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Purpose There are unmet needs associated with the current treatment strategies for relapsed/refractory diffuse large B-cell lympho-
ma (DLBCL) due to the poor treatment outcomes of these strategies. Roflumilast, a selective phosphodiesterase-4 inhibitor used for
treating chronic obstructive pulmonary disease, is effective against B-cell malignancy via phosphoinositide 3-kinase (PI3K)-activity
suppression. We analyzed the effects of roflumilast combined with ESHAP (etoposide, cisplatin, methylprednisolone, and cytarabine)
chemotherapy in experimental and clinical settings.

Materials and Methods An in vitro study using lymphoma cell lines and a pilot study on relapsed/refractory DLBCL patients were
conducted to investigate the effects and mechanism of the combination of roflumilast and chemotherapy. The complete response
(CR), overall response rate (ORR), and 1-year progression-free survival (PFS) were analyzed.

Results We found that roflumilast is efficient when combined with other chemotherapy drugs, especially cytarabine. Synergistic
effects between these two drugs influence the translation of mammalian target of rapamycin and myeloid cell leukemia 1, resulting
in apoptosis and inhibition of B-cell ymphoma proliferation. In clinical setting, the roflumilast group showed better rates of CR (46.2%
vs. 34.6%), ORR (76.9% vs. 53.8%), and 1-year PFS (50.0% vs. 25.9%) compared with the control group, though not statistically
significant. The roflumilast group showed a higher incidence of asthenia and gastrointestinal adverse events. However, grade 3 or 4
adverse events were similar in both groups.

Conclusion We found that roflumilast, when combined with ESHAP chemotherapy, for relapsed/refractory DLBCL was clinically
active and well tolerated. This combined treatment was able to suppress PI3K activity, which is correlated with the degree of clinical

response.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most com-
mon non-Hodgkin lymphoma (NHL) among adults. It
accounts for about 31% of all NHL cases in Western countries
and South Korea [1,2]. Since the introduction of R-CHOP
chemotherapy, which involves the use of the monoclonal
antibody rituximab in addition to the previous CHOP (cyc-
lophosphamide, doxorubicin, vincristine, and predniso-
lone) chemotherapy, treatment outcomes have dramatically
improved [3]. However, 35%-40% patients are refractory or
relapsed after R-CHOP chemotherapy, and in such cases the
treatment outcome is extremely poor [4]. Salvage chemother-
apy followed by autologous hematopoietic stem cell trans-
plantation (ASCT) has been widely used for relapsed / refrac-

tory disease, but there is no established consensus regarding
the effective regimen yet [5-7].

Roflumilast is an anti-inflammatory drug that selectively
inhibits phosphodiesterase 4 (PDE4) enzymes. It is used to
reduce the number of episodes and aggravation of symp-
toms in people with chronic obstructive pulmonary disease
(COPD) by controlling inflammatory conditions [8]. Previ-
ous studies have shown that this PDE4 inhibitor is also effec-
tive against B-cell malignancy through the phosphoinositide
3-kinase (PI3K)/AKT/mTOR signaling pathway and vascu-
lar endothelial growth factor (VEGF)-related angiogenesis
[9,10]. Based on these results, several clinical trials are in
progress to improve the results of DLBCL treatment by add-
ing roflumilast to current chemotherapy regimens. However,
these trials are in the early stage and the rationale for these
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trials is still limited. Moreover, when roflumilast is combined
with conventional chemotherapy, which drug induces the
greatest synergistic effect in combination with roflumilast
remains unclear.

We aimed to determine the effects of combining roflumi-
last with several chemotherapy agents. Based on our in vitro
findings, we conducted a pilot study to confirm the efficacy
and safety of roflumilast combined with salvage chemother-
apy in patients with relapsed/refractory DLBCL.

Materials and Methods

1. Cell culture, antibodies, and reagents

Three PDE4B-high cell lines-namely OCI-Lyl (RRID:
CVCL_1879), OCI-Ly10 (RRID: CVCL_8795), and Ramos
(RRID: CVCL_0597)-were kindly provided by Dr. Ricardo
Aguiar, University of Texas, Health Science Center at San
Antonio (UTHSCSA). All cell lines were authenticated using
short tandem repeat profiling (Cosmogen Tech, Seoul, Korea)
within the last 3 years and all experiments were performed
using mycoplasma-free cells. Cells were cultured in RPMI
medium (GIBCO) supplemented with 10% fetal bovine
serum (Hyclone, Radnor, PA), 1% N-2-hydroxyethylpiper-
anzine-N’-2-ethanesulfonic acid (HEPES), 1% L-glutamine,
and 1% penicillin/streptomycin (PENSTREP) at 37°C in a
5.0% COzincubator. The primary and secondary antibodies
used for Western blot were as follows: anti-phospho-4EBP1
(1:1,000, Cat#9459, Cell Signaling Technology, Danvers, MA),
myeloid cell leukemia 1 (MCL1; 1:1,000, sc-819, Santa Cruz
Biotechnology, Santa Cruz, CA), B-actin (1:5,000, sc-47778,
Santa Cruz Biotechnology), HRP-conjugated anti-rabbit
(1:10,000, A120-101p, Bethyl, Montgomery, AL), and anti-
mouse secondary antibodies (1:10,000, A90-116p-33, Bethyl).
The reagents used in this study were cytarabine (JW-Life
Science, Dangjin, Korea), forskolin (cat# BML-CN100-0010,
Enzo Life Science, Farmingdale, NY), roflumilast (cat# 2675,
BioVision, Milpitas, CA), and JC-1 dyes (5,5',6,6"-tetrachloro-
1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide, KA1-
324, Abnova, Walnut, CA).

2. Cell viability assay

The three PDE4B-high cell lines (Ly1, Ly10, and Ramos)
were plated in 96-well micro plates at a density of 3x10°cells/
well each and treated with cytarabine (0, 0.5, 1, and 2 pM),
forskolin/ roflumilast (0, 10, 20, and 40 pM/40 uM), or their
combination as indicated for 48 hours. Cell viability was esti-
mated using the Cell Titer 96 Aqueous Non-Radioactive Cell
Proliferation Assay (MTS; Promega, Madison, WI). The MTS
solution was added to the cells at 30 pL per well and the plate
was incubated for 2 hours. The absorbance was recorded at

302 CANCER RESEARCH AND TREATMENT

450 nm with a GloMax Microplate multi-reader (Promega).

3. Immunoblotting

Protein levels were analyzed using western blot. Brief-
ly, cells were harvested and washed with 1x phosphate
buffered saline and lysed in a lysis buffer (RIPA buffer),
Na-vanadate (1 mM), B-glycerol phosphate (50 mM), pro-
tease inhibitor (cat#786-108, G-biosciences, St. Louis, MO),
EDTA (5 mM), B-mercaptoethanol (cat#41300000-1, 142 mM,
BioWORLD, Dublin, OH). The cell lysate was mixed with
5x sample buffer and the mixture was boiled at 100°C for
10 min. Subsequently, the samples were loaded on 12% and
15% polyacrylamide gels. Proteins were transferred to mem-
branes using Mini Trans-Blot Cell and Criterion Blotter (Bio-
Rad, Hercules, CA) and the membranes were blocked in 1%
BSA (bovine serum albumin, cat#160069, MP Biomedicals,
Santa Ana, CA) dissolved in Tris-buffered saline contain-
ing 0.1% Tween 20 (TBST). The membranes were probed by
indicated primary antibodies and incubated on a rotator at
4°C overnight. Then, the membranes were washed for 5 min-
utes in TBST and treated with anti-mouse or -rabbit second-
ary antibodies for 1 hour at room temperature. After wash-
ing three times for 10 minutes each with TBST, proteins were
detected using a chemiluminescent substrate (EZ west Lumi
Plus, ATTO, Tokyo, Japan) and visualized on a chemilumi-
nescence Imaging system (Luminograph II, ATTO).

4. Analysis of mitochondrial membrane potential

The cell lines (Ly1, Ly10, and Ramos) at 1.0x10° cells/well
were treated with forskolin/roflumilast (20 pM/20 pM),
cytarabine (0.5 uM), or their combination and incubated
for 48 hours. Before staining, JC-1 dye was diluted 1:10 by
RPMI medium. Then, 20 pL of JC-1 was added to each well
and incubated for 20 minutes at 37°C. Using a fluorescence
microscope (Olympus, Tokyo, Japan), JC-1-stained cells were
detected under the 520 nm optical filter. All stained cells and
red-stained cells were counted and the ratio of red-stained
cells to all stained cells was calculated using Microsoft Excel.

5. Clinical study design

For the clinical evaluation of our regimen, a pilot study
was conducted. According to our center’s policy, relapsed/
refractory NHL patients were treated with ESHAP (etopo-
side, cisplatin, methylprednisolone, and cytarabine), DHAP
(dexamethasone, cytarabine, and cisplatin), or ICE (ifosfa-
mide, carboplatin, and etoposide) chemotherapy regimens.
Based on the findings our in vitro experiments, we selected
ESHAP regimen in combination with roflumilast for clinical
evaluation.

From September 2017 to May 2018, patients who received
ESHAP chemotherapy combined with roflumilast were
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Fig. 1. Synergistic effect of roflumilast with chemotherapy drugs. A PDE4B-high cell line, OCI-Ly1, was treated with was treated with
roflumilast (0 or 40 uM) in combination with forskolin (0, 10, 20, or 40 pM) and one of the six chemotherapy agents (cytarabine, cisplatin,
mitoxantrone, etoposide, carboplatin, ifosfamide) that are commonly used for salvage chemotherapy for diffuse large B-cell lymphoma.
The treatment was conducted for 48 hours, as indicated and the MTS assay were performed to measure cell viability. The results are pre-
sented as meantstandard deviation and are representative of three independent experiments (*p < 0.05, One-way ANOVA). Frs, forskolin;

Rf, roflumilast.

enrolled. Patients received roflumilast 500 mg once daily
from the beginning of the first cycle of ESHAP chemother-
apy to the end of the treatment. Dose modification includ-
ing roflumilast and supportive care for toxicity were per-

formed at the discretion of the investigator. For comparative
analysis, medical records of patients who received original
ESHAP chemotherapy from 2013 to 2018 were retrospec-
tively reviewed. Criteria for eligibility included histologi-
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Fig. 3. Roflumilast and cytarabine regulate the translation of mammalian target of rapamycin and myeloid cell leukemia 1 (MCL1I).

p4EBP1 and MCL1 protein levels were analyzed by western blotting. B-Actin was used as an internal control. Cyt, cytarabine; Frs, forsko-

lin; Rf, roflumilast.

cally confirmed DLBCL, which was relapsed / refractory after
R-CHOP chemotherapy; age > 18 years; and Eastern Coop-
erative Oncology Group (ECOG) performance score of 0-2.
Patients with primary DLBCL of the central nervous system,
human immunodeficiency virus infection, or post-transplant
lymphoproliferative disorder were excluded.

Patient records of diagnosis, treatment outcomes, and
safety were collected and analyzed. Treatment response was
assessed using the National Cancer Institute (NCI)-spon-
sored Working Group guidelines. Safety was evaluated by
reviewing the incidence, severity, relationship, and type of
adverse events that occurred during the treatment and fol-
low-up periods using the revised NCI Common Terminol-
ogy Criteria for Adverse Events, ver. 4.03.

6. Statistical analysis

Combination index (CI) values were estimated using the
CompuSyn software (ver. 1.0, ComboSyn, Inc., Paramus,
NJ). We used the percent inhibition of cell viability resulting
from drug combinations (fraction affected, Fa) versus indi-
vidual agents. To identify statistically significant differences
(p <0.05), one-way ANOVA was performed using Excel 2007
(Microsoft) and Prism (GraphPad, San Diego, CA).

Chi-square test or Fisher exact test were used to compare
categorical variables. Continuous variables were examined
using t test or u test depending on data distribution. Progres-
sion-free survival (PFS) was calculated from the date of treat-
ment start to the date of documented disease progression,
the last follow-up visit, or death if the disease had not pro-
gressed until the time of investigation. Overall survival (OS)
was calculated from the date of salvage chemotherapy start
until either death or the date last known to be alive. PFS and
OS curves were constructed using the Kaplan-Meier method.
For all analyses, p < 0.05 was considered statistically signifi-
cant. SPSS ver. 22.0 (IBM Corp., Armonk, NY) was used for
all clinical data analyses.

Results

1. In vitro synergistic effect of roflumilast and commonly
used chemotherapy agents on cell viability

To identify which of the drugs used for salvage chemo-
therapy of DLBCL had synergistic effect with roflumilast,
the Ly1 cell line was treated with roflumilast (0 or 40 uM)
in combination with forskolin (0, 10, 20, or 40 uM) and one
of the six chemotherapy agents (cytarabine, cisplatin, mitox-
antrone, etoposide, carboplatin, ifosfamide) commonly used
for salvage chemotherapy of DLBCL. The treatment was con-
ducted for 48 hours and the MTS assay was performed to
estimate cell viability. The data were normalized to the
respective values in vehicle-treated cells (no forskolin, rof-
lumilast, or chemotherapy agents). Among these six drugs,
cytarabine showed statistically significant synergistic effect
when combined with roflumilast. In the case of ifosfamide
and carboplatin, cell viability tended to increase when used
alone, but it tended to decrease when used with roflumilast

(Fig. 1).

2. Synergistic effect of roflumilast and cytarabine on inhi-
bition of B-cell lymphoma viability

To confirm the efficacy of the combinatorial effects of cyta-
rabine and roflumilast on cell viability, three cell lines (Ly1,
Ly10, and Ramos) were treated with forskolin/roflumilast,
cytarabine, or their combination for 48 hours, and the MTS
assay was performed. Treatment with forskolin/roflumilast
or cytarabine alone suppressed cell viability, but their com-
binatorial treatment inhibited cell viability to a much greater
extent when compared with each single treatment (Fig. 2A).
To quantitatively determine the interactions between forsko-
lin/roflumilast and cytarabine or the drug-induced cytotoxic
synergy, CI values were calculated. These values indicated
that combinatorial treatment with forskolin/roflumilast
and cytarabine had strong and very strong synergy in Lyl
and Ly10, respectively, but had moderate synergy in Ramos
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Fig. 4. Synergistic effect of roflumilast and cytarabine on mitochondrial membrane potential. (A) To identify the potential role of disrup-
tion of the mitochondrial membrane potential (MMP) in apoptosis, an MMP assay was performed. First, all three cell lines (Ly1, Ly10,
and Ramos) were treated with forskolin/roflumilast (40 uM), cytarabine (0.5 tM), or their combination for 48 hours and stained with the
membrane-permeant dye JC-1. Subsequently, mitochondrial states were observed using fluorescence microscopy. Red-stained cells indi-
cate live cells and green-stained cells indicate dead cells. (B) To quantify the number of cells with MMP disruption, all stained cells were
counted and the ratio of red-stained cells to all stained cells was determined. The ratio was normalized to the control (DMSO) group. The
results are presented as meantstandard deviation and are representative of three independent experiments (*p < 0.05, One-way ANOVA).
Frs, forskolin; Rf, roflumilast.
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Table 1. Characteristics of patients given the roflumilast combined regimen

Characteristic Roflumilast Control
group (n=13) group (n=26)
Age (yr) 69 (50-86) 59 (33-79) 0.093
Age > 65 yr 9 (69.2) 11 (42.3) 0.113
Male sex 9(69.2) 18 (69.2) >0.99
ECOG
0-1 10 (76.9) 18 (69.2) 0.719
2 3(23.1) 8(30.8)
IPI risk group
Low (0-2) 3(23.1) 6(23.1) >0.99
High (3-5) 10 (76.9) 20 (76.9)
Ann Arbor stage
<4 5(38.5) 12 (46.2) 0.648
>4 8 (61.5) 14 (53.8)
B Symptom 5(38.5) 3(11.5) 0.090
Bulky disease 2(15.4) 4 (15.4) >0.99
Bone marrow involvement 4(30.8) 2(7.7) 0.153
Extra-nodal involvement
None 4(30.8) 12 (46.2) 0.645
Single 3(23.1) 4 (15.4)
>2 6(46.2) 10 (38.5)
LDH elevation 10 (76.9) 15 (57.7) 0.304
B2MG elevation (n=14) 1/3(33.3) 7/11 (63.6) 0.538
Hans criteria for DLBCL
GCB 4(33.3) 4(17.4) 0.402
ABC 8 (66.7) 19 (82.6)
Unknown 1 3
Response to R-CHOP (ORR) 12 (92.3) 22 (84.6) 0.225
Disease status
Relapsed 11 (84.6) 18 (69.2) 0.445
Refractory 2(15.4) 8(30.8)
Time to relapsed/Refractory (mo) 10.0 (4.3-75.0) 15.9 (2.33-73.2) 0.917

Values are presented as median (range) or number (%). ABC, activated B-cell; B2MG, beta-2 microglobulin; DLBCL, diffuse large B cell
lymphoma; ECOG, Eastern Cooperative Oncology Group; GCB, germinal center B-cell; IPI, International Prognostic Index; LDH, lactate
dehydrogenase; ORR, overall response rate; R-CHOP, rituximab, cyclophosphamide, adriamycin, vincristine, and prednisolone.

(Fig. 2B). In conclusion, co-administration of cytarabine and
roflumilast has synergistic effects on the inhibition of B-cell
lymphoma proliferation than single administration of either
drug.

3. Synergistic effects between roflumilast and cytarabine
influence mammalian target of rapamycin signaling and
MCL1 levels

Previous studies have shown that PDE4 inhibitors and
cytarabine inhibit mammalian target of rapamycin (mTOR)
signaling [11,12]. To investigate the combinatorial effects of
forskolin/roflumilast and cytarabine on the mTOR signal-
ing pathway and its downstream target MCL1, three B-cell
lymphoma cell lines—Ly1, Ly10, and Ramos—were treated

with forskolin/roflumilast, cytarabine, or a combination of
the two. Western blot analysis of the downstream substrates
of the mTOR signaling pathway was then performed. Com-
binatorial treatment using forskolin/roflumilast and cytara-
bine markedly downregulated phospho-4EBP1 and MCL1
compared to the individual treatments (Fig. 3). These results
suggest that co-administration of forskolin/roflumilast and
cytarabine is more effective for targeting the mTOR/MCL1
pathway in B-cell lymphoma.

4. The combinatorial effects of roflumilast and cytarabine
on mitochondrial membrane potential in B-cell lymphoma

Given that pro-survival MCL1 is synergistically repressed
by forskolin/roflumilast and cytarabine, we assessed if this
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Table 2. Survival and response to the roflumilast combined regimen treatment

Characteristic Roflumilast Control

group (n=13) group (n=26)

ORR 10 (76.9) 14 (53.8) 0.295
CR 6 (46.2) 9 (34.6) 0.485
PR 4(30.7) 5(19.2) -

SD 0 1(3.8) -

Relapse/Refractory 6(46.2) 20 (76.9) 0.055
Refractory 3(23.1) 11 (42.3) 0.304
Relapse 3(23.1) 9 (34.6) 0.226

Salvage treatment 5/6 15/20

TRM 1(7.7) 3(11.5) >0.99

PFS (mo, median) 6.9 5.7 0.204

OS (mo, median) 13.4 12.9 0.686

1yr PFS (%) 50.0 25.9 0.134

1yr OS (%) 53.8 53.8 > 0.99

Values are presented as number (%). CR, complete response; ORR, overall response rate; OS, overall survival; PFS, progression-free sur-
vival; PR, partial response; SD, stable disease, TRM, treatment-related mortality.
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Fig. 5. Kaplan-Meier curves showing the progression-free survival (PFS) (A) and overall (OS) (B) of the patients.

combination influences mitochondrial membrane potential
(MMP). To measure MMP, the three cell lines—Ly1, Ly10,
and Ramos—were treated with forskolin/roflumilast, cyta-
rabine, or their combination for 48 hours. MMP was then
assessed using JC-1 fluorescence staining. At high MMP, JC-1
forms an aggregation and emits red fluorescence, whereas
at low MMDP, it exists as a monomer and emits green fluores-
cence. As shown in Fig. 4A, forskolin/roflumilast or cytara-
bine alone had little impact on green fluorescence intensity
compared with the control group in all three cell lines. How-
ever, combinatorial treatment decreased red fluorescence
intensity and increased green fluorescence intensity in com-
parison with the individual treatments. To quantify the ex-
tent of apoptosis, all stained cells were counted and the ratio
of the number of red-stained (live) cells to the number of all
stained cells was determined. Quantification analysis con-
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firmed that combinatorial treatment significantly reduced
red-stained cells than individual treatments (Fig. 4B). These
results indicate that co-administration of forskolin/roflu-
milast and cytarabine induces more intensive apoptosis in
B-cell lymphoma cells than their single administration by
disrupting MMP.

5. Characteristics of patients in the pilot study

During the study period, 13 patients were enrolled in the
roflumilast group and received ESHAP chemotherapy in
combination with roflumilast as a salvage treatment. As a
control group, medical records of 26 patients with relapsed /
refractory DLBCL treated with ESHAP regimen were col-
lected. Patient characteristics of the two groups at diagnosis
and occurrence of relapsed/refractory disease are presented
in Table 1. There were minor differences regarding patient
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Fig. 6. Swimmer plot of 13 patients who received ESHAP (etopo-
side, cisplatin, methylprednisolone, and cytarabine) chemother-
apy combined with roflumilast.

characteristics between the two groups; however, these dif-
ferences were not significant. The median age of the roflumi-
last group was 10 years greater than that of the control group
(69 years vs. 59 years, p=0.093). In addition, the proportion
of patients older than 65 years was higher in the roflumilast
group (69.2% vs. 42.3%); however, this was not statistically
significant. About 70% of the patients showed ECOG perfor-
mance score of 0 or 1 before salvage chemotherapy. There
was no significant difference in International Prognostic
Index risk score and overall response rate (ORR) for R-
CHOP chemotherapy between the two groups. Two of the 13
patients (15.4%) in the roflumilast group and eight of the 26
patients (30.8%) in the control group had refractory disease.

6. Survival and response to ESHAP chemotherapy com-
bined with roflumilast

ORR of the roflumilast group (76.9%) was higher than that
of the control group (53.8%). Six patients (46.2%) of the roflu-
milast group and nine patients (34.6%) of the control group
achieved complete remission. More patients in the control
group did not respond to ESHAP chemotherapy (23.1%
vs. 42.3%). For median follow-up duration of 12.9 months,
46.2% of the patients from the roflumilast group and 76.9%
of the control group experienced relapse or refractoriness to
ESHAP chemotherapy (p=0.055). In the analysis of disease
progression, median PFS showed no significant difference in
the two groups (6.9 months vs. 5.7 months). For 1-year PFS
rate, the roflumilast group showed better, though not statisti-
cally significant, results (50.0% vs. 25.9%) compared with the
control group. In the survival analysis, there was no signifi-

cant difference between the two groups regarding median
OS (13.4 months vs. 12.9 months) and 1-year OS rate (53.8%
vs. 53.8%). Further results of survival are shown in Table 2
and Figs. 5 and 6.

7. Toxicity of ESHAP chemotherapy combined with roflu-
milast

We collected data on the adverse events associated with
50 cycles of chemotherapy for the roflumilast group and
54 cycles for the control group. We could collect adverse
event records from 54 of 90 total cycles in the control group.
Hematologic adverse events were not significantly different
between the two groups. Hepatopathy (18.0% vs. 5.6%) and
renal failure (16.0% vs. 1.9%) were more common in the rof-
lumilast group, but there was no grade 3 or 4 event. The most
common non-hematologic adverse events observed among
the patients in the roflumilast group were asthenia, anorexia,
nausea, and dizziness; most events were of grade 1 or 2. The
most common non-hematologic adverse events of grade 3 or
higher observed among the patients in the roflumilast group
were anorexia and diarrhea. Adverse events leading to treat-
ment-related mortality were observed in one case (7.7%) in
the roflumilast group and in three cases (11.5%) in the control
group. The occurrence of adverse events according to treat-
ment group is summarized in Table 3.

Discussion

Patients with relapsed/refractory DLBCL have dismal
prognosis with limited therapeutic options. Treatment
options in this setting include gemcitabine and / or platinum-
based therapy as well as bendamustine and rituximab for
transplant ineligible patients. However, there is no standard
salvage chemotherapy regimen, which is globally accepted
[5-7]. Recently, novel drugs with mechanisms of action that
are different from those of classic drugs were introduced for
relapsed /refractory DLBCL. Polatuzumab vedotin, a CD
79b-targeted antibody-drug conjugate, combined with ben-
damustine and rituximab, was approved by the US Food and
Drug Administration (FDA), and bispecific T-cell engagers
(BiTEs), such as blinatumomab, showed promising results in
phase II studies; further studies are ongoing to identify the
optimal role of these drugs in relapsed/refractory DLBCL
treatment. CD19-directed chimeric antigen receptor (CAR)
T-cell therapy also showed promising results; however, the
clinical application of these novel drugs is limited because
of the high costs associated with their use and the need for
specialized centers for their administration [13-15]. There-
fore, combinations of existing drugs may serve as good alter-
natives to currently available therapeutic strategies and can
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Table 3. Adverse events according to the use of roflumilast combined regimen and their grades

Roflumilast group

Control group

Characteristic (total 50 cycles) (total 54 cycles)
All grade Grade 3 or4 All grade Grade 3 or 4
Hematologic
Anemia 36 (72.0) 15 (30.0) 34 (63.0) 15 (27.8)
Leukopenia 20 (40.0) 11 (22.0) 29 (53.7) 10 (18.5)
Neutropenia 17 (34.0) 11 (22.0) 28 (51.9) 13 (24.1)
Thrombocytopenia 32 (64.0) 22 (44.0) 33 (61.1) 21 (38.9)
ALP 12 (24.0) 0 3(5.6) 0
Jaundice 4 (8.0) 0 0 0
Hepatopathy 9 (18.0) 0 3(5.6) 0
Renal failure 8 (16.0) 0 1(1.9) 0
Non-hematologic
Febrile neutropenia 0 0 1(1.9) 1(1.9)
Asthenia 26 (52.0) 2 (4.0) 16 (29.7) 1(1.9)
Fever 2 (4.0) 0 1(1.9) 0
Infection 1(2.0) 1(2.0) 1(1.9) 0
Anxiety 0 0 0 0
Insomnia 13 (26.0) 0 3(5.6) 0
Anorexia 21 (42.0) 5(10.0) 9(16.7) 2(3.7)
Constipation 6 (12.0) 0 4 (7.4) 0
Diarrhea 13 (26.0) 3(6.0) 7 (13.0) 2(3.7)
Nausea 17 (34.0) 2 (4.0) 8(14.9) 1(1.9)
Vomiting 4 (8.0) 0 2(3.7) 0
Dizziness 15 (30.0) 0 4(7.4) 0
Neuropathy-motor 0 0 7 (13.0) 1(1.9)
Neuropathy-sensory 7 (14.0) 0 6 (11.1) 1(1.9)
Dyspnea 12 (24.0) 0 3(5.6) 0
Skin rash 1(2.0) 1(2.0) 1(1.9) 0
Pain 9 (18.0) 0 1(1.9) 0
Oral mucositis 13 (26.0) 1(2.0) 2(3.7) 1(1.9)
Others 0 0 1(1.9) 0

Values are presented as number (%).

lead to better patient outcomes.

Roflumilast is a drug approved by the US FDA for COPD
treatment [8]. It mainly works by inhibiting PDE4, which
regulates the synthesis and degradation of cyclic adenosine
monophosphate (cyclic-AMP) [16,17]. PDE4 is also known to
be involved in B-cell lymphoma pathogenesis via two mech-
anisms: the PI3K/ AKT pathway of B-cell receptor (BCR) sig-
nals and angiogenesis-related microenvironment. In the for-
mer case, subsequent studies have shown that cyclic-:AMP
downmodulates the PI3K/AKT pathway of BCR signals to
promote cell death [9]. In the latter case, in B-cell lymphoma
microenvironments with high PDE4B levels, cyclic-AMP is
hydrolyzed to AMP, resulting in angiogenesis enhanced by
higher AKT-induced VEGF expression and excessive secre-
tion in the tumor milieu [10]. Shipp et al. [18] first suggested
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the association between PDE4B and B-cell lymphoma by
conducting a genome study in which they showed that high
PDE4B expression distinguishes curable DLBCL from fatal
DLBCL. The association between high PDE4B expression
and poor DLBCL outcome was subsequently confirmed in
larger independent series [9,19,20].

In this study, we combined roflumilast with drugs com-
monly used in salvage chemotherapy of relapsed/refrac-
tory DLBCL to confirm if this combination is effective in
treating DLBCL. Among the various combination tests, we
confirmed that co-administration of cytarabine and roflumi-
last has synergistic effect on inhibiting the growth of B-cell
lymphoma and induces more intensive apoptosis than sin-
gle administration. Cytarabine is a pyrimidine nucleoside
analog that incorporates into human DNA and kills cells by
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disturbing DNA and RNA synthesis at the S phase of the cell
cycle. In hematologic malignancies, cytarabine also reduces
AKT phosphorylation and consequently suppresses mTOR,
which has an anti-cancer effect by inhibiting the PI3K/AKT/
mTOR pathway [11,21,22]. In our in vitro research, roflumi-
last was found to be the most effective when combined with
cytarabine among several drugs. It is thought that when
roflumilast and cytarabine are combined, dual inhibition
occurs for the same PI3K/ AKT/mTOR pathway, resulting in
a synergistic effect.

In the major salvage regimens of DLBCL, cytarabine is
included in the ESHAP and DHAP regimens. Of these,
ESHAP is mainly used as the first salvage regimen in our
center. In this study, the roflumilast group showed a better
result regarding ORR than the control group, but it was not
statistically significant because of small patient number. This
result may have been affected by higher proportion of patients
in the control group who had R-CHOP refractory disease.
Nevertheless, it is a meaningful result considering that the
median age of patients in the roflumilast group was 10 years
higher than that of patients in the historical control group.
Although direct comparisons are not possible, the ORR of
the roflumilast plus ESHAP regimen is higher than that
observed in a previous ESHAP trial. Velasquez et al. [23]
reported an ORR of 53.1% in relapsed/refractory DLBCL
patients treated with ESHAP. Ezzat et al. [24] and Choi et al.
[25] reported an ORR of about 70% for ESHAP treatment in
relapsed /refractory NHL; however, because these two stud-
ies included indolent lymphomas, if the disease is limited
to DLBCL, the response rates are expected to decrease. The
GEL/TAMO group combined rituximab with ESHAP and
reported an ORR of 67%. This result is also inferior to that of
our study [23-26].

The difference in the median PFS and OS was not clear,
but the survival graph showed an increasing gap between
the two groups after 8 months in the PFS curve and after 17
months in the OS curve. The two groups showed a difference
in 1-year PFS (50% vs. 25.9%); thus, it seems that roflumilast
combination affects the resistance mechanism and the effect
of long-term follow-up can be expected. One patient in the
roflumilast group received ASCT after salvage chemothera-
py and has been in remission status for 27 months until now.

Overall adverse events occurred more in the roflumilast
group; however, adverse events of grade 3 or higher or treat-
ment-related mortality were similar or more in the control
group. Although the complete adverse events data of the
control group was not obtained because of the retrospective
nature of data collection, it appeared that more hepatopa-
thy, renal failure, anorexia, and gastrointestinal symptoms
occurred in the roflumilast group, which requires more care-
ful management compared to conventional treatments.

Several past studies have shown the antitumor activ-
ity of roflumilast. They reported positive results for B-cell
malignancy and solid cancer such as lung cancer and ovar-
ian cancer [27,28]. However, most were in vitro studies and
studies in clinical settings were rare. Recently, Kelly et al. [29]
reported a phase Ib clinical trial with advanced B-cell malig-
nancies. They described favorable responses with a combi-
nation of roflumilast and prednisolone and successful clini-
cal repurposing of roflumilast in B-cell malignancies. Three
DLBCL patients were included in this study with one partial
response. Although the number of patients involved is very
small, it is meaningful as the first study using roflumilast for
hematologic malignancy [29,30]. Based on these results, a
clinical trial that combines roflumilast and R-CHOP chemo-
therapy in patients with newly diagnosed high-risk DLBCL
is ongoing (NCT03458546).

Our study had several limitations. First, owing to the small
number of patients and single-center setting, the results car-
ried insufficient statistical power. Second, in clinical settings,
most chemotherapies are performed in a multi-drug combi-
nation regimen, whereas our in vitro study was conducted
with combinations involving a single drug. We speculate that
real world data differs from experimental results in this con-
text.

In conclusion, our study experimentally proved that rof-
lumilast, a PDE4 inhibitor that has recently gained increas-
ing interest in the field of DLBCL treatment, is efficient when
combined with other chemotherapy drugs, especially cytara-
bine. A pilot study conducted on the basis of the findings of
in vitro studies suggested that the combination of roflumilast
and a chemotherapeutic regimen including cytarabine may
be clinically effective. We believe that these results will con-
tribute to the improvement of DLBCL treatment outcome.
Further, we look forward to the results of ongoing front-
line combination and the beginning of further studies in the
future.
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