Sehnert B, Burkhardt H, Diibel S, Voll RE. J Immunol Sci. (2017); 1(1): 26-32

Journal of Immunological Sciences

Sneaking ligands inhibiting NF-kappaB activation selectively in

endothelial cells improve experimental arthritides
Bettina Sehnert'*, Harald Burkhardt?, Stefan DUbel3, Reinhard E. Voll'

'Department of Rheumatology and Clinical Immunology, Medical Center — University of Freiburg, Freiburg, Germany, Faculty of Medicine, University of

Freiburg, Germany

2Division of Rheumatology, Department of Internal Medicine Il and Fraunhofer IME-Project-Group Translational Medicine and Pharmacology, Goethe University
Frankfurt am Main, Frankfurt am Main, Germany
3Institute of Biochemistry, Biotechnology and Bioinformatics, Technische Universitét Braunschweig, Braunschweig, Germany

Article Info

Article Notes
Received: December 11, 2017
Accepted: December 26, 2017

*Correspondence:

Dr. Bettina Sehnert,

Medical Center- University of Freiburg at Center for
Translational Cell Research (ZTZ),

Department of Rheumatology and Clinical

Immunology, Breisacher Strale. 115, 79106 Freiburg,
Germany;Telephone: +49-761-270 71021; Fax: +49-761-270
62172;

Email: Bettina.Sehnert@uniklinik-freiburg.de

© 2017 Sehnert B. This article is distributed under the terms of
the Creative Commons Attribution 4.0 International License.

Keywords

Autoimmune disease
Inflammation

Signaling pathways
NF-kappaB

Cell type-specific regulation
Sneaking ligand

ABSTRACT

The activation of intracellular signaling pathways such as the classical
nuclear factor kappaB (NF-kappaB) pathway is related to the pathogenesis
of several inflammatory autoimmune diseases including rheumatoid arthritis
(RA). To clarify the role of disease-relevant cell-types and signaling molecules
in vitro or in vivo, it is necessary to target them selectively without disturbing
the homeostasis of the immune system. We developed sneaking ligand fusion
proteins (SLFPs) for cell-type specific modulation of signaling pathways. We
designed the first SLFPs to inhibit the activation of NF-kappaB, a key regulator
of inflammation, solely in the activated endothelium. Our “sneaking ligand”
NF-kappaB inhibitor (named SLC1) inhibits NF-kappaB activation specifically in
E-selectin expressing cells in vitro and in mouse models of arthritis indicating
the importance of NF-kappaB in the activated endothelium. Clinical signs of
arthritis were ameliorated by SLC1 treatment. We conclude that the SLFP
architecture consisting of easily exchangeable domains represents an attractive
approach to utilize other disease-relevant biological targets both on the cell
surface and intracellularly. By relying on two independent disease specific
targets, SLFPs may increase the therapeutic efficacy and reduce adverse effects.

Abbreviations

AlA, antigen-induced arthritis; Antp, Antennapedia; CIA,
collagen-induced arthritis; CPPs, cell-permeable proteins; CHO-E,
E-selectin expressing CHO cells; ConA, Concanavalin A; EBL,
E-selectin binding ligand; EMSA, Electromobility shift assay; ETA,
Pseudomonas Exotoxin A; G6PI, glucose-6-phosphate isomerase;
HIV-1, human immunodeficiency virus type 1; STIA, KxB/N
serum transfer-induced arthritis; NBP, NEMO-binding peptide;
LPMCs, lamina propria mononuclear cells; NEMO, NF-kappaB
essential modulator; NF-kappaB, nuclear factor kappa B; NSAIDs,
Nonsteroidal anti-inflammatory drugs; ODN, oligonucleotide; PTDs,
protein transduction domains; RHD, Rel-homology-domain; scFv,
single-chain variable fragments; siRNA, small interfering RNA's;
SLE, systemic lupus erythematosus; SLFP, sneaking ligand fusion
protein; TAD, transcriptional activation domain

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
preferentially affecting the joints. Up to 1% of the world’s population

Page 26 of 32



Sehnert B, Burkhardt H, Diibel S, Voll RE. J Immunol Sci. (2017); 1(1): 26-32

Journal of Immunological Sciences

is suffering from this chronic inflammatory disease that
leads to dramatic joint deformity, loss of function and
disability™.

Cellular interactions and a complex cytokine network
(e.g., IL-1, IL-6, TNF-alpha, and IL-17) are involved in
the development and progression of RA. The role of the
individual cell types contributing to the pathogenesis
of RA such as dendritic cells, B and T cells, monocytes/
macrophages, neutrophils, fibroblasts and endothelial cells
have already been well characterized. This understanding
led to the development of cytokine inhibitors (e.g.,
etanercept, adalimumab, tocilizumab or anakinra) and
cell-depleting agents (e.g.,, rituximab) for RA treatment?
Biologicals have significantly improved the treatment of
RA, however adverse effects such as risk of infection limit
their use, especially in patients with risk factors.

Recently, the Janus-kinase (JAK)-inhibiting small
molecules tofacitinib and baricitinib got approved for the
treatment of RA®.

Certain small molecule drugs can permeate the plasma
membrane by passive diffusion and get access to cytosolic
proteins to intervene in signaling processes for blocking
pro-inflammatory gene expression*. Also, cell-penetrating
peptides (CPPs) that are consisting of a highly basic protein
transduction domain (PTD)% linked to an effector peptide
represent an approach to modulate intracellular signaling.
However, small molecule drugs and CCPs target every
cell type and might influence homeostasis of the immune
system® The development of adverse effects with these
compounds cannot be excluded.

Hence, detailed investigations to identify disease-
relevant cell-types and signaling molecules for the
development of innovative targeted therapies are required.
In this mini-review, we illustrate a tool for cell-type specific
modulation of intracellular signaling pathways that bases
on multi-modular structured recombinant fusion proteins.
We named these proteins SLFPs. The proof-of concept
SLFP, named SLC1, elucidated the role of transcription
factor nuclear factor kappa-light chain-enhancer of
activated B cells (NF-kappaB) in the activated endothelium
and ameliorated experimental arthritides®.

NF-kappaB: a key regulator of inflammation

NF-kappaB exhibits a broad role in regulation of target
genes with various functions contributing to inflammation
and immune activation, cell survival, and apoptosis*’.

The NF-kappaB family in mammals comprises of five
members termed p65 (RelA), RelB, c-Rel, p50 (NF-kappaB
1; and its precursor p105) and p52 (NF-kappaB 2; and
its precursor p100) sharing a Rel-homology-domain
(RHD) that allows DNA binding, dimerization and nuclear
translocation. For gene activation, p65, RelB and c-Rel

further contain the transcriptional activation domain
(TAD). NF-kappaB/Rel proteins can exist as homodimers
or heterodimers in any combination, whereas p65 and
c-Rel preferentially interact with p50, and RelB with p521%.

Various stimuli activate the classical (canonical) or
alternative (non-canonical) NF-kappaB pathway. IL-1 and
TNF-alpha receptor signaling trigger the classical NF-
kappaB pathway by phosphorylation of the IkB kinase
complex (IKK complex) which is composed of the catalytic
subunits IKK-1 and IKK-2 and the regulatory subunit IKK
gamma (also designated as NEMO, NF-kappaB essential
modulator)!. In resting cells, p50/p65 heterodimers are
retained in the cytoplasm by the inhibitory binding of
IkappaB proteins (Ikappa-alpha, Ikappa-beta and Ikappa-
eta)'?. Following IkB ubiquitination and proteasomal
degradation, p50/p65 heterodimers translocate into the
nucleus and bind to the promoter region of its target genes.
Activation of NF-kappaB via the IkappaB kinase complex
is critical for the expression of multiple pro-inflammatory
genes including cytokines (IL-1, TNF-alpha, IL-6, IL-8),
adhesion molecules like E-selectin, ICAM-1, VCAM-1, and
P-selectin as well as chemokines like MCP-1 and IL-8 in
primary endothelial cells!*!*.

Dysregulated NF-kappaB activation contributes to the
pathogenesis of RA as well as other pro-inflammatory
conditions!>!, Furthermore, NF-kappaB activation is also
involved in the resolution of inflammation and may exert
positive or negative effects on inflammatory processes
depending on the cell type and the disease phase!”18,
Compelling evidence from experimental models of
autoimmune diseases supports the concept of NF-kappaB
blockade for therapeutic interventions!*2!., We showed
that NF-kappaB blockade in cytokine-activated endothelial
cells prevents local recruitment of inflammatory cells to
sites of inflammation®.

NF-kappaB inhibition

Targeting the NF-kappaB signaling pathway provides an
outstanding tool for therapeutic intervention in immune-
mediated inflammatory diseases and arthritis. To pursue
NF-kappaB inhibition, different strategies can be applied.

Nonsteroidal anti-inflammatory drugs (NSAIDs),
including aspirin and sodium salicylate, are common
drugs in arthritis that prevents and dampen inflammation.
Besides their functions to inhibit cyclooxygenases 1 and 2
(Cox-1 and Cox-2), enzymes that convert arachidonic acid
into prostaglandins?*?®, aspirin and sodium salicylate are
competitive inhibitors of the ATP-binding site of IKK2.
This event blocks IkappaB phosphorylation and inhibits
NF-kappaB activation®. Furthermore, researchers already
described in the 1990s that aspirin and sodium salicylate
downregulate the expression of NF-kappaB target genes
like VCAM-1 and ICAM-1 in endothelial cells and inhibit
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transmigration of leukocytes indicating a modulation of
the NF-kappaB pathway by NSAIDs*. However, NSAIDs
can cause severe side effects including renal failure, liver
damage, and strong effects on the gastrointestinal tract
and are not recommendable for patients with risk factors
to NSAID-toxicity?®.

NF-kappaB activation can also be controlled by
oligonucleotide (ODN) NF-kappaB inhibitors. Antisense
ODN'’s were designed to NF-kappaB mRNA for controlling
proinflammatory cytokine gene expression in lamina propria
mononuclear cells (LPMCs) from patients with ulcerative
colitis?®. Successful amelioration of adjuvant arthritis was
demonstrated using microencapsulated antisense NF-
kappaB ODN?%. Furthermore, NF-kappaB decoy ODN or
small interfering RNA's (siRNA) targeted against NF-kappaB
components provide potential to control the transcriptional
activity of NF-kappaB. In vitro experiments showed that
NFkappaB decoy ODN inhibited cytokine and adhesion
molecule expression in synovial cells derived from RA-
patients?. However, clinical application of ODN and siRNAs
is still hindered by lack of methods for organ or cell specific
delivery, as well as their limited in vivo stabililty.

The pharmaceutical industry identified large numbers
of small-molecule IKK2 inhibitors with anti-inflammatory
capacities, also in collagen-induced arthritis?. However,
so far none of the IKK2 inhibitors have been approved
for clinical applications. Based on studies showing that
inhibition of IKK2 results in liver cell apoptosis®® and
embryonic lethality®!, IKK2-dependent NF-kappaB
activation plays an essential role in certain organs32

Recently, approaches to inhibit IkappaB degradation
and NF-kappaB nuclear transportation seemed to be more
powerful, and may play a role in clinical applications.
Bortezomib, a proteasome inhibitor, which inhibits the
degradation of lkappaB, other regulatory proteins and
misfolded proteins, depletes plasma cells and ameliorates
clinical manifestations not only in NZB/W F1 mice, a mouse
model for systemic lupus erythematosus (SLE), but also
in refractory SLE3%3*. Moreover, Bortezomib significantly
improves severity and histological manifestations of
collagen type Il-immunized mice (collagen-induced
arthritis, CIA)®®.

Another option to block NF-kappaB activation is to
inhibit the regulatory subunit NEMO of the IKK1/2/NEMO
complex. May and collegues characterized a NEMO-binding
peptide (NBP) that comprises the carboxyl-terminal
segment of IKK2 to block NEMO-IKK2 association and
inhibits cytokine-induced NF-kappaB activation and NF-
kappaB gene expression®¢. Next, NBP was linked to the 16
amino acid long peptide penetratin, corresponding to the
third helix of the Drosophila melanogaster homeodomain
protein Antennapedia (Antp)®’. Penetratin is known to

pass through the plasma membrane®. The use of such
cell-permeable peptide (CPPs) like Antp or a 10-amino
acid long cationic stretch (amino acid sequence residues
47-57) of the 86 amino acid human immunodeficiency
virus type 1 (HIV-1) TAT protein enables cellular uptake®*°
and represents an elegant approach for the transportation
of an effector molecule into the cell interior*’. However,
the lack of cell specificity is a major drawback for the
clinical application of CPPs. Also, protein size as well as
hydrophilicity of amino acids limit the uptake into cells”*!.
Antp-NBP interferes with the assembly of the cytosolic IKK
complex and blocks the classical NF-kappaB pathway while
leaving the basal NF-kappaB activity intact3%%".

Taken together, the findings mentioned above inspirated
us to develop so called recombinant sneaking ligand fusion
proteins (SLFP) to study the role of endothelial NF-kappaB
activation in mouse models of arthritis.

Endothelium-specific NF-kappaB inhibition using the
sneaking ligand approach

We developed an approach that allows cell-type specific
modulation of signaling pathways and named this tool
“sneaking ligand approach”. The origin of these three-
domain structured recombinant fusion proteins (sneaking
ligand fusion proteins, SLFPs) lies in already described
immunotoxins that target cells through specific single-
chain variable fragments (scFv) or natural ligands that are
linked to the translocation and effector domain of toxins like
Pseudomonas Exotoxin A (ETA) or Diphteria toxin*>434445,

Hence, SLFPs consist of three domains: 1, the N’
terminal domain representing a binding domain, 2, the
middle domain comprises the ETAII translocation domain
that is linked to the 3, KDEL-containing C’ terminal effector
peptide interacting with its cytoplasmic partner and
modulating downstream signaling events (Figure 1a).

With regards to therapy, a crucial aspect for cell-selective
modulation of signaling pathways is to target a cell-surface
molecule or receptor that is preferentially expressed on
cells that contribute to disease pathogenesis. In our study,
we chose E-selectin as cell binding molecule, because
this adhesion molecule is exclusively expressed under
inflammatory conditions on endothelial cells. Therefore,
the phage display derived high affinity peptide EBL
(E-selectin binding ligand, AF10166 DITWDQLWDLMK)
was introduced in our sneaking ligand prototype SLC1%.
The following ETAIl domain*’#® facilitated the endosomal
release of the c-terminal NBP into the cytoplasm to exert
its function. Previously it has been described that upon
receptor-mediated endocytosis of e.g. ETA and formation
of early and late endosomes, ETA is guided via the RDEL
/RDEL receptor interaction from the Golgi apparatus to
the Endoplasmatic Reticulum (ER) in a retrograde manner.
Cleavage of ETAII within the ER results in two fragments,
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thereby the RDEL-containing effector domain is released NF-kappaB inhibitor that exclusively blocks cytokine-
into the cytoplasm*®. The mechanism of action of SLC1 is induced NF-kappaB activation in the activated endothelium
presented in Figure 1b. SLC1 is the first cell-type specific (Figure 1b)°.

a

Figure 1: Structure of “sneaking ligand fusion proteins” and the “sneaking ligand” approach using the example of endothelium specific
NF-kappaB inhibition®: (a) SLFPs are composed of a three domains: I) the binding domain 1l) the translocation domain and Ill) the effector
domain to interfere with intracellular signaling. (b) The endothelium specific NF-kappaB inhibitor SLC1 is composed of three repeats of
the E-selectin—specific peptide (EBL, amino acid sequence: DITWDQLWDLMK)?, the translocation domain of Pseudomonas exotoxin A
domain I1* and the NEMO-binding peptide (NBP) encompassing amino acids 644756 from IKK2%. A KDEL tag was added for improved
intracellular trafficking. The domains are connected with S,G-linkers. 1, Binding of SLC1 to E-selectin induces receptor-mediated
endocytosis. 2, Delivery of SLC1 into late endosomes 3, retrograde traffic of SLC1 from the Golgi to the ER via the KDEL receptor. 4 and
5, processing in the ER and release of NBP-effector domain into the cytosol.*® 6, Cytokines activate the classical NF-kappaB pathway and
induce the assembly of the lkappaB kinase complex consisting of IKK1/IKK2 and NEMO. 7, In the presence of SLC1, the NBP-effector
domain interacts with NEMO and 8, the IKK complex (IKK1/IKK2/NEMO) cannot be formed. 9, Therefore lkappaB (inhibitor of kappaB)
is not phosphorylated. 10, IkappaB is ubiquitinylated and degradated and, hence, p50/p65 dimers are not translocated to the nucleus.
11, in summary, SLC1 blocks the NF-kappaB-dependent transcription of several pro-inflammatory mediators.
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Figure 2: Intracellular distribution of SLC1 in E-selectin expressing cells (CHO-E cells). FP635-tagged SLC1 (red colored) was incubated
at 37°C with CHO-E cells for 1 hour. Plasma membrane was stained with Concanavalin A-AlexaFluor488 (ConA-AlexaFluor488; green
colored) and nuclei were counterstained with HOECHST 33342 (blue colored). The merged image (right panel) shows intracellular
distribution of SLC1. Imaging was performed using a Zeiss LSM 710 Axio Observer microscope®. CHO cells not expressing E selectin did

not show any staining with SLC1 (not shown)?.

In order to test the role of the individual domains for the
function of SLC1, we generated mutants with a scrambled
and deleted E-selectin binding domain, a scrambled NBP
effector domain, a deleted ETAIl domain and others®.
The functional SLC1 and its non-functional mutants were
expressed in E.coli®. The purified sneaking ligand proteins
were used in in vitro and in vivo experiments to investigate
the potential of SLC1 to inhibit NF-kappaB activation®:
We showed by enzyme-linked immunosorbent assays
and confocal microscopy that SLC1 binds specifically to
E-selectinininvitro cell culture system. First,atemperature-
sensitive receptor-mediated endocytotic uptake was
indicated by the intracellular distribution of SLC1 upon
incubation at 37°C whereas experiments performed at
4°C exclusively resulted in cell surface staining®. The
intracellular distribution of SLC1 in E-selectin expressing
CHO cells (CHO-E cells) is depicted in figure 2. Second,
transcriptional NF-kappaB activity was significantly
reduced only in SLC1-treated E-selectin expressing cells.
Third, we found a reduced NF-kappaB DNA-binding
activity in an electromobility shift assay (EMSA), indicating
that SLC1 inhibits the IKK complex activity in cytokine-
activated E-selectin expressing cells and, thereby, prevents
the translocation of NF-kappaB proteins into the nucleus.
Forth, endothelial NF-kappaB blockade with SLC1 prevents
cytokine-induced leukocyte trafficking in vitro and in
vivo in a mouse model of acute thioglycollate-induced
peritonitis. Fifth, we further showed by in vivo imaging that
SLC1 binds to cytokine-activated vascular endothelium.
Sixth, SLC1 decreased NF-kappaB activity and VCAM-1 in
cytokine-activated mouse skin’. Finally, with regards to the
therapeutic potential of SLC1, we investigated the impact of
SLC1 in KxB/N serum transfer-induced arthritis (STIA) and

antigen-induced arthritis (AIA)°. In STIA, serum of KxB/N
mice which contains arthritogenic IgG antibodies against
glucose-6-phosphate isomerase (G6PI) were transferred
into naive C57Bl/6] mice*. The formation of anti-G6PI-
autoantibodies/G6PI immune complexes on the cartilage
elicits Fc-receptor-mediated attraction and activation
of neutrophils and mast cells and induces the release of
pro-inflammatory cytokines like IL-1 and TNF-alpha. In
AIA, a mono-arthritis is provoked by immunization with
an emulsion of mBSA as antigen in complete Freund’s
adjuvants followed by an intra-articular injection of the
antigen in one knee joint cavity, whereas the other knee
serves as control and receives PBS*. In contrast to STIA,
AlA is a chronic, T-cell dependent arthritis model which is
inducible in various mouse strains®’. Moreover, a second
intra-articular mBSA injection after 4 weeks results in a
flare-up reaction of arthritis.

Here, endothelium-specific NF-kappaB inhibition
ameliorated clinical manifestations in both mouse models
of arthritis. SLC1 treatment reduced synovial inflammation
and suppressed cartilage and bone breakdown in arthritic
mice.

The importance of endothelial NF-kappaB activation
is not restricted to inflammatory joint diseases such as
arthritis but also known for other pathophysiological
conditions including e.g., septic shock®, atherogenesis®?
or tumor neoangiogenesis®®. Hence, SLC1 may be also
beneficial in these conditions. Importantly, selective
NF-kB inhibition in cancer cells can sensitize them to
chemotherapy®*. Moreover, SLFPs might be useful in cancer
therapy to manipulate deregulated cell proliferation and
deregulated survival in a cell- or tissue-specific manner®>.
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A fundamental advantage of recombinant SLFPs is that
both, the cell targeting and the intracellular effector domain,
are exchangeable and therefore, different cell-types and/
or signaling pathways may be easily addressed. However,
SLFPs contain bacterial protein sequences, namely the
ETAII domain and hence may be immunogenic, comparable
to immunotoxins. Therefore, long-term treatments should
be avoided. Immunogenicity can be decreased by using a
shortened ETAII domain just containing the furin cleavage
site*®. Furthermore, instead of the artificial E-selectin
binding peptide, natural ligands of mouse or human origin
such as LFA-1 or cytokines can be used as non-immunogenic
binding domains. We have recently successfully developed
such constructs with low immunogenicity.

Recently, a slightly modified form of a SLFP was
described as an “armed antibody” called DEKAVIL®.
This recombinant engineered “armed antibody” is an
immunocytokine composed of an antibody for tissue
specific targeting fused to a cytokine but lacks the
translocation domain used in SLFPs. DEKAVIL is an
immunocytokine composed of the human antibody F8,
specific to the extra-domain A of fibronectin linked to the
human anti-inflammatory cytokine IL-10. F8 exhibits a
strong affinity to cells from synovial biopsies®®. In a phase
IB clinical trial DEKAVIL showed first promising results
on safety and reduction of disease activity and might be a
novel therapeutic option targeting an immunomodulatory
cytokine to the site of inflammation®’.

Conclusions

The sneaking ligand approach represents a tool to study
intracellular signaling in specific cell types and their role
in certain diseases. SLC1, as an endothelium specific NF-
kappaB inhibitor, revealed the crucial role of endothelial
NF-kappaB in arthritis.

Sneakingligands enabling a cell-type selective inhibition
of defined signaling pathways may display an improved
benefit-risk ratio compared to small molecule inhibitors
affecting signaling pathways in all cells of the organism.
Next generation SLFPs with reduced immunogenicity
may be useful in the treatment of several human diseases
including autoimmune diseases and cancer.
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