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Introduction
Rheumatoid arthritis (RA), psoriatic arthritis 
(PsA) and spondyloarthritis (SpA) are chronic 
immune-mediated inflammatory diseases charac-
terized by inflammation in synovial joints. The 
pathogenesis involves increased levels of proin-
flammatory cytokines such as tumor necrosis fac-
tor alpha (TNFα), interleukin (IL)-6, IL-23 and 
IL-17 and inadequate anti-inflammatory responses 
including insufficient secretion of IL-10.1–3 In 

particular, in PsA and SpA, the IL-23–T helper 
(Th)17 axis is believed to play a significant role. 
This is explained by the finding of pathogenic 
Th17 cells in the inflammatory sites and illustrated 
by the clinical efficacy seen with therapeutic inhibi-
tion of the IL-12/IL-23p40 subunit (the shared 
subunit of IL-12 and IL-23), IL-23 and IL-17 in 
these diseases.4 In contrast, therapeutic inhibition 
of TNFα has shown clinical efficacy in both RA, 
PsA and SpA indicating differences in downstream 
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the treatment of psoriasis and psoriatic arthritis (PsA), but the reason why apremilast 
shows clinical effect is not fully understood. The objective of this study was to study 
the downstream effects of apremilast on cells of inflamed joints in immune-mediated 
inflammatory arthritis.
Methods: Synovial fluid was obtained from patients with active rheumatoid arthritis (RA), PsA 
or peripheral spondyloarthritis (SpA; n = 18). The in vitro models consisted of synovial fluid 
mononuclear cells (SFMCs) or fibroblast-like synovial cells (FLSs) cultured for 48 h, SFMCs 
cultured for 21 days, an osteoclast pit formation assay, and a mineralization assay.
Results: In SFMCs cultured for 48 h, apremilast decreased the production of interleukin 
(IL)-12/IL-23p40 (the shared subunit of IL-12 and IL-23), colony-stimulating factor 1, CD6, 
and CD40 and increased the production of C-X-C motif chemokine 5 dose-dependently. 
Apremilast had a very different response signature compared with the tumor necrosis factor 
alpha inhibitor adalimumab with a substantially greater inhibition of IL-12/IL-23p40. In SFMCs 
cultured for 21 days, apremilast increased the secretion of IL-10. In FLS cultures, apremilast 
decreased matrix metalloproteinase-3 production. Apremilast decreased osteoclastogenesis 
but did not affect mineralization by human osteoblasts.
Conclusion: This study reveals the downstream effects of apremilast in ex vivo models of 
arthritis with a strong inhibition of IL-12/IL-23p40 by SFMCs. Our findings could explain some 
of the efficacy of apremilast seen in IL-12/IL-23-driven immune-mediated inflammatory 
diseases such as psoriasis and PsA.

Keywords: apremilast, cyclic adenosine monophosphate, PALACE, phosphodiesterase 4, 
psoriatic arthritis, rheumatoid arthritis, spondyloarthritis

Received: 15 August 2018; revised manuscript accepted: 9 January 2019.

Correspondence to: 
Tue W. Kragstrup 
Department of 
Biomedicine, Wilhelm 
Meyers Allé 4, Aarhus 
University, DK-8000 
Aarhus C, Denmark 
kragstrup@biomed.au.dk

Mary Adams 
Department of 
Translational 
Development, Celgene 
Corporation, Summit, 
NJ, USA

Søren Lomholt 
Morten A. Nielsen 
Line D. Heftdal 
Department of 
Biomedicine, Aarhus 
University, Denmark

Peter Schafer 
Department of 
Translational 
Development, Celgene 
Corporation, Summit, 
NJ, USA

Bent Deleuran 
Department of 
Biomedicine, Aarhus 
University, Denmark 
Department of 
Rheumatology, Aarhus 
University Hospital, 
Denmark 
Department of Clinical 
Medicine, Aarhus 
University, Denmark

828669 TAB0010.1177/1759720X19828669Therapeutic Advances in Musculoskeletal DiseaseTW Kragstrup, M Adams
research-article2019

Original Research

https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/tab
mailto:kragstrup@biomed.au.dk


Therapeutic Advances in Musculoskeletal Disease 11

2 journals.sagepub.com/home/tab

effects associated with inhibition of different 
cytokines. Immune-mediated inflammatory arthri-
tis is also characterized by dysregulation of bone 
homeostasis.1 Arresting osteoclast activity is the 
main way to treat systemic bone loss and the peri-
articular osteolysis of immune-mediated inflam-
matory arthritis.2

Apremilast (Otezla®) is a small molecule phospho-
diesterase 4 (PDE4) inhibitor showing efficacy in 
the treatment of psoriasis and PsA.5 Inhibition of 
PDE4 in peripheral blood mononuclear cells with 
apremilast results in modulation of gene transcrip-
tion, including decreases in genes encoding TNFα, 
IL-12A, and IL-23A, resulting in suppression of 
inflammatory responses in vitro and in vivo.6 By 
blocking PDE4 enzymatic activity, apremilast 
increases intracellular cyclic adenosine monophos-
phate (AMP) levels, resulting in activation of the 
PKA-CREB pathway and inhibition of nuclear 
factor kappa B (NF-κB) transcriptional activity.7 
In patients with PsA, treatment with apremilast 
(30 mg twice daily) has been shown to decrease 
plasma levels of proinflammatory cytokines, 
including TNFα, IL-6, IL-8, MIP-1β, monocyte 
chemoattractant protein (MCP)-1, ferritin, IL-17 
and IL-23, and increase plasma levels of the anti-
inflammatory cytokines IL-10 and IL-1R antago-
nist. However, the time course of these 
pharmacodynamics shows a biphasic response, 
with the initial phase observed during weeks 4–16 
characterized primarily by a decrease in TNFα 
which was significantly associated with clinical 
improvement [American College of Rheumatology 
(ACR)20 response criteria], and a second phase 
observed at week 40, characterized by a decrease in 
the Th17 pathway cytokines IL-23 and IL-17.8 
The nature of this biphasic pharmacodynamic 
response has not been explained. Furthermore, the 
specific effects of apremilast in the inflamed joint 
have not been described, due to the lack of data 
from analysis of synovial biopsies.9 A number of 
studies have previously examined the effects of 
PDE4 inhibitors on osteoclasts and osteoblasts, 
but with inconsistent results. In a phase II clinical 
trial apremilast (30 mg twice daily) significantly 
reduced serum receptor activator of NF-κB ligand 
(RANKL) levels in ankylosing spondylitis patients 
after 12 weeks.10

The objective of this study was to analyze the 
downstream effects of apremilast on cells of the 
inflamed joint in immune-mediated inflammatory 
arthritis. First, we tested the effect of apremilast on 
the secretion of several cytokines, chemokines and 

growth factors by synovial fluid mononuclear cells 
(SFMCs) ex vivo. Then, we tested whether apre-
milast affect factors involved in structural changes 
by studying fibroblast-like synovial cells (FLSs), 
osteoclasts, and osteoblasts.

Methods

Study participants
SFMCs were obtained from a study population 
consisting of patients with chronic RA, PsA or 
peripheral SpA with at least one swollen joint (for 
obtaining synovial fluid; n = 18). The group con-
sisted of 10 patients with RA, 3 patients with PsA, 
and 5 patients with human leukocyte antigen B27-
associated peripheral SpA. Median C-reactive pro-
tein (CRP) was 31.5 mg/l [interquartile range 
(IQR) 10.0–66.5 mg/l] and median disease activity 
score 28 CRP (DAS28CRP) was 3.9 (IQR 3.2–
4.8; Table 1). Not all patient samples were used in 
all experiments and the concentrations were below 
the detection limit for some of the analytes. The 
exact number of patients in each experiment has 
been stated in the figure legends.

Culture conditions
Apremilast (Otezla®, Celgene Summit, NJ, USA) 
was used at three-fold dilutions from 1000 nM 
(111 nM, 333 nM, and 1000 nM) or 10-fold dilu-
tions from 10,000 nM (100 nM, 1000 nM, and 
10,000 nM). Untreated cells and cells treated with 

Table 1. Patient characteristics.

Characteristic

Diagnosis  

 PsA patients 3

 Peripheral SpA 5

 RA 10

Disease activity  

 CRP (mg/l) 31.5
(10.0–66.5 mg/l)

 DAS28CRP (0–10) 3.9
(3.2–4.8)

Data are expressed as the median with IQR.
CRP, C-reactive protein; DAS28CRP, disease activity score 
28 based on CRP; IQR, interquartile range; PsA, psoriatic 
arthritis; RA, rheumatoid arthritis; SpA, spondyloarthritis.
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dimethyl sulfoxide (DMSO) were used as controls. 
Cells treated with adalimumab (Humira, Abbvie, 
Lake Bluff, Illinois, USA) at 5 μg/ml, the bisphos-
phonate alendronate (CalBiochem, Billerica, MA, 
USA) at 10 μM, sulfasalazine (Sigma, St. Louis, 
Missouri, USA) at 30 μM were used for compari-
son. Adalimumab is a fully humanized monoclonal 
antibody neutralizing TNFα. The concentration of 
5 μg/ml was chosen because this concentration is 
the preferred steady-state trough concentration and 
has been used previously for in vitro experi-
ments.11–13 Supernatants were harvested after cen-
trifugation of the culture plates at 1200 rpm for 
5 min and stored at −80°C for later analysis.

SFMC 48-hour ex vivo model
The 48-hour culture is an in vitro model of immune-
mediated inflammatory arthritis dominated by 
lymphocytes and monocytes.11,14 SFMCs were iso-
lated by conventional Ficoll–Paque (GE 
Healthcare, Chicago, Illinois, USA) density-gradi-
ent centrifugation and cryopreserved at −135°C. 
The cells were then thawed and seeded at a con-
centration of 106 cells/ml and kept in a humidified 
incubator at 37°C and 5% CO2 as done previously. 
Culture supernatants were analyzed using the Olink  
Proseek Multiplex interferon I panel. All samples 
passed the quality control. A total of 45/92 proteins 
were detected in >75% of the samples. Proseek 
Multiplex uses relative quantification. Thus, even if 
two different proteins have the same normalized 
protein expression (NPX) values, their actual con-
centration may differ. An increase in one NPX cor-
responds to a doubling of the concentration.

SFMC 21-day ex vivo model
The 21-day culture is a model of low-grade 
inflammatory osteoclastogenesis also containing 
macrophage-like synovial cells.12,15,16 SFMCs 
were cultured in Dulbecco’s modified Eagle’s 
medium, 10% fetal calf serum, penicillin, strepto-
mycin and glutamine for 21 days. Cultures were 
seeded with a cell density of 106 cells/ml and kept 
in a humidified incubator at 37°C and 5% CO2 
changing medium every 2–3 days and adding 
fresh compounds as previously described. Culture 
supernatants were analyzed for the concentration 
of IL-10 and MCP-1 by enzyme-linked immuno-
sorbent assays (ELISAs; Biolegend, San Diego, 
California, USA) and for enzyme activity of tar-
trate-resistant acid phosphatase (TRAP) positive 
by an enzymatic assay (B-bridge International, 
Santa Clara, California, USA) following the 
instructions of the manufacturer.

Osteoclastogenesis assay
Human bone marrow mononuclear cells (Lonza, 
Walkersville, MA, USA) were cultured in 10% 
heat-inactivated fetal bovine serum (Life 
Technologies, Carlsbad, California, USA) in 
minimal essential medium-α (Life Technologies) 
in a final count of 8.51 × 05 cells/ml and differen-
tiated into osteoclasts using 10 nM dexametha-
sone and 10 nM vitamin D for 7 days. Apremilast 
or other test compounds were added along with 
fresh medium on days 0 and 3. Cells were rinsed 
and fixed with 4% para-formaldehyde for 5 min. 
Osteoclasts were stained for TRAP using the 
TRAP5 staining kit (B-bridge International). 
ImageQuant TL (GE Healthcare, Piscataway, 
NJ, USA) Colony Count software was used to 
count total cell numbers and number of 
osteoclasts.

Osteoclast pit formation
RAW 264.7 mouse macrophages were plated in 
24-well Osteo Surface plates (Corning, NY, 
USA) and incubated for 2 h to allow attach-
ment. RANKL (50 ng/ml) was added and plates 
were incubated at 5% CO2, 37°C for 7 days, 
changing the media every 3 days and adding 
fresh compounds. Cells were removed with 
bleach and pictures of the wells were taken to 
assess osteoclast activity. ImageJ software 
(National Institutes of Health, Bethesda, MD, 
USA) was used for image analysis.

FLS 48-hour ex vivo model
FLSs were grown from SFMCs as previously 
described.17,18 Briefly, SFMCs were cultured in 
25 cm2 tissue culture flasks for 2–3 weeks changing 
the medium every 2–3 days. FLSs were then loos-
ened using trypsin/ethylenediaminetetraacetic acid 
(EDTA) and transferred to a new tissue culture 
flask. When the cell layer in the new tissue culture 
flask was 70% confluent, the FLSs were passaged 
by trypsin/EDTA treatment again. This was 
repeated and the FLSs were used for analyses at 
passage 4–5 as described previously.17 Culture 
supernatants were analyzed for the concentration 
of matrix metalloproteinase 3 (MMP3) by ELISA 
(R&D Systems, Minneapolis, Minnesota, USA) 
following the instructions of the manufacturer.

Osteoblast mineralization assay
Human osteoblasts were purchased, and miner-
alization assay was used according to the manu-
facturer’s instructions as previously described.19 
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Osteoblasts were cultured for 14 days changing 
the medium every 2–3 days.

Statistics
Olink Proseek Multiplex data were presented as 
NPX values, which is an arbitrary unit on log2 
scale. First, the NPX of DMSO samples was sub-
tracted from all other samples and then the data 
were analyzed using linear regression looking for 
dose-dependent differences and with the Student’s 
t-test to compare the top concentration of apremi-
last with DMSO and adalimumab. The p values 
were adjusted for multiple testing using the 
Bonferroni correction. All other data were trans-
formed to ratios by dividing the value of the sam-
ples with the value of DMSO samples. Data were 
then analyzed with repeated measures one-way 
analysis of variance or the paired Student’s t-test 
depending on the number of groups. In all tests, 
the level of significance was a two-sided p value  
of less than 0.05. Statistical analyses were per-
formed using GraphPad Prism for Mac (GraphPad 
Software, San Diego, California, USA) and Stata 
(StataCorp College Station, Texas, USA).

Results

Apremilast potently decreases the secretion of 
IL-12/IL-23p40 by SFMCs cultured for 48 h
We first tested whether apremilast affect the secre-
tion by SFMCs of a large panel of cytokines, 
chemokines and growth factors to evaluate the 
immune-modulatory effects of apremilast. SFMCs 
cultured for 48 h predominantly consisted of lym-
phocytes and monocytes. In these cultures, apre-
milast decreased the production of IL-12/IL-23p40 
(p < 0.00001) colony-stimulating factor 1 (CSF1; 
also known as M-CSF; p = 0.009), CD6 (p = 
0.03), CD40 (p = 0.04), and increased the pro-
duction of C-X-C motif chemokine 5 (CXCL5; p 
= 0.003) dose-dependently (Table 2). Only the 
decrease in IL-12/IL-23p40 passed the Bonferroni 
correction (p = 0.0001). Also, the apremilast 
induced decrease in IL-12/IL-23p40 was signifi-
cantly greater compared with adalimumab [p = 
0.012; Figure 1(a)]. Many other cytokines and 
chemokines were decreased less potently with 
apremilast compared with adalimumab. We then 
tested whether the effect of apremilast was differ-
ent in SFMCs isolated from PsA patients com-
pared with non-PsA patients (RA and SpA 
patients). Apremilast at 1000 nM decreased the 
normalized protein expression of IL-12/IL-23p40 

with a value of 1.1 [standard deviation (SD) 0.34, 
p < 0.03] in SFMCs isolated form PsA patients 
and with a value of 0.74 (SD 0.78, p = 0.03) in 
non-PsA patients.

Apremilast increases the production of IL-10 in 
SFMCs cultured for 21 days
Next, the effect of apremilast on the secretion of 
MCP-1 and IL-10 by SFMCs cultured for 21 days 
was studied to evaluate the immune-modulatory 
capacity of apremilast in cultures with more mac-
rophage-like synovial cells. Apremilast increased 
the secretion of anti-inflammatory IL-10 (p = 
0.04) but did not change the secretion of MCP-1 
[p = 0.5; Figure 1(b)]. This increase in IL-10 pro-
duction was not seen with adalimumab treatment.

Apremilast inhibits osteoclast differentiation 
and pit formation
Then, to evaluate the potential role of apremilast 
in preventing structural damage we then studied 
the effect of apremilast on osteoclasts, FLSs, and 
osteoblasts. First, the effects of apremilast was 
tested on osteoclasts derived from human bone 
marrow mononuclear cells treated with vitamin D 
and dexamethasone for 7 days. The number of 
TRAP-positive (TRAP+) osteoclasts was 
reduced by apremilast at 0.1 μM, 1 μM and 
10 μM by 21%, 49%, and 73%, respectively. The 
number of TRAP+ osteoclasts was also reduced 
by alendronate but not by sulfasalazine [Figure 
2(a)]. Apremilast, alendronate and sulfasalazine 
all reduced the total cell counts [Figure 2(b)]. In 
contrast, apremilast did not change TRAP secre-
tion by SFMC 21-day cultures [Figure 2(c)]. 
This is a model of low-grade inflammation lead-
ing to osteoclastogenesis. In order to study the 
effect of apremilast on osteoclast activity, a bone 
resorption assay was performed. The RAW264.7 
mouse macrophage cell line was stimulated with 
RANKL for 7 days on a synthetic inorganic bone 
mimetic surface. Surface pitting was visually 
assessed and measured by image quantitation. 
Apremilast at 10 μM significantly inhibited osteo-
clast pit formation by 22% [Figure 2(d) and (e)].

Apremilast decreases the secretion of MMP3 
by FLSs but shows no effect on osteoblast 
mineralization
Finally, the effect of apremilast on FLS and oste-
oblast cultures was tested. The highest concen-
tration of apremilast decreased the secretion of 
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Table 2. Changes in the Olink Proseek Multiplex IFN I panel in SFMCs cultured for 48 h with DMSO control, apremilast or 
adalimumab.

Protein Apremilast dose-response Apremilast versus DMSO Apremilast versus adalimumab

p.value Bonf.adj.p R value p.value Bonf.adj.p R value p.value Bonf.adj.p R value

IL-12B <0.00001 0.0001 –0.27 0.0067 0.14 –0.71 0.012 0.039 –0.48

CXCL5 0.0026 0.06 0.19 0.028 0.22 0.51 0.0001 0.0012 1.19

CSF-1 0.0088 0.14 –0.12 0.047 0.22 –0.50 0.0073 0.029 0.38

CD6 0.026 0.32 –0.06 0.35 0.67 −0.08 0.10 0.17 −0.08

CD40 0.045 0.43 –0.08 0.72 0.93 0.04 0.0087 0.030 0.22

MIP-1α 0.055 0.44 −0.09 0.22 0.60 −0.35 0.0039 0.020 0.54

CCL19 0.073 0.44 −0.08 0.014 0.14 –0.32 0.22 0.32 0.12

CCL4 0.073 0.44 −0.08 0.12 0.44 −0.35 0.0023 0.014 0.56

TWEAK 0.11 0.50 −0.07 0.13 0.44 0.14 0.0084 0.030 –0.27

OPG 0.12 0.50 −0.07 0.96 0.98 −0.01 0.036 0.091 0.22

IL-18R1 0.13 0.50 −0.05 0.15 0.45 −0.12 0.12 0.19 −0.11

TNFSF14 0.13 0.50 −0.05 0.48 0.75 −0.06 0.58 0.63 0.04

TNFB 0.14 0.50 −0.04 0.045 0.22 –0.21 0.060 0.13 0.08

Flt3L 0.15 0.51 −0.06 0.98 0.98 0.00 0.087 0.16 −0.13

MMP-1 0.22 0.69 −0.19 0.50 0.75 0.35 0.44 0.52 0.35

CXCL9 0.25 0.71 −0.07 0.79 0.95 −0.04 0.0013 0.012 0.76

CD244 0.25 0.71 −0.03 0.74 0.93 0.02 0.55 0.62 −0.03

IL-8 0.31 0.77 −0.02 0.75 0.93 0.01 0.0001 0.0012 0.46

OSM 0.32 0.77 −0.04 0.50 0.75 −0.11 0.0015 0.012 0.38

EN-RAGE 0.36 0.77 −0.05 0.30 0.61 0.12 0.42 0.52 −0.06

MCP-1 0.37 0.77 −0.04 0.30 0.61 −0.20 0.056 0.13 0.35

IL-4 0.37 0.77 0.03 0.24 0.60 0.10 0.32 0.43 0.07

CXCL10 0.38 0.77 −0.06 0.87 0.98 0.04 0.0024 0.014 0.98

DNER 0.40 0.77 −0.02 0.53 0.77 0.03 0.42 0.52 −0.04

CD5 0.40 0.77 −0.03 0.38 0.67 0.10 0.92 0.92 −0.01

TGFα 0.42 0.77 −0.03 0.25 0.61 0.08 0.029 0.081 0.14

CCL20 0.44 0.78 −0.03 0.55 0.77 −0.14 0.0057 0.025 0.42

CCL23 0.48 0.78 −0.02 0.96 0.98 0.00 0.21 0.31 0.10

uPA 0.50 0.78 −0.03 0.27 0.61 0.11 0.13 0.21 0.10

IL-6 0.52 0.78 0.04 0.88 0.98 0.04 0.020 0.059 0.41

 (Continued)
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Protein Apremilast dose-response Apremilast versus DMSO Apremilast versus adalimumab

p.value Bonf.adj.p R value p.value Bonf.adj.p R value p.value Bonf.adj.p R value

LAP-TGFβ1 0.53 0.78 −0.02 0.47 0.75 −0.06 0.068 0.14 0.12

FGF-21 0.55 0.78 −0.02 0.12 0.44 0.12 0.73 0.78 0.02

CASP-8 0.55 0.78 −0.02 0.23 0.60 0.09 0.50 0.57 −0.05

CXCL1 0.55 0.78 0.03 0.30 0.61 0.19 0.0008 0.010 0.56

CXCL11 0.61 0.82 −0.02 0.64 0.87 0.07 0.031 0.081 0.48

HGF 0.61 0.82 −0.02 0.015 0.14 0.46 0.0008 0.010 –0.83

MCP-3 0.63 0.82 −0.02 0.76 0.93 0.03 0.086 0.16 0.16

IL-18 0.66 0.84 −0.01 0.88 0.98 −0.01 0.30 0.40 0.04

STAMPB 0.77 0.92 0.01 0.059 0.26 0.06 0.83 0.85 −0.01

CXCL6 0.77 0.92 0.01 0.010 0.14 0.11 0.28 0.39 0.08

ADA 0.79 0.92 −0.01 0.045 0.22 0.18 0.80 0.83 0.01

MCP-2 0.84 0.95 −0.01 0.98 0.98 0.00 0.0042 0.020 0.76

TNFRSF9 0.86 0.95 0.01 0.14 0.44 0.11 0.091 0.16 0.13

TRAIL 0.88 0.95 0.00 0.91 0.98 0.00 0.37 0.48 −0.04

CDCP1 0.89 0.95 0.00 0.41 0.70 0.04 0.45 0.52 −0.04

VEGF-A 0.94 0.96 0.00 0.044 0.22 0.16 0.045 0.11 0.14

4E-BP1 0.94 0.96 0.00 0.0078 0.14 0.30 0.062 0.13 0.16

IL-10 1.00 1.00 0.00 0.37 0.67 −0.08 0.18 0.28 0.08

Bold numbers; p < 0.05.
4E-BP1, 4E-binding protein 1; ADA, adenosine deaminase; Bonf.adj.p; Bonferroni adjusted p value; CASP-8, caspase-8; CDCP1, CUB domain-
containing protein 1; CSF-1, colony-stimulating factor 1; DNER, Delta and Notch-like epidermal growth factor-related receptor; EN-RAGE, 
extracellular newly identified receptor for advanced glycation end products (RAGE)-binding protein; FGF-21, fibroblast growth factor-21; Flt3L, 
FMS-like tyrosine kinase 3 ligand; HGF, hepatocyte growth factor; IL, interleukin; LAP-TGFβ1, latency-associated peptide-transforming growth 
factor beta; MCP, monocyte chemoattractant protein; MIP-1α, macrophage inflammatory protein 1 alpha; OPG, osteoprotegerin; OSM, oncostatin 
M; STAMPB, signal-transducing adaptor molecule-binding protein; TGFα, transforming growth factor alpha; TNFβ, tumor necrosis factor beta; 
TNFRSF9, tumor necrosis factor receptor superfamily member 9; TNFSF14, TNF superfamily member 14; TRAIL, TNF-related apoptosis-inducing 
ligand; TWEAK, tumor necrosis factor-like weak inducer of apoptosis; uPA, urokinase-type plasminogen activator; VEGF-A, vascular endothelial 
growth factor A.

Table 2. (Continued)

MMP3 from FLSs [p = 0.005; Figure 2(f)]. 
Apremilast did not change osteoblast mineraliza-
tion [Figure 2(g)].

Discussion
Apremilast is now a common treatment option in 
psoriasis and PsA and is being tested in other 
immune-mediated inflammatory diseases.20,21 
This study reveals IL-12/IL-23p40 as a major 

downstream target of apremilast in the inflamed 
joint of immune-mediated inflammatory arthritis.

RA, PsA and SpA are all characterized by inflam-
mation of the synovial joints. Further, several 
cytokines are expressed at the same level in these 
diseases.22 However, the underlying pathobiology 
of the inflamed synovial membrane is very hetero-
geneous both between these diseases and within 
each diagnostic entity. This is best illustrated by 
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the distinct responses to different medications 
seen in individual patients. Most notably inhibi-
tion of IL-6 is only effective in patients with RA 
while inhibition of IL-23 and IL-17 seems to have 
stronger efficacy in psoriasis, PsA and SpA.1,4,23

The molecular target of apremilast is PDE4. 
Inhibition of PDE4 results in an increase in intra-
cellular cyclic adenosine monophosphate (cAMP) 
dampening proinflammatory signaling.7 In cell 
cultures of healthy peripheral blood mononuclear 

cells, apremilast has shown selectivity in down-
stream effects with inhibition of interferon-γ-
inducible protein 10, interferon-γ, monokine 
induced by gamma interferon, TNFα, IL-12p70, 
macrophage inflammatory protein 1-α, MCP-1 
and granulocyte-macrophage CSF, but not IL-8, 
IL-1β, RANTES (regulated on activation, nor-
mal T-cell expressed and secreted), IL-10 and 
IL-6 production.6 In synovial membrane cell cul-
tures, apremilast reduces TNFα.24 However, the 
effects of apremilast on cytokine secretion by 

Figure 1. (a) Secretion of IL-12/IL-23p40 (n = 9) and IL-8 (n = 11) by SFMCs cultured for 48 h untreated (UT) or 
treated with DMSO control, apremilast or ADA. Data were presented as NPX values, which is an arbitrary unit 
on log2 scale. A decrease in one NPX corresponds to a two-fold decrease of the concentration. (b) Secretion of 
IL-10 (n = 14) and MCP-1 (n = 14) by SFMCs cultured for 21 days untreated (UT) or treated with DMSO control, 
apremilast or ADA. Data were normalized to untreated cultures and expressed as a ratio. (c) Secretion of IL-
12/IL-23p40 by PsA (n = 3) and non-PsA (n = 6) SFMCs cultured for 48 h untreated (UT) or treated with DMSO 
control, apremilast or ADA. Data were presented as NPX values, which is an arbitrary unit on log2 scale. Boxes 
and bars indicate mean and SD. * p < 0.05. ** p < 0.01. *** p < 0.001. **** p < 0.0001.
ADA, adalimumab; DMSO, dimethyl sulfoxide; IL, interleukin; MCP-1, monocyte chemoattractant protein; NPX, normalized 
protein expression; PsA, psoriatic arthritis; SD, standard deviation; SFMC, synovial fluid mononuclear cell.
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synovial cells using multiplex systems and the 
specific effects of apremilast on cells involved in 
structural changes in arthritis had previously not 
been studied.

In this study, apremilast showed a robust 
decrease in IL-12/IL-23p40 secretion by SFMCs 
cultured for 48 h. Supporting this, the expres-
sion of IL-12/IL-23p40 is known to be inhibited 
by the cAMP analog 8-Br-cAMP.25 Further, 
decreased IL-12/IL-23p40 and IL-23 have been 
reported in lipopolysaccharide (LPS)-stimulated 
monocytes,26 lesional skin from patients with 
psoriasis27 and in plasma from patients with 
PsA8 treated with apremilast. This supports 
inhibition of IL-12/IL-23p40 as a crucial target 
of apremilast in immune-mediated inflamma-
tory arthritis and this could explain some of the 
efficacy of apremilast seen in IL-12/IL-23-driven 
immune-mediated inflammatory diseases.

In SFMCs cultured for 21 days to resemble spon-
taneous differentiation of macrophages, apremi-
last increased the production of IL-10. This is in 
line with previous studies finding no change or an 

increase in IL-10 in response to apremilast treat-
ment in vitro and in vivo.8 IL-10 is an anti-inflam-
matory cytokine produced by monocytes and 
regulatory T and B-cells with multiple effects 
such as suppression of cytokine secretion, antigen 
presentation and CD4+ T-cell activation. 
Therefore, increased IL-10 could also be part of 
the clinical efficacy seen with apremilast.

Finally, we studied the role of apremilast in models 
of potential structural changes in immune-mediated 
inflammatory arthritis. Apremilast decreased the 
production of MMP3 by FLSs and inhibited osteo-
clastogenesis at clinically relevant concentrations 
(0.1–1 μM). This indicates that apremilast may 
inhibit cartilage and bone destruction in diseases 
such as RA, PsA, and ankylosing spondylitis by 
inhibiting MMP3 production and osteoclast devel-
opment. However, apremilast did not change the 
development of TRAP-secreting osteoclasts in 
SFMCs cultured for 21 days resembling low-grade 
spontaneous inflammatory osteoclastogenesis.15 
This is in line with a number of previous studies on 
the effects of PDE4 inhibitors on osteoclasts show-
ing inconsistent results. For example, the PDE4 

Figure 2. (a,b) Human bone marrow mononuclear cells (n = 6) were plated and incubated with vitamin D 
(VitD), dexamethasone (Dex) and compounds for 7 days. TRAP-positive cells and total cells were counted. (c) 
SFMCs were cultured for 21 days untreated (UT), or treated with DMSO, apremilast or ADA and TRAP (n = 11) 
secretion was measured. (d) RAW264.7 mouse macrophages were stimulated with RANKL and compounds 
for 7 days and surface pitting was measured. (e) Representative photographs of osteoclast pit formation. (f) 
Secretion of MMP3 by FLSs were cultured for 48 h untreated (UT) or treated with DMSO control or apremilast 
(n = 6). (g) Human osteoblasts were cultured for 14 days untreated (UT) or treated with DMSO control or 
apremilast and mineralization was assessed (n = 5). Boxes and bars indicate mean and SD. * p < 0.05. ** p < 
0.01. **** p < 0.0001.
ADA, adalimumab; DMSO, dimethyl sulfoxide; FLS, fibroblast-like synovial cell; MMP3, matrix metalloproteinase 3; RANKL, 
receptor activator of nuclear factor kappa B ligand; SD, standard deviation; SFMC, synovial fluid mononuclear cell; TRAP, 
tartrate-resistant acid phosphatase.
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inhibitor rolipram was reported to induce osteoclas-
togenesis in mouse bone marrow cells cocultured 
with calvarial osteoblasts, through a mechanism 
involving increased RANKL expression.28 In this 
system, PDE4 inhibition was further shown to pro-
mote parathyroid hormone-induced osteoclast for-
mation via increased cyclooxygenase-2 expression.29 
However, others have reported that PDE4 inhibi-
tion reduces osteoclastogenesis induced by prosta-
glandin E2 in RAW 264.7 mouse macrophages, 
through a mechanism involving increased cell cycle 
arrest.30 Taken together, this suggests that apremi-
last might not have a substantial direct effect on 
structural changes in immune-mediated inflamma-
tory arthritis. However, prevention of structural 
changes with apremilast as a consequence of 
decreased inflammation in vivo seems plausible.

There are both limitations and strengths of this 
study. First, the ex vivo study design is favorable 
for detecting direct effects on cells activated in 
vivo. Further, several components of the pathobi-
ology of immune-mediated inflammatory arthritis 
were assessed using SFMCs, FLSs, and osteo-
clastogenesis and mineralization assays. However, 
it is obviously never possible to directly translate 
in vitro findings into clinical practice. Second, the 
apremilast top concentrations of 1000 nM might 
not be sufficient to suppress all the immunologi-
cal reactions in the in vitro cultures. Thus, it has 
previously been reported that some T-cell 
cytokines are suppressed with a half maximal 
inhibitory concentration (IC50) around 1–4 μM 
and that B-cell differentiation and antibody pro-
duction requires substantially higher concentra-
tions.26 However, we chose concentrations 
around the mean steady-state apremilast Cmax of 
450 nM31 to best possible resemble in vivo condi-
tions. Third, separation of SFMCs does not com-
pletely exclude contamination with granulocytes. 
Therefore, some of the results could have been 
influenced by leftover granulocytes in the SFMC 
cultures. Finally, the cohort of 18 patients was 
too small to justify subgroup analyses.

Conclusion
This study reveals the downstream effects of apre-
milast in ex vivo models of arthritis with a strong 
inhibition of IL-12/IL-23p40. Further, apremilast 
induced IL-10 production in synovial macrophages 
and decreased MMP3 in FLS cultures. Our find-
ings could explain the efficacy of apremilast seen in 
psoriasis and PsA and holds promise for testing 
apremilast in other IL-12/IL-23-driven immune-
mediated inflammatory diseases.
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