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Abstract
Cyclotides represent a new class of natural plant compounds, which could be considered ideal “template” molecules for drug 
design. Their structure is characterized by a circular cystine-knot motif, comprising an amino acid chain stabilized by three 
conserved disulfide bonds in a knotted arrangement, and a head-to-tail cyclized peptide backbone. Our laboratories initially 
demonstrated their activity to modulate immune cell signaling. Following nearly a decade of extensive research, we are now 
aware that cyclotide-based peptides provide an outstanding opportunity to develop novel drugs for autoimmune disorders, 
especially multiple sclerosis. Here we review and demonstrate the potential of cyclotide-derived peptide therapeutics on their 
way from preclinical studies to clinical trials as promising therapeutics in immunopharmacological applications.

Keywords  Cyclotide · Multiple sclerosis · Immunosuppression · Circular peptide

Introduction

Multiple sclerosis (MS) is the most common autoimmune 
disease affecting the central nervous system (CNS) (McFar-
land and Martin 2007; Ransohoff et al. 2015). It is charac-
terised by auto-reactive T-cells that induce demyelination 
and neuronal degradation. Treatment options are limited, 
and several MS medications need to be administered by par-
enteral application and only show modest clinical efficacy. 
Oral active drugs such as fingolimod have been associated 
with safety concerns (Ransohoff et al. 2015). Consequently, 
there is a high unmet medical need for novel, less toxic 
and especially orally (patient-friendly) active therapeutics. 
Nature offers an abundance of compounds for drug discov-
ery. Recently, we have shown that the circular plant pep-
tide kalata B1 (kB1) is able to silence T-cell proliferation 

in vitro via an interleukin-2 (IL-2) dependent mechanism 
(Gründemann et al. 2013). Encouraged by these observa-
tions, we developed our lead compound cyclotide [T20K]
kB1 (‘T20K’) (Fig. 1) and tested it in the MS mouse model 
of experimental autoimmune encephalomyelitis (EAE). We 
were able to show that treatment of mice with the cyclotide 
resulted in a significant delay in the onset of clinical obser-
vations and diminished symptoms of EAE upon parenteral 
or oral prophylactic administration. Cyclotide application 
substantially impeded disease progression and exhibited 
moderate adverse effects (Thell et al. 2016). Considering 
their stable structural topology and oral activity, cyclotide-
based peptides appear to be good candidates for pharma-
ceutical drug development for treatment of diseases with an 
overreactive immune system.

In this review, we would like to (i) provide a brief back-
ground on cyclotides, (ii) summarize past efforts investi-
gating their immunosuppressive properties in cell culture 
and in animal models, (iii) discuss insights about ongoing 
preclinical and early clinical development studies with T20K 
and (iv) evaluate the future potential of this peptide drug 
candidate as novel therapeutic intervention for autoimmune 
disorders.

Cyclotides and Their Immunomodulatory Properties

Natural products play a pivotal role in modern drug discov-
ery (Koehn and Carter 2005), and they continue to provide 
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innovative lead compounds currently entering clinical trials 
(Harvey et al. 2015). The increasing interest for peptide-
based drugs has boosted development of nature-derived pep-
tides for therapeutic applications (Craik et al. 2013; Kaspar 
and Reichert 2013). The major drawbacks of most peptide 
pharmaceuticals are their low stability and lack of oral activ-
ity which limits their clinical use (Craik et al. 2013).

Recently we demonstrated immunosuppressive effects of 
the circular peptide kB1 (Gründemann et al. 2012, 2013). 
This plant-derived peptide belongs to the family of cyclo-
tides, well known for their cyclic cystine-knot topology 
(Craik 2001). This unique three-dimensional fold confers 
them intrinsic stability to resist chemical, enzymatic and 
thermal degradation (Colgrave and Craik 2004). Therefore 
cyclotides have become attractive tools in chemical biol-
ogy and drug development (Huang et al. 2015), for instance 
as template for molecular grafting applications (Craik et al. 
2012) and for receptor ligand design (Koehbach et al. 2013), 
since they exhibit activity following oral administration 
(Wong et al. 2012).

We demonstrated that cyclotides, in particular T20K, 
inhibit T-cell proliferation by downregulation of IL-2 release 
as well as IL-2R/CD25 surface expression and effector activ-
ity performance (Gründemann et al. 2013; Thell et al. 2014). 
The cytokine IL-2 physiologically plays an important role in 

T-lymphocyte activation and acts as autocrine factor to stim-
ulate T-cell proliferation (Malek and Bayer 2004). Enhanced 
or continuous T-cell activation is a major cause of auto-
immune disorders, and can lead to persistent inflammation 
causing tissue and organ damage (Langston et al. 2015). MS 
is the most common type of autoimmune disease in young 
adults, which is characterised by sustained inflammation of 
the CNS. Autoreactive T-lymphocytes (TH17) target myelin 
brain antigens eliciting inflammatory cell influx into the 
CNS, demyelination, axonal damage and neuronal degrada-
tion (Hickey 1999; McFarland and Martin 2007). Several 
therapeutics targeting different aspects to modulate or sup-
press T-cell signalling are available, but the requirement for 
parenteral administration route of many drug candidates thus 
reduces their attractiveness for chronic treatment (Van der 
Walt et al. 2010). Only three marketed compounds that are 
specific for MS treatment are active via oral administration, 
i.e. dimethyl fumarate (Tecfidera®), teriflunomide (Auba-
gio®) and fingolimod (Gilenya®); however, many severe 
side effects limit their long-term clinical use (Ransohoff 
et al. 2015).

The remarkable stability and hydrophobic surface proper-
ties of cyclotides render them well suited for oral adminis-
tration (Wong et al. 2012). Our data demonstrate significant 
therapeutic effects of T20K in the in vivo gold-standard 
model for MS, the murine EAE approach, after oral admin-
istration (Thell et al. 2016). We investigated their efficacy 
to reduce the polarisation of pathogenic TH17 cells and the 
rate of relapse by prophylactic administration of cyclotides 
before disease induction. Moreover, we analysed the thera-
peutic application of cyclotides during disease progression, 
which potently ameliorated the EAE symptoms. Preliminary 
structure activity relationships (SAR) measurements com-
bined with structural studies led to the conclusion that the 
observed effects are stereospecific due to a direct cyclotide-
target interaction (Gründemann et al. 2012, 2013). Using a 
chemical proteomics strategy including synthesis and vali-
dation of chemical probes, the family of 14–3–3 proteins 
were identified as a possible direct target of T20K (Hell-
inger et al. 2017). 14–3–3 proteins are ubiquitous adap-
tors that play a pivotal function in cell physiology. Hence, 
strategies to knock out or silence these proteins are difficult 
and the detailed in vivo mechanism of the cyclotide-14-3-3 
interaction remains unknown.

Using a different approach, it was possible to design and 
synthesize novel grafted cyclotide analogues with activity 
in the EAE mouse model. The goal to implement molecular 
grafting was to design molecules that retain both, the activity 
of an MS-related antigen [myelin oligodendrocyte glycopro-
tein (MOG)] and the structure and stability of the scaffold 
onto which the epitope is grafted (Wang et al. 2014).

Beside the above mentioned strategies, cyclotides have 
thus far been discovered in different plant families. By using 

Fig. 1   Amino acid sequence and structural model of the cyclotide 
T20K. The structure of [T20K]kalata B1 (T20K) is shown in cartoon 
form. The six conserved cysteines are labeled with roman numer-
als and the cystine-knot disulfide connectivity (CI–CIV, CII–CV and 
CIII–CVI) is indicated. The amino acid sequence and the loops of the 
peptide backbone are shown. The position of the threonine to lysine 
replacement in the synthetic kalata B1 analogue is shown (as red 
letter). This representation was prepared using PyMol based on the 
three-dimensional solution structure of kalata B1 (pdb code: 1NB1). 
Reproduced with permission from the Creative Commons Attribution 
License (Gründemann et al. 2013). (Color figure online)
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an ethnobotanical and bioassay-fractionation-based combi-
natorial approach, the first immunosuppressive cyclotide we 
discovered was kB1 isolated from the coffee-family plant 
Oldenlandia affininis (Gründemann et al. 2012). Based on 
these data, T20K was defined by using chemical modifica-
tion strategies as a highly active immunosuppressive cyclo-
tide (Gründemann et al. 2013) demonstrating that such strat-
egy represents an innovative approach to design new leads 
with immunomodulatory capacities. Along this line, Viola 
tricolor is a well-known and documented medicinal plant 
and its traditional use as an herbal remedy against inflam-
matory immune diseases is widespread all over Europe. 
Interested to understand the molecular basis for its use in 
phytomedicine, we characterized the influence of an aque-
ous Viola extract and defined the presence of cyclotides 
as active immunosuppressive ingredients (Hellinger et al. 
2014). These results demonstrate that combining traditional 
and modern innovative strategies will open new avenues for 
the application of cyclotides in immune-related disorders.

Autoimmune Disease and Multiple Sclerosis

Autoimmune diseases represent an increasing problem in the 
Western World. With the global incidence and prevalence of 
autoimmune diseases rising, there is an escalating demand 
for new products. The autoimmune diseases therapeutics 
market in the leading geographies (Australia, Japan, USA, 
UK and Western Europe) show that the market, comprising 
all the diseases above, was worth $16.9 billion in 2002 and 
grew to $30.2 billion in 2010. It was forecasted to reach 
$61.4 billion in 2017.

MS is the most common autoimmune disease affecting 
the CNS. It imposes substantial socio-economic burdens on 
patients, their families and society. There are few therapeutic 
modalities available, yet unattractive parenteral application 
or severe side effects remain serious issues. We discovered 
that the cyclotide T20K inhibited the growth of primary cells 
of the human immune system, and has therapeutic effects in 
the murine EAE disease model of human MS (Thell et al. 
2016). Ongoing experiments hereby suggest that T20K 
could be a potential candidate for relapsing-remitting MS 
(RRMS) due to T20K’s significant therapeutic effects upon 
prophylactic administrations to the animals. The RRMS 
market is dominated by drugs becoming generic, which are 
associated with considerable side effects limiting their long-
term use. Some of the more recent drugs offer symptom 
relief in patients’ refractory to older drugs but are typically 
associated with pronounced side effects. The reversible 
T-cell inhibition mechanism of cyclotides (Gründemann 
et al. 2013) makes them very appealing from an efficacy 
and safety perspective and it is likely that such products will 
hold a very competitive position on the MS market.

Furthermore, other autoimmune diseases such as rheuma-
toid arthritis or organ-specific autoimmune diseases could 
potentially benefit from novel cyclotide-based therapeutics 
with immunosuppressive properties.

Status‑Quo, Ongoing Preclinical Studies

For a successful clinical application of T20K, it is essential 
to define the magnitudes of biological efficacy and toxic-
ity profile to estimate the safety margin of this therapeu-
tic compound. Several preclinical studies from different 
disciplines have to be combined to answer this question. 
Hereby, the “dreamland” scenario is that biological and/or 
predicted clinical efficacy is observed at doses far below 
toxicity. However, practice usually shows that the biologi-
cal activity of drug candidate is often at doses below, but 
close to toxicity (and far away from lethality). The optimal 
scenario to define a safe zone for clinical use is to identify 
marker molecules in non-invasive patient samples, which 
indicate a potential biological/toxic effect, but remain with-
out any adverse clinical signs of toxicity. From previous 
and ongoing kinetic experiments with T20K, we have shown 
a pronounced upregulation of molecules, which have the 
potential as safety markers. Initially, we started experiments 
with intravenous (i.v.) and intraperitoneal (i.p.) applications 
of T20K to establish the relationship between administered 
doses, amounts of T20K in blood and tissues and their 
effects in animals to help guiding progression to human 
clinical trials (phase I clinical evaluation). Once this con-
nection has been established, this information can be used 
to switch over to an oral application (p.o.) and further the 
development of an oral formulation of T20K for forthcoming 
clinical phase II studies.

Single administration of T20K to healthy animals did 
not exhibit toxic effects up to the doses of 15 mg/kg (i.v.), 
75 mg/kg (i.p.) and 250 mg/kg (p.o.). This provides an excel-
lent safety margin considering the effective dose level i.p. 
or p.o. of 1–10 mg/kg in the mouse model of MS. Ongoing 
dose range finding studies and formal clinical trial appli-
cation  (CTA)-/investigational new drug (IND)-enabling 
toxicology studies using the i.v. application route in mice 
and in dogs will define the nature of T20K-induced toxicity/
tolerability, the maximum tolerated dose (MTD) and overall 
safety assessment of T20K leading to selection of a safe 
starting dose for first-in-human clinical trials.

Initial studies strongly suggest a link between T20K Cmax 
(rather than exposure) and acute severe toxicity (animal 
death). Upon systemic administration, T20K shows a clas-
sical biphasic pharmacokinetic profile, specified by initial 
rapid clearance from the blood and long terminal half-life 
at biologically irrelevant blood concentrations. No signifi-
cant differences between plasma and whole blood pharma-
cokinetics were detected and a pronounced and long-lasting 
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tissue distribution is observed in selected organs with main 
targets in kidney, spleen, liver and intestine. Interestingly, 
no detectable distribution in the brain or muscle was identi-
fied. An upcoming biodistribution study with oral adminis-
tration of T20K should clarify the observations of a clinical 
improvement of MS symptoms in the murine EAE model 
in the absence of detectable free concentrations of T20K 
in plasma. On a parallel track, we assess mutagenicity and/
or clastogenicity potential as well as neurological effects of 
T20K. An in vitro assessment of potential safety liabilities 
of T20K was done using a high-throughput screening of sev-
eral drug target panels, including ion channels, transporters, 
G protein-coupled receptors (GPCRs), nuclear receptors, 
kinases, and non-kinase enzymes. We determined binding 
(affinity) and activity (efficacy, potency) on these target pan-
els. It has been established that T20K binds to and modulates 
signaling of certain GPCRs, which is in line with previous 
observations (Fahradpour et al. 2017; Koehbach et al. 2013), 
with no association to potential toxicity. It will certainly be 
interesting to follow up on these studies to investigate pos-
sible target proteins of T20K.

Outlook

Despite intensive research, the detailed molecular mecha-
nisms of immunosuppressive cyclotides and T20K have not 
been fully elucidated, yet. Applying chemical pharmacol-
ogy strategies to reveal the mechanism of action or a target 
protein generated some promising results, but the interaction 
of 14–3–3 and T20K needs to be further studied. Also it is 
important to analyse any interactions of T20K with cellular 
transmembrane proteins by using target-affinity pull downs, 
and functional signalling assays to analyse ‘hits’ from the 
pharmacodynamics screen in more detail. From previous 
work, we designed and engineered immunosuppressive 
inactive cyclotide variants which differ from T20K by the 
replacement of only one amino acid. Comparing side-by-
side with T20K, these represent optimal tools to identify a 
defined target by using ‘omics’ technologies.

For optimal development of clinical trials, it will also be 
important to identify and characterise relevant biomarkers. 
These are markers—ideally being detected in blood sam-
ples—which could be considered as non-invasive early indi-
cators of molecular activity, potential clinical efficacy and/
or upcoming toxicity. For instance, from preclinical studies, 
we have identified a set of interesting candidate cytokines 
which expression becomes affected upon T20K administra-
tion, and we are currently investigating the modulation of 
their expression profile in more details.

To consider further development of an orally effective 
drug in the clinics, it is imperative to establish a full biodis-
tribution profile of T20K upon p.o. administration, in com-
parison with i.v. route of administration. Although this will 

not be required for currently planned phase I development 
with an i.v. formulation, eventually the company intends to 
develop an oral drug, and hence we are already committed 
to drive this development further, also working on suitable 
and enhanced oral formulations that will be needed for early 
stages of clinical development.

Finally, in the recent past, we have established together 
with a contract manufacturing organization (CMO) a 
rational method for large-scale synthesis of T20K. With 
specialized contract research organizations (CROs), we 
developed a sensitive bioanalytical method to detect T20K 
in plasma and in various tissues and finally optimized drug 
stability by development of several formulations of T20K. 
Currently, we are developing an optimized oral formulation 
to perform first pilot studies as well as a feasibility study is 
ongoing to increase the production process of T20K to have 
an economic strategy to fulfil its need for a successful and 
progressive path into the clinic.
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