular

Thrombosis/thrombus/embolism 2(18) 1(10) 3(14) 2(9)

* = Grade.

** = Represents the number of subjects experiencing adverse events.

doi:10.1371/journal.pone.0169736.t003

Fig 5. Cumulative overall survival (OS) (solid black line) and progression-free survival (PFS) (solid

grey line) from the start of study treatment until death (OS) and clinical and/or radiological signs of

disease progression (PFS), respectively, for all patients in the study. Number of evaluable patients for

OS = 33 out of 33, for PFS = 29 out of 33.

doi:10.1371/journal.pone.0169736.g005
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might be due to increased immune suppression by MDSCs [40] and/or Tregs [41] as well as

intrinsic T cell dysfunctions associated with eg. aberrant T cell signaling [42].

In cancer patients, lenalidomide treatment has been shown to augment the number of acti-

vated T cells [43] which was also noted in the present study. However, gemcitabine abrogated

this effect. Our results are in contrast to a previous study showing that lenalidomide and gem-

citabine in combination had clear immune-stimulatory effects [22]. The reasons for the con-

tradictory results might be due to differences between artificial cancer cell lines and pancreatic

cancer patients on treatment.

In preclinical and clinical studies, both gemcitabine [28,35] and lenalidomide [44,45] have

been shown to inhibit the expansion and functional activity of Tregs.

However, in another study an increased number was observed with lenalidomide treatment

CLL patients (Palma M, personal communication) which was in line with the results of Group

A. Furthermore, although the numbers of Tregs decreased after adding gemcitabine to lenali-

domide treatment, there was no reduction in Tregs of gemcitabine monotherapy (Arm B).

Also the results of lenalidomide on NK cells are conflicting. A small but not significant

increase of NK cells in lenalidomide treated patients was observed in the present study while

others have noted an increase in NK cells as well as NK cell mediated cytotoxicity and still oth-

ers observed no effects on NK cell functions [46].

The median number of treatment cycles in both part I and II [32] was similar to that of

Infante et al [47]. Median PFS in the present study was comparable to that of gemcitabine

alone [4] and the combination with lenalidomide [47], while overall survival seemed to be

superior in our study. The good performance status (ECOG 0–1) in our study and different

second line treatments might explain the difference.

Side effects were mainly the same as to previous studies using lenalidomide or pomalido-

mide in combination with gemcitabine for advanced pancreatic cancer [47,48]. The overall

side-effect profile was not more pronounced than expected. The frequency of grade 3–4 VTEs

in this present trial was however lower than that noted when using aspirin as prophylactic anti-

coagulant [47]. No added toxicity was seen of the prophylactic LMWH schedule, as in concert

with Maraveyas A et al [49].

In summary, patients with advanced pancreatic carcinoma had a suppressed immune sys-

tem with reduced expansion of T and NK cells with a lytic capability. Lenalidomide seemed to

expand activated T cells while addition of gemcitabine hampered those functions. Further

studies are needed to explore the utility of immune-modulating agents in combination with

gemcitabine in pancreatic carcinoma. Lenalidomide in combination with gemcitabine does

not seem to be a rewarding treatment strategy. Other immunomodulatory approaches should

be explored. Immune checkpoint antibodies might be an option to increase the therapeutic

efficacy of gemcitabine.
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Olsson, Annelie Billgren, Marja Metsämaa and datamanager Mats Hellström. We thank Ms.

Leila Relander for excellent secretarial help. This investigator-initiated study was supported by

the Swedish Cancer Society (Grant no. 110711, URL: www.cancerfonden.se); The Karolinska

Institute Foundation (URL: https://fonder.ki.se/) and the Stockholm County Council (ALF)

(Grant nr. 20150070, URL: https://forskningsstod.vmi.se/Ansokan/start.asp); the Research

Foundation Stiftelsen Onkologiska Klinikens i Uppsala Forskningsfond; Lion´s Cancer Fund

and in part by a grant from Celgene Corporation, Summit, NJ, USA which provided the lenali-

domide. The funders had no role in study design, data collection and analysis, decision to pub-

lish, or preparation of the manuscript.

Author Contributions

Conceptualization: ML.

Formal analysis: ML FM.

Funding acquisition: ML HM GU.

Investigation: ML GU MB.

Methodology: ML.

Resources: HM MB.

Supervision: HM.

Visualization: FM ML GU.

Writing – original draft: ML GU.

Writing – review & editing: HM ML GU.

References
1. Alexakis N, Halloran C, Raraty M, Ghaneh P, Sutton R, Neoptolemos JP. Current standards of surgery

for pancreatic cancer. Br J Surg. 2004; 91(11):1410–27. doi: 10.1002/bjs.4794 PMID: 15499648

2. Freelove R, Walling AD. Pancreatic cancer: diagnosis and management. Am Fam Physician. 2006; 73

(3):485–92. PMID: 16477897

3. Neoptolemos JP, Stocken DD, Bassi C, Ghaneh P, Cunningham D, Goldstein D, et al. Adjuvant chemo-

therapy with fluorouracil plus folinic acid vs gemcitabine following pancreatic cancer resection: a ran-

domized controlled trial. Jama. 2010; 304(10):1073–81. doi: 10.1001/jama.2010.1275 PMID: 20823433

4. Burris HA 3rd, Moore MJ, Andersen J, Green MR, Rothenberg ML, Modiano MR, et al. Improvements in

survival and clinical benefit with gemcitabine as first-line therapy for patients with advanced pancreas

cancer: a randomized trial. J Clin Oncol. 1997; 15(6):2403–13. doi: 10.1200/jco.1997.15.6.2403 PMID:

9196156

5. Cunningham D, Chau I, Stocken DD, Valle JW, Smith D, Steward W, et al. Phase III randomized com-

parison of gemcitabine versus gemcitabine plus capecitabine in patients with advanced pancreatic can-

cer. J Clin Oncol. 2009; 27(33):5513–8. doi: 10.1200/JCO.2009.24.2446 PMID: 19858379

6. Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R, Becouarn Y, et al. FOLFIRINOX versus

gemcitabine for metastatic pancreatic cancer. The New England journal of medicine. 2011; 364

(19):1817–25. doi: 10.1056/NEJMoa1011923 PMID: 21561347

7. Moore MJ, Goldstein D, Hamm J, Figer A, Hecht JR, Gallinger S, et al. Erlotinib plus gemcitabine com-

pared with gemcitabine alone in patients with advanced pancreatic cancer: a phase III trial of the

National Cancer Institute of Canada Clinical Trials Group. J Clin Oncol. 2007; 25(15):1960–6. doi: 10.

1200/JCO.2006.07.9525 PMID: 17452677

8. Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M, et al. Increased survival in pancre-

atic cancer with nab-paclitaxel plus gemcitabine. The New England journal of medicine. 2013; 369

(18):1691–703. PubMed Central PMCID: PMC4631139. doi: 10.1056/NEJMoa1304369 PMID:

24131140

Lenalidomide Combined with Gemcitabine in Advanced Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0169736 January 18, 2017 16 / 19

http://www.cancerfonden.se/
https://fonder.ki.se/
https://forskningsstod.vmi.se/Ansokan/start.asp
http://dx.doi.org/10.1002/bjs.4794
http://www.ncbi.nlm.nih.gov/pubmed/15499648
http://www.ncbi.nlm.nih.gov/pubmed/16477897
http://dx.doi.org/10.1001/jama.2010.1275
http://www.ncbi.nlm.nih.gov/pubmed/20823433
http://dx.doi.org/10.1200/jco.1997.15.6.2403
http://www.ncbi.nlm.nih.gov/pubmed/9196156
http://dx.doi.org/10.1200/JCO.2009.24.2446
http://www.ncbi.nlm.nih.gov/pubmed/19858379
http://dx.doi.org/10.1056/NEJMoa1011923
http://www.ncbi.nlm.nih.gov/pubmed/21561347
http://dx.doi.org/10.1200/JCO.2006.07.9525
http://dx.doi.org/10.1200/JCO.2006.07.9525
http://www.ncbi.nlm.nih.gov/pubmed/17452677
http://dx.doi.org/10.1056/NEJMoa1304369
http://www.ncbi.nlm.nih.gov/pubmed/24131140


9. FDA US Food and Drug Administration (FDA) 2013. Available from: www.fda.gov.

10. European Medicine Agency (EMA) Science Medicine Health. SPC_Lenalidomide_PDF.REVLIMID—

revised Feb 2013 2013. Available from: http://www.emea.europa.eu/docs/en_GB/document_library/

EPAR_-_Product_Information/human/000717/WC500056018.pdf.

11. Dredge K, Horsfall R, Robinson SP, Zhang LH, Lu L, Tang Y, et al. Orally administered lenalidomide

(CC-5013) is anti-angiogenic in vivo and inhibits endothelial cell migration and Akt phosphorylation in

vitro. Microvasc Res. 2005; 69(1–2):56–63. doi: 10.1016/j.mvr.2005.01.002 PMID: 15797261

12. Wu L, Parton A, Lu L, Adams M, Schafer P, Bartlett JB. Lenalidomide enhances antibody-dependent

cellular cytotoxicity of solid tumor cells in vitro: influence of host immune and tumor markers. Cancer

immunology, immunotherapy: CII. 2011; 60(1):61–73. doi: 10.1007/s00262-010-0919-9 PMID:

20848094

13. LeBlanc R, Hideshima T, Catley LP, Shringarpure R, Burger R, Mitsiades N, et al. Immunomodulatory

drug costimulates T cells via the B7-CD28 pathway. Blood. 2004; 103(5):1787–90. doi: 10.1182/blood-

2003-02-0361 PMID: 14512311

14. Teo SK. Properties of thalidomide and its analogues: implications for anticancer therapy. AAPS J.

2005; 7(1):E14–9. PubMed Central PMCID: PMC2751493. doi: 10.1208/aapsj070103 PMID: 16146335

15. Corral LG, Haslett PA, Muller GW, Chen R, Wong LM, Ocampo CJ, et al. Differential cytokine modula-

tion and T cell activation by two distinct classes of thalidomide analogues that are potent inhibitors of

TNF-alpha. J Immunol. 1999; 163(1):380–6. PMID: 10384139

16. Crane E, List A. Immunomodulatory drugs. Cancer Invest. 2005; 23(7):625–34. doi: 10.1080/

07357900500283101 PMID: 16305990

17. Amato RJ, Hernandez-McClain J, Saxena S, Khan M. Lenalidomide therapy for metastatic renal cell

carcinoma. Am J Clin Oncol. 2008; 31(3):244–9. doi: 10.1097/COC.0b013e31815e451f PMID:

18525302

18. Bartlett JB, Michael A, Clarke IA, Dredge K, Nicholson S, Kristeleit H, et al. Phase I study to determine

the safety, tolerability and immunostimulatory activity of thalidomide analogue CC-5013 in patients with

metastatic malignant melanoma and other advanced cancers. Br J Cancer. 2004; 90(5):955–61.

PubMed Central PMCID: PMC2410215. doi: 10.1038/sj.bjc.6601579 PMID: 14997189

19. Miller AA, Case D, Harmon M, Savage P, Lesser G, Hurd D, et al. Phase I study of lenalidomide in solid

tumors. J Thorac Oncol. 2007; 2(5):445–9. doi: 10.1097/01.JTO.0000268679.33238.67 PMID:

17473661

20. Sharma RA, Steward WP, Daines CA, Knight RD, O’Byrne KJ, Dalgleish AG. Toxicity profile of the

immunomodulatory thalidomide analogue, lenalidomide: phase I clinical trial of three dosing schedules

in patients with solid malignancies. Eur J Cancer. 2006; 42(14):2318–25. doi: 10.1016/j.ejca.2006.05.

018 PMID: 16899362

21. Sanborn SL, Gibbons J, Krishnamurthi S, Brell JM, Dowlati A, Bokar JA, et al. Phase I trial of docetaxel

given every 3 weeks and daily lenalidomide in patients with advanced solid tumors. Invest New Drugs.

2009; 27(5):453–60. doi: 10.1007/s10637-008-9200-x PMID: 19011760

22. Fryer RA, Barlett B, Galustian C, Dalgleish AG. Mechanisms underlying gemcitabine resistance in pan-

creatic cancer and sensitisation by the iMiD lenalidomide. Anticancer research. 2011; 31(11):3747–56.

PMID: 22110196

23. Fritz S, Hackert T, Buchler MW. Pancreatic intraductal papillary mucinous neoplasm—where is the

challenge? Digestive diseases. 2015; 33(1):99–105. doi: 10.1159/000368448 PMID: 25531503

24. Suzuki E, Sun J, Kapoor V, Jassar AS, Albelda SM. Gemcitabine has significant immunomodulatory

activity in murine tumor models independent of its cytotoxic effects. Cancer biology & therapy. 2007; 6

(6):880–5.

25. Plate JM, Plate AE, Shott S, Bograd S, Harris JE. Effect of gemcitabine on immune cells in subjects with

adenocarcinoma of the pancreas. Cancer immunology, immunotherapy: CII. 2005; 54(9):915–25. doi:

10.1007/s00262-004-0638-1 PMID: 15782312

26. Soeda A, Morita-Hoshi Y, Makiyama H, Morizane C, Ueno H, Ikeda M, et al. Regular dose of gemcita-

bine induces an increase in CD14+ monocytes and CD11c+ dendritic cells in patients with advanced

pancreatic cancer. Japanese journal of clinical oncology. 2009; 39(12):797–806. doi: 10.1093/jjco/

hyp112 PMID: 19797418

27. Nowak AK, Lake RA, Marzo AL, Scott B, Heath WR, Collins EJ, et al. Induction of tumor cell apoptosis

in vivo increases tumor antigen cross-presentation, cross-priming rather than cross-tolerizing host

tumor-specific CD8 T cells. J Immunol. 2003; 170(10):4905–13. PMID: 12734333

28. Homma Y, Taniguchi K, Nakazawa M, Matsuyama R, Mori R, Takeda K, et al. Changes in the immune

cell population and cell proliferation in peripheral blood after gemcitabine-based chemotherapy for

Lenalidomide Combined with Gemcitabine in Advanced Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0169736 January 18, 2017 17 / 19

http://www.fda.gov
http://www.emea.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000717/WC500056018.pdf
http://www.emea.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000717/WC500056018.pdf
http://dx.doi.org/10.1016/j.mvr.2005.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15797261
http://dx.doi.org/10.1007/s00262-010-0919-9
http://www.ncbi.nlm.nih.gov/pubmed/20848094
http://dx.doi.org/10.1182/blood-2003-02-0361
http://dx.doi.org/10.1182/blood-2003-02-0361
http://www.ncbi.nlm.nih.gov/pubmed/14512311
http://dx.doi.org/10.1208/aapsj070103
http://www.ncbi.nlm.nih.gov/pubmed/16146335
http://www.ncbi.nlm.nih.gov/pubmed/10384139
http://dx.doi.org/10.1080/07357900500283101
http://dx.doi.org/10.1080/07357900500283101
http://www.ncbi.nlm.nih.gov/pubmed/16305990
http://dx.doi.org/10.1097/COC.0b013e31815e451f
http://www.ncbi.nlm.nih.gov/pubmed/18525302
http://dx.doi.org/10.1038/sj.bjc.6601579
http://www.ncbi.nlm.nih.gov/pubmed/14997189
http://dx.doi.org/10.1097/01.JTO.0000268679.33238.67
http://www.ncbi.nlm.nih.gov/pubmed/17473661
http://dx.doi.org/10.1016/j.ejca.2006.05.018
http://dx.doi.org/10.1016/j.ejca.2006.05.018
http://www.ncbi.nlm.nih.gov/pubmed/16899362
http://dx.doi.org/10.1007/s10637-008-9200-x
http://www.ncbi.nlm.nih.gov/pubmed/19011760
http://www.ncbi.nlm.nih.gov/pubmed/22110196
http://dx.doi.org/10.1159/000368448
http://www.ncbi.nlm.nih.gov/pubmed/25531503
http://dx.doi.org/10.1007/s00262-004-0638-1
http://www.ncbi.nlm.nih.gov/pubmed/15782312
http://dx.doi.org/10.1093/jjco/hyp112
http://dx.doi.org/10.1093/jjco/hyp112
http://www.ncbi.nlm.nih.gov/pubmed/19797418
http://www.ncbi.nlm.nih.gov/pubmed/12734333


pancreatic cancer. Clinical & translational oncology: official publication of the Federation of Spanish

Oncology Societies and of the National Cancer Institute of Mexico. 2014; 16(3):330–5.

29. Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM. Gemcitabine selectively eliminates splenic Gr-

1+/CD11b+ myeloid suppressor cells in tumor-bearing animals and enhances antitumor immune activ-

ity. Clinical cancer research: an official journal of the American Association for Cancer Research. 2005;

11(18):6713–21.

30. Vizio B, Novarino A, Giacobino A, Cristiano C, Prati A, Ciuffreda L, et al. Potential plasticity of T regula-

tory cells in pancreatic carcinoma in relation to disease progression and outcome. Experimental and

therapeutic medicine. 2012; 4(1):70–8. PubMed Central PMCID: PMC3460315. doi: 10.3892/etm.

2012.553 PMID: 23060925

31. Bergmann-Leitner ES, Abrams SI. Treatment of human colon carcinoma cell lines with anti-neoplastic

agents enhances their lytic sensitivity to antigen-specific CD8+ cytotoxic T lymphocytes. Cancer immu-

nology, immunotherapy: CII. 2001; 50(9):445–55. PMID: 11761438

32. Ullenhag GJ, Rossmann E, Liljefors M. A phase I dose-escalation study of lenalidomide in combination

with gemcitabine in patients with advanced pancreatic cancer. PloS one. 2015; 10(4):e0121197.

PubMed Central PMCID: PMC4383423. doi: 10.1371/journal.pone.0121197 PMID: 25837499

33. Mozaffari F, Lindemalm C, Choudhury A, Granstam-Bjorneklett H, Lekander M, Nilsson B, et al. Sys-

temic immune effects of adjuvant chemotherapy with 5-fluorouracil, epirubicin and cyclophosphamide

and/or radiotherapy in breast cancer: a longitudinal study. Cancer immunology, immunotherapy: CII.

2009; 58(1):111–20. doi: 10.1007/s00262-008-0530-5 PMID: 18488220

34. Lindemalm C, Mozaffari F, Choudhury A, Granstam-Bjorneklett H, Lekander M, Nilsson B, et al.

Immune response, depression and fatigue in relation to support intervention in mammary cancer

patients. Supportive care in cancer: official journal of the Multinational Association of Supportive Care in

Cancer. 2008; 16(1):57–65.

35. Bazhin AV, Shevchenko I, Umansky V, Werner J, Karakhanova S. Two immune faces of pancreatic

adenocarcinoma: possible implication for immunotherapy. Cancer immunology, immunotherapy: CII.

2014; 63(1):59–65. doi: 10.1007/s00262-013-1485-8 PMID: 24129765

36. Yanagimoto H, Takai S, Satoi S, Toyokawa H, Takahashi K, Terakawa N, et al. Impaired function of cir-

culating dendritic cells in patients with pancreatic cancer. Clinical immunology. 2005; 114(1):52–60. doi:

10.1016/j.clim.2004.09.007 PMID: 15596409

37. Yamamoto T, Yanagimoto H, Satoi S, Toyokawa H, Hirooka S, Yamaki S, et al. Circulating CD4+CD25

+ regulatory T cells in patients with pancreatic cancer. Pancreas. 2012; 41(3):409–15. doi: 10.1097/

MPA.0b013e3182373a66 PMID: 22158072

38. Schmitz-Winnenthal FH, Volk C, Z’Graggen K, Galindo L, Nummer D, Ziouta Y, et al. High frequencies

of functional tumor-reactive T cells in bone marrow and blood of pancreatic cancer patients. Cancer

research. 2005; 65(21):10079–87. doi: 10.1158/0008-5472.CAN-05-1098 PMID: 16267034

39. Pituch-Noworolska A. The response of cancer patients’ lymphocytes to mitogen. The effect of indo-

methacin on adherent and non-adherent cells activity. Archivum immunologiae et therapiae experimen-

talis. 1981; 29(2):161–5. PMID: 7305629

40. Srivastava MK, Sinha P, Clements VK, Rodriguez P, Ostrand-Rosenberg S. Myeloid-derived suppres-

sor cells inhibit T-cell activation by depleting cystine and cysteine. Cancer research. 2010; 70(1):68–77.

PubMed Central PMCID: PMC2805057. doi: 10.1158/0008-5472.CAN-09-2587 PMID: 20028852

41. Wolf AM, Wolf D, Steurer M, Gastl G, Gunsilius E, Grubeck-Loebenstein B. Increase of regulatory T

cells in the peripheral blood of cancer patients. Clinical cancer research: an official journal of the Ameri-

can Association for Cancer Research. 2003; 9(2):606–12.

42. Iakoucheva LM, Brown CJ, Lawson JD, Obradovic Z, Dunker AK. Intrinsic disorder in cell-signaling and

cancer-associated proteins. Journal of molecular biology. 2002; 323(3):573–84. PMID: 12381310

43. Lioznov M, El-Cheikh J Jr., Hoffmann F, Hildebrandt Y, Ayuk F, Wolschke C, et al. Lenalidomide as sal-

vage therapy after allo-SCT for multiple myeloma is effective and leads to an increase of activated NK

(NKp44(+)) and T (HLA-DR(+)) cells. Bone marrow transplantation. 2010; 45(2):349–53. doi: 10.1038/

bmt.2009.155 PMID: 19584825

44. Galustian C, Meyer B, Labarthe MC, Dredge K, Klaschka D, Henry J, et al. The anti-cancer agents lena-

lidomide and pomalidomide inhibit the proliferation and function of T regulatory cells. Cancer immunol-

ogy, immunotherapy: CII. 2009; 58(7):1033–45. doi: 10.1007/s00262-008-0620-4 PMID: 19009291

45. Lee BN, Gao H, Cohen EN, Badoux X, Wierda WG, Estrov Z, et al. Treatment with lenalidomide modu-

lates T-cell immunophenotype and cytokine production in patients with chronic lymphocytic leukemia.

Cancer. 2011; 117(17):3999–4008. PubMed Central PMCID: PMC4349201. doi: 10.1002/cncr.25983

PMID: 21858802

Lenalidomide Combined with Gemcitabine in Advanced Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0169736 January 18, 2017 18 / 19

http://dx.doi.org/10.3892/etm.2012.553
http://dx.doi.org/10.3892/etm.2012.553
http://www.ncbi.nlm.nih.gov/pubmed/23060925
http://www.ncbi.nlm.nih.gov/pubmed/11761438
http://dx.doi.org/10.1371/journal.pone.0121197
http://www.ncbi.nlm.nih.gov/pubmed/25837499
http://dx.doi.org/10.1007/s00262-008-0530-5
http://www.ncbi.nlm.nih.gov/pubmed/18488220
http://dx.doi.org/10.1007/s00262-013-1485-8
http://www.ncbi.nlm.nih.gov/pubmed/24129765
http://dx.doi.org/10.1016/j.clim.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/15596409
http://dx.doi.org/10.1097/MPA.0b013e3182373a66
http://dx.doi.org/10.1097/MPA.0b013e3182373a66
http://www.ncbi.nlm.nih.gov/pubmed/22158072
http://dx.doi.org/10.1158/0008-5472.CAN-05-1098
http://www.ncbi.nlm.nih.gov/pubmed/16267034
http://www.ncbi.nlm.nih.gov/pubmed/7305629
http://dx.doi.org/10.1158/0008-5472.CAN-09-2587
http://www.ncbi.nlm.nih.gov/pubmed/20028852
http://www.ncbi.nlm.nih.gov/pubmed/12381310
http://dx.doi.org/10.1038/bmt.2009.155
http://dx.doi.org/10.1038/bmt.2009.155
http://www.ncbi.nlm.nih.gov/pubmed/19584825
http://dx.doi.org/10.1007/s00262-008-0620-4
http://www.ncbi.nlm.nih.gov/pubmed/19009291
http://dx.doi.org/10.1002/cncr.25983
http://www.ncbi.nlm.nih.gov/pubmed/21858802


46. Hayashi T, Hideshima T, Akiyama M, Podar K, Yasui H, Raje N, et al. Molecular mechanisms whereby

immunomodulatory drugs activate natural killer cells: clinical application. British journal of haematology.

2005; 128(2):192–203. doi: 10.1111/j.1365-2141.2004.05286.x PMID: 15638853

47. Infante JR, Arkenau HT, Bendell JC, Rubin MS, Waterhouse D, Jones GT, et al. Lenalidomide in combi-

nation with gemcitabine as first-line treatment for patients with metastatic carcinoma of the pancreas: a

Sarah Cannon Research Institute phase II trial. Cancer biology & therapy. 2013; 14(4):340–6. PubMed

Central PMCID: PMC3667874.

48. Infante JR, Jones SF, Bendell JC, Spigel DR, Yardley DA, Weekes CD, et al. A phase I, dose-escalation

study of pomalidomide (CC-4047) in combination with gemcitabine in metastatic pancreas cancer. Eur

J Cancer. 2011; 47(2):199–205. doi: 10.1016/j.ejca.2010.09.002 PMID: 21051221

49. Maraveyas A, Waters J, Roy R, Fyfe D, Propper D, Lofts F, et al. Gemcitabine versus gemcitabine plus

dalteparin thromboprophylaxis in pancreatic cancer. Eur J Cancer. 2012; 48(9):1283–92. doi: 10.1016/j.

ejca.2011.10.017 PMID: 22100906

Lenalidomide Combined with Gemcitabine in Advanced Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0169736 January 18, 2017 19 / 19

http://dx.doi.org/10.1111/j.1365-2141.2004.05286.x
http://www.ncbi.nlm.nih.gov/pubmed/15638853
http://dx.doi.org/10.1016/j.ejca.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21051221
http://dx.doi.org/10.1016/j.ejca.2011.10.017
http://dx.doi.org/10.1016/j.ejca.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22100906

