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Background: Dimethyl fumarate (DMF) has an inhibitory effect on the production of pro-
inflammatory proteins from different cells which participate in the immune reaction in psoriatic
skin. Most recently it was shown that DMF is an allosteric covalent inhibitor of the p90
ribosomal S6 kinases (RSK1, 2), determined by X-ray crystallography. DMF binds to
a specific cysteine residue in RSK2 and in the closely related mitogen and stress-activated
kinases 1 (MSK1) which inhibits further downstream activation.

Objectives: The aim of this study was to review the literature on the effects of DMF on
activation of MSK1, RSK1, 2 kinases, and downstream transcription factors NF-kB/p65 and
IxBa in cells contributing to the pathogenesis of psoriasis. We also hypothesized and studied
if treatment with DMF would inhibit the activation of MSK1, RSK1, 2 kinases in peripheral
blood mononuclear cells (PBMCs) in psoriatic patients.

Methods: PBMCs were purified from patients with severe psoriasis before and after 90 days
of treatment with DMF. Cells were stimulated with anisomycin, IL-1p or EGF for 10 and
20 minutes. The levels of phosphorylation of MSK1, RSK1, 2 or NF-«B/p65, IkBa were
analyzed by Western blotting.

Results: Our case study showed that treatment with DMF inhibited the activation of MSK1
and RSK1, 2 kinases in PBMCs in patients. This supports that DMF is the active metabolite
in vivo in psoriatic patients during DMF treatment.

Conclusion: Pro-inflammatory proteins are induced through activation of MSKI1 and
NF-«kB/p65 at (S276). The extracellular signal-regulated kinases (ERK1/2) control cell
survival by activating both MSK1 and RSK1, 2 kinases. P-RSK1, 2 activates P-kBa and
NF-kB/p65 at (S536). The phosphorylation of NF-kB/p65 at (S276) and (S536)
controls different T cell and dendritic cell functions. DMF’s inhibitory effect on MSK1
and RSK1, 2 kinase activations reduces multiple immune reactions in psoriatic patients.
Keywords: psoriasis, DMF, MSK1, RSK1, 2, IKKa, IKKB, NF-kB/p65, IkBa

Introduction

®

Fumaderm™ 1is registered in Germany for systemic treatment of severe

psoriasis." The main active ingredient is Dimethyl fumarate (DMF) but the
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mixture contains also monomethyl fumarate (MMF)
and fumaric acid (FA). The European Medicines
Agency (EMA) has currently approved two formulation
containing DMF; Tecfidera® is registered for systemic
treatment of multiple sclerosis.” Skilarence® is
registered for the treatment of moderate and severe
psoriasis.’

Psoriasis vulgaris is an auto-inflammatory skin dis-
ease with an immune reaction mediated by T cells and
dendritic cells. DMF changes the phenotype of the
dendritic cells. Peripheral blood lymphocyte subsets
composed of CD4+T helper cells, CD8+ cytotoxic
T cells, activated Thl, Th17 and Th22 cells are all
participating in the inflammatory immune reaction in
psoriasis. The mature dendritic cells (DCs) have upre-
gulated MHC class II and costimulatory molecules and
release IL-23 and IL-12. Mature DCs make complex
formation with the activated skin resident T cells. This
stimulates Thl cells to produce TNF-a, IFN-y, Th17
cells to produce IL-17, and Th22 cells to produce
IL-22.* Lipopolysaccharides (LPS) DC
maturation. DMF inhibited the LPS induced maturation
of bone marrow derived dendritic cell (BMDCs) by
inhibiting the expression of P-NF-xB/p65 (S276)
which reduced the production of IL-23 and IL-12.
DMF also inhibited the DC mediated T cell response
by reducing the expression of MHC class II, CD80 and
CD86 on DCs which also reduced the complex forma-
tion with CD4+ T cells. The immature DC phenotype
generates fewer activated T cells leading to a decreased
amount of IFN-y and IL-17. The maturation of DCs
was inhibited by DMF through suppressing the activa-
tion of P-ERKI1/2, P-MSK1 and both P-NF-«B/p65
(S276) and (S536).> The phosphorylation of the two
serine sites in NF-kB/p65 at (S276) and (S536) control
different T cell and DC functions. LPS activates the
ERKI1, 2 kinase pathways in DCs which supports
DC survival. LPS also activates the p38a MAPK/

DC maturation.®

stimulates

NF-kB pathway which regulates
Furthermore DMF inhibited in LPS stimulated bone
marrow derived macrophages (BMDMs) the activation
of P-ERK1/2 and P-NF-«B which reduced the produc-
tion of pro-inflammatory cytokines.” Stimulation of
p38a MAPK pathway activates P-MSK1 while stimula-
tion of ERK1/2 activates both P-MSK1 and P-RSK1, 2

kinases.®

DMF Inhibits the Production of
Pro-Inflammatory Cytokines from Psoriatic
T-Cells, Keratinocytes and Endothelial
Cells, Which Inhibits Amplification of the

Pro-Inflammatory Immune Reaction

DMF modulates T-cell cytokine secretion. In co-cultures
of skin biopsies from lesional psoriatic skin and
HUT78 T-cells, DMF diminished IFN-y but stimulated
IL-10 secretion.” In PBMCs isolated from psoriasis
patients or healthy controls, stimulation with phytohemag-
glutinin (PHA), induced IL-17 and IL-22 mRNA expres-
sion which was higher in the patient group compared with
controls. Treatment with DMF significantly reduced I1L-17
and IL- 22 mRNA expression in the patient group, com-
pared with healthy controls.'® IL-20 is produced by supra-
papillary keratinocytes in lesional psoriatic skin.'" DMF
inhibited in human keratinocytes the IL-1p induced activa-
tion of P-MSK1 (S376), P-NF-xB/p65 (S276) and the
NF-kB p65/p50 DNA binding in human keratinocytes. In
accordance with this DMF also inhibited the IL-1B
induced expression of IL-8 and IL-20 mRNA.'"? In
human endothelial cells, DMF suppressed the TNF-a
induced nuclear translocation of P-NF-kf/p65 (S536) and
the secretion of inflammatory cytokines.'* Exposure of
endothelial cells to DMF reduced TNF-a induced expres-
sion of E-selectin, ICAM-1, VCAM-1 and the interaction
with lymphocytes which reduced the lymphocyte rolling
by 85.9%.'* In human PBMCs DMF also inhibited the
expression of adhesion molecules in vivo and thereby
diminished leukocyte rolling.'

DMF Inhibits the Activation of MSK| and
RSK1, 2 Kinases and the Phosphorylation
of NF-kB P65 at Two Different Sites,
Separately Controlled by IKKao/3

MSKI1 is a serine/threonine protein kinase that is activated
by the p38a MAPK and the ERK1/2 signaling pathways.
The levels of phosphorylated forms of p38 MAPK, ERK1/
2 and MSKI1 are increased in lesional compared with non
lesional psoriatic skin.'®'” MSK1 regulates the transcrip-
tion of pro-inflammatory cytokines by phosphorylating
NF-kB/p65 (S276) in the Rel domain of p65, which
binds to IkBo.'® 2% In the inactive state, IkBa is masking
the nuclear localization site (NLS) of p65 and inhibits the
nuclear translocation of p65.'° DMF inhibited the IL-1p
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induced activation of P-MSK1 (S376) and the transactiva-
tion of P-NF-kB/p65 (S276) in keratinocytes.'> Box 1
shows the cytokines and growth factors induced phosphor-
ylation of RelA p65 which is mediated by MSKI1 and
RSK1, 2 respectively.

RSK1 and 2 are serine/threonine protein kinases that
are activated by the ERK1/2 signaling pathways and play
a critical role in cell proliferation. Elevated levels of
growth factors in the serum of patients with psoriasis
were suggested to activate RSK1, 2 which was demon-
strated in biopsies from psoriatic skin.*® RSKI1, 2 are
directly involved in the regulation of cell-cycle progres-
sion by phosphorylating the transcription factor c-Fos
which regulates the expression of cyclin D1 during G1/S
transition.”! P-RSK2 phosphorylates histone H3 (S10) and
several transcription factors that regulate gene expression
through the RSK2/c-Fos/AP-1 signaling pathway.?' In
COSI1 cells TPA stimulation activated the expression of
P-RSK1, 2 and P-IxBa (S32) which resulted in the rapid
degradation of IkBa. In cells that express low level of
RSK1, NF-kB could not be activated by TPA.**> RSK2
also inactivates proteins involved in apoptosis. EGF
induced P-RSK2 in HEK293 cells which phosphorylated
and stabilized P-Caspase-8 (Thr263) and resulted in inac-
tivation of apoptosis.”>** When RSK2 activation was
blocked by kaempferol (a RSK2 inhibitor*® Suppl.
Material 09-151290), the activity of Caspase-8 and —3
increased and led to apoptosis.?*~*

Macrophage migration inhibitory factor (MIF) is
a growth factor elevated in homogenates from lesional
psoriatic skin compared with normal skin.*® There is
a spontaneous higher MIF production by PBMCs from
patients with extended psoriasis, than in normal controls.?®
Stimulation with MIF induced proliferation in keratino-
cytes in vitro. Co-stimulation of keratinocytes with DMF

and MIF inhibited the MIF induced activations of P-MSK1
(S376) and P-RSK1 (S380). This resulted in the inhibition
of proliferation in keratinocytes mediated through the
induction of the tumor suppressor protein P-p53 (S15)/
p53.27 The induction of total p53 was significant after
96 hours when vehicle was compared with MIF stimulated
cells. Epidermal growth factor (EGF) is also overex-
pressed in the serum of psoriasis patients.”® In keratino-
cytes stimulation with EGF induced activation of P-MSK1
(S376) and P-RSK1 (S380) which was also inhibited when
keratinocytes were co-stimulated with DMF and EGF.?’
ERK1/2 activate both IkB kinase o and IxB kinase 3
and both phosphorylate NF-kB/p65 at the C-terminal part
(S536) of p65 which allows direct nuclear translocation of
NF-xB/p65 (Box 1). IKKa and IKKp induce separately the
phosphorylation of P-IkBa (S32) which led to the degra-
dation of IkBa.?? ! In HeLa cells stimulation with IL-1p
or TNF-a activated P-IKKf (S177/S181) which further
phosphorylated P-NF-kB/p65 (S536).*> In the normal
mouse IKKa suppressed NF-kB activity by accelerating
the turnover of the NF-kB subunit RelA p65 and by
removing it from the pro-inflammatory gene promoter.*
In human T-cells, stimulation with PMA induced nuclear
translocation of P-NF-«B p65 (S536) without IkBa degra-
dation which seems to be specific for T-cell activation.>*
Transcription of the IkBa gene is also dependent on
NF-xB p65 activation. In TNF-o or PMA stimulated
T cells, degradation of IxBa started to occur after 40 min
and re-synthesis of IkBa emerged at 2 hours. Following
degradation, IkBa is resynthesized by an auto-regulatory
pathway.”® In LPS stimulated DC’s DMF inhibited the
activation of P-ERK1/2 and both P-NF-kB/p65 (S276)
and (S536).° This was probably achieved by the inhibition
of P-IKKp, similarly to BMDM cells where DMF inhib-
ited the LPS induced activations of P-IKK (S177) (S181)
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and of P-ERK1/2 (Thr202/Tyr204) which resulted in the
stabilization of IxBa.’

DMF Inhibited NF-kB Activation in CTCL

Cell and Restored Apoptosis

DMF therapy has also been tested in cutaneous T-cell
lymphoma (CTCL).*® This showed that DMF but not
MMF was able to inhibit the number of malignant
T-cells and metastases in cutaneous T cell lymphoma
(CTCL) by inhibiting constitutive NF-xB activation and
sensitized cells towards apoptosis. DMF induced cell death
in primary patient-derived CD4+ T-cells and CTCL cell
lines but did not affect T-cells from healthy donors. These
effects were linked specifically to inhibition of NF-«B/p65
DNA-binding activity and caspase 3 cleavages.*®

Cytoskeleton Proteins, -Actin, y-Actin
Regulate Lymphocyte (T-Cell) Cell Motility

Cell growth, migration and the G-Actin pool are specifically
controlled by B-Actin. Deletion of f-Actin in highly motile
CDA4+ T-cells caused migration defects and altered cell moti-
lity and changed the ratio of G-Actin.*” Protein tyrosine
phosphatase (PTP) is expressed broadly in hematopoietic
cells and was needed for full induction of the DC induced
T cell dependent immune response.’® PTPs and protein tyr-
osine kinases (PTKs) function in a coordinated manner. The
anti-inflammatory compound Bay 11-7082 has an a, § unsa-
turated electrophilic center and is a potent inhibitor of PTP,
and inhibited kB kinase activity.”® PTP has an active site at
a cysteine which forms covalent binding with BAY 11-7082.
Based on this fact, PTP may also be a target for inhibition by
electrophilic drugs such as DMF.’

Dimethyl Fumarate Is an Allosteric

Inhibitor of MSK1 and RSKI, 2 Kinases

Based on the observation that DMF inhibited IL-18, MIF and
EGF induced phosphorylation of MSK 1/2 and RSK 1 kinases
1227 the theoretical binding sites of DMF at
the C-terminal part of RSK2 kinase was investigated by

in keratinocytes

X-ray crystallography. DMF indeed targeted covalently
a cysteine residue in the C-terminal kinase domain (CTKD)
of p90 RSK?2 which is conserved in both RSK2 and MSK1
kinases.** The binding of DMF to cysteine C599 in RSK2,
was confirmed in vivo by mass spectroscopy analysis by
isolating full length RSK2 from DMF treated HEK293
epithelial cells transfected with WT GST-RSK2 plasmids.
Mutation analysis showed that binding of DMF to C599

prevented the auto-phosphorylation of P-RSK2 (S386).
A homologous cysteine C603 at the CTKD of MSK1 was
identified, binding DMF which inhibited
phosphorylation of P-MSK1 (S376). To compare the efficacy
of DMF and MMF as inhibitors against purified RSK CTKD,
an evaluation with a FRET kinase activity assay was carried
out.*® This showed that binding of DMF leads to full inhibi-
tion of RSK2 CTKD activity whereas MMF displayed no
inhibition of RSK2 CTKD activity. This explains earlier
1236 that only DMF but not MMF reacts covalently
as a Michael acceptor to a cysteine residue, which is con-
served in the oF-helix of RSKs/MSKs.*

the auto-

results

Case Reports

It has been questioned for a long time whether DMF can
stay stable and be transported in the blood and whether
DMF is the active metabolite in vivo in the treatment of
psoriasis and multiple sclerosis.*' We therefore studied the
effects of DMF on MSK1 and RSK1, 2 activations in
PBMCs isolated from two patients at day 0 and day 90
after treatment with DMF (Fumaderm®). Psoriatic patients
with a Psoriasis Area and Severity Index (PASI) of 14 and
19.8 respectively were treated with DMF (Fumaderm®)
according to the established treatment regimen* with
a gradual dose increase. The Regional Ethical Committee
of Region Midtjylland, Denmark approved the experiment
with psoriatic patients (M-20090102). A signed consent
was obtained from each patient participating, according to
the Declaration of Helsinki principles.

Materials and Methods

PBMC:s were purified by Lymphoprep density gradient media
(Axis-Shield) from EDTA blood collected before and after
90 days of treatment with DMF. Cells were washed with cold
sterile Dulbecco’s PBS (Gibco) and seeded at 6 x 10%/petri
dish in 10 ml RPMI 1640 (Gibco) supplemented with peni-
cillin (10,000 units/ml) streptomycin (10 mg/ml) and genta-
mycin (2.5 mg/ml) in 10 cm (diameter) petri dishes. Cells were
stimulated either with anisomycin (0.2 pg/ml) or IL-1f (10 ng/
ml) (R&D Systems) for 10 and 20 minutes. After stimulation,
petri dishes were placed on ice and cells were collected by ice
cold Dulbecco’s PBS and centrifuged 1400 rpm for 10 min-
utes. Cells were added 100 pl of 1 x cell Lysis sample buffer
(Cell Signaling Technology)/sample. An amount of 20 ug
protein/lane was separated on 8%-16 % SDS-Page Tris-
glycin gels (Invitrogen) or on NuPAGE 4%-12% Bis-Tris
gels (Novex; Life Technology; Thermo Fisher Scientific,
Waltham, MA, USA). After Western blotting proteins were
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probed with antibodies for anti-p-MSK1 (S8376) (#9591,
1:750), anti-p-MSK1 (S212) (AF1086 R&D Systems,
1:750), anti-p-RSK2 (S386) (#9341, 1:750), (S227) (#3536,
1:750), (Cell Signalling Technology, Beverly, MA, USA),
anti-MSK1 (H19, sc:2033, 1:1000), anti-RSK2 (sc:9986,
1:1000) (Santa Cruz Biotechnology) and anti-f-Actin (Sigma-
Aldrich) as described earlier Gesser et al (2007, 2011)'*%” and
Rasmussen et al (2017).° Additionally 20 pg protein/lane
were also probed with anti-p-NF-kB/p65 (S536) (#3033,
1:750), anti-NF-kB p65 (#3034, 1:750) and anti-Pan-Actin
(#4968, 1:1000). Anti-p-IxBa (S32) (#9241, 1:750) and anti-
IxBa (#4814, 1:1000), HRP anti-rabbit (#7074, 1:2000) and
HRP anti-mouse (#7076, 1:2000) antibodies were from Cell
Signalling Technology (Beverly, MA, USA).

Results

The Psoriatic patient with a baseline PASI of 14 responded
clinically well with a PASI reduction of more than 90% after
90 days of treatment with DMF. Protein samples isolated from
PBMCs Day 0 and analyzed by Western blotting showed
a clear activation induced by anisomycin and IL-1f of both
sites of P-MSK1 (S376), (S212) and of P-RSK2 (S386),
(S227) after 10 minutes (Figure 1A and B), which were
inhibited after 90 days treatment with DMF. Proteins samples
tested with anti-p-NF-kB/p65 (S536) antibodies showed
similarly day 0 an anisomycin and IL-1f induced activation
after 10 minutes before but not after 90 days of treatment with
DMF (Figure 1A). The level of induction was normalized to
B-Actin. We tested the level of activation of P-MSK1 (S376)

A B
Day 0 Day 90 Day 0 Day 90
Ani IL-18|  Ani IL-1B Ani IL-1B|  Ani IL-1B
kDa 0 10 201020| 010 201020 minutes kDa 0 10 201020|010 201020 minutes
80- == ~— == = = == = = == P.MSK1(S376) S0 - " W o - - - - P-RSK1,2 (S380)
/(S386)
— - e - . »» MSK1
D W G e - - e - RSK2
60 - = = = @ «» P-NF-kB p65 (S536)
o -Acti
S B e (D S - - NF-xB p65 40 - D) e @ e @ " = o @ [-Actin
12 3 4 5 6 7 8 9 10
40 - DR - - - B-Actin
12 3 45 6 7 8 9 10
C Ani IL-18  EGF
kDa 0 10 20 10 20 10 20 minutes
P-MSK1 (S376)
80- W ermEm =" = )\SK1
40 - ———— e a— e (-Actin
12 3 4 5 6 7
Ani IL-13  EGF
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40_ —— —— — N —— —

P-RSK1,2 (S380)/(S386)
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B-Actin

12 3 4 5 6 7

Figure | Effect of DMF on PBMCs isolated from psoriatic patient | responding to treatment with DMF. PBMCs were collected prior, Day 0 and 90 days after treatments
start. (A) PBMCs were stimulated with anisomycin (0.2 pg/ml) or IL-1B (10 ng/ml) for 10 and 20 minutes. In a sample of 20 pg protein/lane the level of immune-staining with
antibodies for P-MSK| (S376), (5212) and total MSK| or for P-NF-kB p-p65 (S536) and total NF-kB p65 was determined by Western Blotting. The blot was re-incubated
with antibodies for B-Actin (B) The level of immune-staining with antibodies for P-RSK1, 2 (S380)/(S386) both, P-RSK2 (S227) and total RSK2 was determined by Western
blotting. The blot was re-incubated with antibodies for -Actin. (C) PBMCs were isolated from healthy individual and stimulated with anisomycin (0.2 ug/ml) or EGF (I ug/
ml) for 0 and 20 minutes. In a sample of 20 ug protein/lane the level of immune-staining with antibodies for P-MSK|1 (S376), MSK| and P-RSK 1, 2 (S380)/(S386), RSK |, 2 was
determined by Western blotting. The blot was re-incubated with antibodies for B-Actin. The phosphorylated band appears above the total protein.
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and P-RSK1, 2 (S380)/(S386) in PBMCs from healthy indi-
vidual, normalized to B-Actin as before (Figure 1C).
Because p-RSKI1, 2 activation was shown earlier to
induce the expression of P-IkBa (Ser32),%* proteins were
tested by rabbit antibodies for P-IkBa (Ser32). This showed
an induction of P-IkBa (S32) day 0 after stimulation with
anisomycin and IL-1B for 10 minutes which was
inhibited day 90 after treatment with DMF (Figure 2A). In
a second step the blot was striped and re-incubated
with a monoclonal mouse antibody for IkBa. This showed
a highly elevated basal level of IkBa in PBMCs on day 0
before treatment which was substantially reduced day 90
after treatment with DMF. This is in agreement with the
fact that new synthesis of IkBa is dependent on P-NF-«xB
activation which was elevated on day 0 (Figure 2A) while
inhibited day 90 after treatment with DMF. The fold induc-
tion of P-IkBa/IxkBa was normalized to day 0 and time 0.
Antibodies for Pan-Actin identify all subtypes of Actin
forms. The expression of Pan-Actin was activated by ani-
somycin and IL-1f day O after 10 minutes of stimulation
while this was reduced at day 90 after treatment with DMF
(Figure 2B). The activation of Pan-Actin was normalized
to day 0 and time 0. Inhibition of P-Tyr by DMF was
demonstrated earlier in P-ERK1/2 (Thr202/Tyr204).>" We
observed that DMF reduced the activation of Pan-Actin via
PTP*®* after treatment with DMF (Figure 2B). This may

A Day 0 Day 90
Ani IL-1B Ani IL-1B
kDa 0 10 20 10 20|(010 20 10 20 minutes
40- GEneae P-IxBa (S32)
40 - P-l1xBa. (S32)
*S@e@~="" """ a0
12 3 4 5'6 7 8 910
15
1
0.5
0

12 3 4 5 6 7 8 9 10

indicate that DMF has an inhibitory effect on T cell motility
in the serum of patients with psoriasis although this has to
be further investigated.

The second Psoriatic patient with a baseline PASI of 19.8
did not respond clinically to the treatment. After 90 days of
treatment the PASI had increased 27. PBMCs were
purified day 0 and were stimulated with IL-1B (10 ng/ml)
and EGF (1 ng/ml) for 10 and 20 minutes. (EGF was shown
earlier to activate both P-MSK1 and P-RSK1.)*’ Western
Blotting showed a small activation of P-MSK1 (S376),
MSK1, P-NF-kB/p65 (S536), NF-kB p65 (Figure 4A) and
of P-RSK1, 2 (S380)/(S386), RSK2 (Figure 4B) induced by
IL-1B or EGF at 10 minutes before treatment with DMF.
Opposite to the first psoriasis patient, treatment for 90 days
with DMF further induced the activation of P-MSK1 (S376),
P-NF-«kB/p65 (S536) and P-RSK1, 2(S380)/(S386) by IL-1B
and EGF. These results are in accordance with the negative
clinical response to DMF treatment. The level of expression
of B-Actin was not changed by stimulation with IL-1p or
EGF and was not influenced either by the treatment with
DMEF in the non-responding patient.

Discussion

DMF inhibited the activation of P-MSK1, P-RSK1, 2 and
P-IkBa (S32) in PBMCs which led to inhibitions of
P-NF-kB p65 at two phosphorylation sites. Induction of

B
Day 0 Day 90
Ani IL-1B Ani IL-1B
kDa 0 10 2010 20 (0 10 2010 20 minutes

40 - e P G- - o= o= Pan-Actin
12 34 5 67 8910

1.5

0.5

123 45 6 7 8 910

Figure 2 Effect of DMF on PBMCs isolated from psoriatic patient | responding to treatment with DMF. (A) PBMCs were collected prior, Day 0 and Day 90 after treatments
start. PBMCs were stimulated as before and in a sample of 20 ug protein/lane the level of immune-staining was tested with rabbit anti-P-lkBa (S32) antibodies. Thereafter the
blot was striped and re-incubated with mouse anti-lkBo antibodies to determine the tot amount of IkBo by Western blotting. (Below) The fold induction of IkBa was
normalized to day 0 and the non-stimulated PBMCs. (B) The expression level of total Actin was determined by antibodies for Pan-Actin and Western blotting. (Below) The
fold induction was normalized to the expression of Pan-Actin at Day 0 and the non-stimulated PBMCs.
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Figure 3 Schematic representation in PBMCs of the IL-1p, anisomycin induced activations of MSKI and RSKI, 2 and IKKo/B kinases via the p38a MAPK and ERK 1/2
signalling pathways 9(A). Effect of DMF on these activations in PBMCs isolated from a patient with severe psoriasis and treated with DMF. DMF inhibited specifically the
phosphorylation of MSK | and RSK, 2 kinases (B) P-MSK| mediates the transactivation of P-NF-«B/(S276) while P-RSK1, 2 and P-IKKa mediate the transactivation of P-NF-
«B (§536). P-RSK, 2 and P-IKKB can both induce the activation of P-IkB (S32). These were all inhibited by treatment with DMF. Inhibition of P-NF-xB/p65 (S276) and (S536)
resulted in inhibition of the synthesis of inflammatory proteins and these resulted in the new synthesis of p53/p-p53 (S15).2” P53 DNA binding repressed BCL-2 and Cyclin
D1.%3** Inactivation of P-RSK2 leads also to apoptosis via the cleavage of Caspase-3 and 8 in the cytoplasm.?>3¢
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Table | Effects of the DMF mediated inhibition of P-NF-kB /p65 in T cells, dendritic cells, keratinocytes and endothelial cells.

Phase |

Phase Il

Induction of the inflammatory response via activation of:

DMF Inhibits the inflammatory response and the activation of:

R et al 2008)*; (Yu J, Zhang L 2005)*®

P-MSK1 (S376); i P-MSK1 (S376); !
P-RSK1, 2 (S380)/ (S386); P-RSK1, 2 (S380)/ (S386);
P-IKKa (S176/S180); i P-IKKa (S176/S180); !
P-IKKB (S177/5181); P-IKKB (S177/5181);
P-lkBa (S32); i inhibits P-lkBa (S32); l
Promotes degradation stabilizes the expression of lkBo
Induces the activation of 1 Inhibits the activation of l
P-NF-xB/ p65 (5276); P-NF-kB/ p65 (S536) and DNA binding and the P-NF-xB/ p65 (5276); P-NF-kB/ p65 (S536) and the transcription
transcription of inflammatory proteins of inflammatory proteins
Phase Il Phase IV
Resolution of the inflammation: Auto-regulatory pathways
Secondary effect of DMF, Inhibition of proliferation: 1 Stabilization of IkBa; IKKo accelerate the turnover of P-NF-kB i
Induction of P-p53 (S15)/ p53 and P-c-Jun (S63)/ c-Jun (Gesser et al Ip65 (5536) (Lawrence T et al 2005)*
201 H?
p53 DNA binding represses the anti-apoptotic Bcl-2; L | New synthesis of IkBa, Restores the IkBa binding to RHD in NF- | 1
(Treumer F et al 2003)* kB /p65
(Sun SC et al 1993)*;(Perkin ND 2006)*’; (McGuire VA et al
2016)’
p53 reactivates P-NF-«xB (S536) through P-RSK| (Bohuslav et al il Feedback regulation:
2004)* DMF inhibits the association of P-RSK2 (S386) to the wild-type
p53 induces the pro-apoptotic Bax (Perkin ND. 2007)*', il p53-induced phosphatase (Wipl) i
P-p53(S15) induces p21 (CDKNIA) which inhibits Cyclin DI(Anjum | L | Wipl dephosphorylates P-NF-kB /p65 (S536) and P-p53 (S15)

(Chew | et al 2009)*; (Rasmussen MK et al 2017)%°

The p38a MAPK and ERK /2 signaling pathway activate MSK | and RSK1, 2 kinases. Phase I: Activation of protein kinases induces P-NF-kB/ p65 (5276), P-NF-«xB/ p65 (S536)
within 2 hours and transcription of pro-inflammatory proteins. Phase Il: DMF inhibits protein kinase activations within 20 minutes which inhibit transcription and new
synthesis of inflammatory proteins. Phase llI: these lead to a secondary effect of DMF inducing P-p53 (S15) / p53 from 4-12 hours. Activation of p53 inhibits induction of
Cyclin DI mRNA and induces Bax and apoptosis. Phase |V: an auto-regulatory pathway stabilizes the expression of IkBa. In the nucleus IKKa accelerates the turnover of P-

NF-kB/ p65 (S536). (1 activation, | inactivation, _L inhibition)

P-MSK1 (S376) and P-RSK1, 2 (S380)/(S386) by IL-1B,
anisomycin and EGF is schematically presented in
(Figure 3A) and the effects of DMF treatment in
(Figure 3B). IKKa and IKKp integrate the activations by
MSK1 and RSK1, 2.' The induction of P-NF-kB/p65
(S536) was mediated by P-IKKB or P-RSK1, 2 which
was also inhibited after treatment with DMF (Figure 3A
and B). According to our hypothesis and to our most

40 we saw that treatment with

recently presented results,
DMF inhibited the anisomycin and IL-1f induced
P-MSK1 and P-RSKI1, 2 kinases at several activation
sites in PBMCs isolated from psoriatic patients
(Figure 1A and B). We therefore believe that DMF is not
completely hydrolyzed to MMF in vivo and DMF is the
active metabolite in the blood of patients with psoriasis
during treatment with DMF.

RSK1, 2 play a critical role in cell proliferation®' and
cell-cycle progression.** Therefore inhibitions by DMF of

P-RSK1, 2 and P-MSKI in PBMCs
(Figure 1B) will similarly result in the induction of
P-p53 (S15)/p53*” which also lead to cell cycle arrest by
inhibiting Cyclin D1°'** (Figure 3A and B). The newly
induced P53 is an activator of transcription by activating
P-RSK1 and P-NF-«B/(S536) which induces the pro-
apoptotic gene Bax.** In purified human T cells, treatment
with DMF and IL-2 stimulation for 48 hours increased the
number of apoptotic cells by repressing the anti-apoptotic

activations

protein Bcl-2.% Activated p53 induces p21 protein (gene
CDKNI1A) which suppresses Cyclin DI1** (Table 1).
Growth factors like EGF activate P-RSK1, 2 which stimu-

late Cyclin DI
44,48

and the progression from G1 to
S phase.

We observed a high basal level of IxBa in the psoriatic
PBMCs

(Figure 2A). Earlier it was pointed out that mutation in

on day O which is somewhat surprising

genes important for maintaining homeostasis might be
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Figure 4 Effect of DMF on PBMCs isolated from psoriatic patient 2 not responding
to treatment with DMF. PBMCs were isolated Day 0 and Day 90 as before and
stimulated with IL-18 (10 ng/ml) or EGF (I ng/ml) for 10 and 20 minutes. (A) In
a sample of 20 pg protein/lane the level of immune-staining was tested with
antibodies for P-MSKI (S376), total MSKI, P-NF-kB p65 (S536) and tot NF-xB
p65 were determined by Western blotting. (B) The level of immune-staining with

antibodies for P-RSK1, 2 (S380)/(S386) and total RSK2 was determined by Western
blotting. The blots were re-probed with antibody for B-Actin.

associated with disease susceptibility. NFKBIA which
encodes the protein IkBa is known as one of the genes
suggested for predisposition to psoriasis.*® Mutation in
NFKBIA which is a negative regulator of immune
responses decreases the threshold for immune activation
and lowers the level for onset of psoriasis. Loss of function
caused by polymorphism in NFKBIA may result in the
high basal level of IkBa in psoriatic PBMCs (Figure 2A).

It was shown earlier that wild-type p53-induced phospha-
tase 1 (Wipl) is a negative regulator of the NF-«kB signaling
pathway.*” Wipl dephosphorylate P-NF-kB/p65 (S536) in
normal mice and mice lacking Wipl showed enhanced
inflammation. WiP1 is regarded as a homeostatic factor in
normal cells. Wipl is expressed in psoriatic skin, forms
complexes with P-RSK2 in lesional psoriatic skin and
reduces P-RSK2 (S386) activation.’’ DMF inhibited the
MIF induced complex formation of P-Wipl with P-RSK1,
2 by inhibiting activation of P-Wipl and P-RSKI1, 2 in
keratinocytes in vitro. In the initial phase, MIF stimulation

activated new synthesis of P-Wipl/Wipl which de-
phosphorylated P-p53 (S15) while co-stimulation with
DMF and MIF inhibited the level of P-Wipl/Wipl and re-
activated P-p53 (S15).2° Dysregulation of WiP1 activity in
PBMCs in some patients with psoriasis, similarly to our
results in the second patient with the lack of regulation of
P-NF-kB/p65 (S536) (Figure 4) will result in enhanced
inflammation. Re-activation of p53 is necessary for control-
ling apoptosis through increased binding of p53 to the pro-
moter of BAX.**

Summary

DMEF inhibits the activation of MSK1 and RSK1, 2 kinases
and the transactivation of P-NF-kB/RelA/p65 at two differ-
ent serine phospho-acceptor sites which lead to the induction
of P-p53/p53 and the inhibition of cell growth. The inhibition
of P-RSK1, 2 (S380)/(S386) lead also to the induction of
apoptosis in PBMCs*'*** (Table 1). The activation of P-NF-
kB/p65 (S276) and (S536) control different T cell functions
and DMF inhibits the immune reaction in psoriatic skin.
DMEF also inhibits the activation of IKKa/p kinase but this
is in an indirect manner through the PTP/PTK pathway
which is connected to P-NF-kB/p65 (S536).” IKKa activa-
tion accelerates the turnover of P-NF-kB/p65 (S536).*> New
synthesis of IkBa is also regulated by P-NF-xB/p65 which
restore the binding of IkBo to NF-kB/p65.>
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