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Cytokines control immune related events and are critically involved in a plethora of patho-physiological pro-
cesses including autoimmunity and cancer development. Mutations which cause ligand-independent, con-
stitutive activation of cytokine receptors are quite frequently found in diseases. Many constitutive-active cyto-
kine receptor variants have been directly connected to disease development and mechanistically analyzed.

Nature’s solutions to generate constitutive cytokine receptors has been recently adopted by synthetic cytokine
receptor biology, with the goal to optimize immune therapeutics. Here, CAR T cell inmmunotherapy represents
the first example to combine synthetic biology with genetic engineering during therapy. Hence, constitutive-
active cytokine receptors are therapeutic targets, but also emerging tools to improve or modulate im-
munotherapeutic strategies. This review gives a comprehensive insight into the field of naturally occurring and
synthetic constitutive-active cytokine receptors.

1. Introduction into cytokine receptor activation and signaling

Cytokines are important mediators of cell-cell communication and
act via specific cytokine receptors on the cell surface. They control
immune related events and are critically involved in a plethora of pa-
thophysiological processes including autoimmunity and cancer devel-
opment. In general, cytokines but also the closely related growth factors
signal via three different and tightly regulated types of transmembrane
receptors: receptor tyrosine kinases, receptors with associated kinases,
and G-protein coupled receptors. Abnormal activation of cytokine sig-
naling frequently results in development of cancer, chronic in-
flammatory disorders, and life-threatening diseases. Ligand-in-
dependent constitutive activation of cytokine receptors (gain-of-
function) leads to activation of intracellular signaling pathways e.g.
initiating changes in gene expression. Naturally occurring gain-of-
function mutants have been identified in patients for a variety of cy-
tokine receptors. In general, four principal mechanisms can induce
constitutive activation of cytokine receptors: gain-of-function muta-
tions, genomic amplification, chromosomal rearrangements, and auto-
crine activation [1]. Here, we focus on gain-of-function mutations in
cytokine receptors.

On the basis of common structural features, cytokines and cytokine
receptors are subdivided into seven major families (reviewed in [2])
(Fig. 1): Receptor tyrosine kinase family and corresponding cytokines
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such as epidermal growth factor (EGF), platelet derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), and insulin-like
growth factor (IGF) induce mainly the activation of the MAPK/ERK
pathway.Class I cytokine receptors (hematopoietin family) acti-
vated by cytokines such as Interleukin (IL)-2, IL-5, IL-6, IL-7, IL-12,
granulocyte macrophage-colony-stimulating factor (GM-CSF), granulo-
cyte colony-stimulating factor (G-CSF), growth hormone (GH), ery-
thropoietin (EPO), thrombopoietin (THPO), and class II cytokine re-
ceptors (interferon family) including cytokines such as Interferons
(IFNs) and IL-10 mainly induce the Janus kinase (JAK)/signal trans-
ducer and activator of transcription (STAT) signal transduction
pathway.Tumor necrosis factor (TNF) cytokine and receptor su-
perfamily including cytokines such as TNF, CD40, and Fas ligand
(FasL, CD95 L) signal via nuclear factor kB (NFxB) and/or Fas associated
protein with death domain (FADD)/Caspase cascades andimmunglo-
bulin (Ig)-type (IL-1-like) receptors (IL-1/Toll-like receptor fa-
mily), including cytokines such as IL-1, IL-18 and macrophage-colony-
stimulating factor (M-CSF), activate also the NFkB pathway. The IL-17
receptor (IL-17R) family contains five ubiquitously expressed re-
ceptors (IL-17RA-E). Engagement with the appropriate ligands IL-17A
to IL-17 F activates mitogen activated protein kinases (MAPKs), the
phosphoinositide 3 kinase (PI3K) pathway, and NFkB.Receptor serine/
threonine kinases (Transforming growth factor (TGF)-f3) family
and corresponding cytokines such as TGF-f3; to TGF-f5 signal via SMAD
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Fig. 1. Schematic representation of prototypical receptors from the seven cytokine receptor subfamilies. The presence (+) or absence (-) of naturally occurring and
synthetic constitutively-active receptors is indicated. Images were created with BioRender.

proteins.Chemokine receptors including cytokines such as IL-8,
rantes, and macrophage inflammatory protein (MIP)-1 signal via het-
erotrimeric G-proteins. Of note, naturally occurring constitutively ac-
tive cytokine receptors were not found for class II cytokine receptors
(interferon family), Ig-type receptors (IL-1/Toll-like receptor family),
and IL-17 receptors (Fig. 1).

In addition to naturally occurring constitutive cytokine receptors,
also synthetic constitutive-active receptors were developed by genetic
engineering for class I cytokine receptors, tyrosine kinase receptors,
serine/threonine receptor kinases and chemokine receptors (Fig. 2).
The identification and understanding of molecular principles of con-
stitutive-active cytokine receptors is an important part of basic and
clinical research to unravel disease development and might also be
refined for anti-tumor- or anti-inflammatory immune (-gene) therapies.

With the approval of the first anti-tumor chimeric antigen receptor
(CAR) T cell immuno-gene therapy which is based on synthetic receptor
biology, further developments are now thinkable. The CAR T cell im-
munotherapy was approved by the U.S. Food and Drug Administration
(FDA) in 2017 for refractory or relapsed B cell precursor acute lym-
phoblastic leukemia (ALL) and refractory or relapsed diffuse large B cell
lymphoma (DLBCL) (reviewed in [3]). CARs are composed of an ex-
tracellular single chain Fv (scFv) antibody fragment directed against the
tumor associated antigen, CD19 on tumorigenic B cells, followed by a
hinge region, the transmembrane domain and intracellular T cell
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receptor (TCR) activation domains, i.e. typically the co-receptor domain
from CD3 in a combination with one or two additional activation do-
mains from 4-1BB, CD27, CD28, ICOS or OX40 (reviewed in [4]). For
CAR therapy, the patient's peripheral blood mononuclear cells (PBMCs)
are collected and T cells are enriched, genetically modified by the ad-
dition of the CAR cDNA (retroviral transduction or electroporation),
expanded, and returned back to the patient. Once injected, CAR T cells
identify tumor cells via specific contacts between CAR and the selected
tumor antigen. After clustering of many CARs, the CAR T cell gets ac-
tivated and kills the tumor cell, eventually resulting in tumor remission.
Apart from groundbreaking success in this synthetic biology based
therapeutic approach, many challenges with respect to efficiency (re-
viewed in [5]) and side effects have to be overcome [6] for which
constitutive-active cytokine receptors might also be suitable.

In this review, we provide a comprehensive overview of naturally
occurring and synthetic constitutive-active cytokine receptors of the
seven major cytokine receptor families, including mechanism of action,
implications in disease development and therapeutic potential.

2. Constitutive activation of Tyrosine kinase receptors

Receptor tyrosine kinases (RTKs) are involved in cellular growth,
motility, differentiation and metabolism. All RTKs contain an extra-
cellular ligand-binding domain, a transmembrane domain (TMD) and

Fig. 2. Molecular principles of ligand-independent cytokine re-
ceptor activation. Positions of the mutations are shown schema-
tically. In most cases, the molecular changes of the receptors
triggered receptor dimerization and activation (see text for de-
tails). ECD, extracellular domain; TMD, transmembrane domain;
ICD, intracellular domain. Images were created with BioRender.
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Table 1
Naturally occurring and synthetic constitutively active receptor tyrosine ki-
nases.
Cytokine Mutation Receptor Human disease Ref.
receptor domain
EGFR Naturally occurring
R108K ECD (D1)
T263P ECD (D2) Glioma [252]
A289V ECD (D2)
R324L ECD (D2) Glioma [18]
E330K ECD (D2)
G598V ECD (D4) Glioma [252]
EGFRVIII ECD Glioblastoma rev. [17]
G719S ICD (TKD)  NSCLC [15]
V742A ICD (TKD)
A747-753insS ICD (TKD)
D761N ICD (TKD)
S7681 ICD (TKD)
R776C ICD (TKD)
S784F ICD (TKD)
T790M ICD (TKD)
G810S ICD (TKD)
N826S ICD (TKD)
1838V ICD (TKD)
L858R ICD (TKD)
L861Q ICD (TKD)
A864T ICD (TKD)
AELREA ICD (TKD) NSCLC [16]
ALREAT ICD (TKD)
ALRE ICD (TKD)
Synthetic
LZ-EGFR-GFP ECD [19]
CD3-EGFR ECD [20]
HER2 Naturally occurring
G309A ECD (D2) Colon and breast  [26]
S310F/Y ECD (D2) cancer
P95HER2 ECD Breast cancer rev. [22]
L7558 ICD (TKD)  Breast cancer [21]
D769Y/H ICD (TKD) Colon and breast  [26]
A771_Y772insYVMA ICD (TKD)  cancer
G776V ICD (TKD)  Breast cancer [253]
V777L ICD (TKD) Colon and breast  [26]
P780_Y781insGSP ICD (TKD)  cancer
V8421 ICD (TKD)
V862A ICD (TKD)
L869R ICD (TKD) Breast cancer [28]
HER2YVMA ICD (TKD)  Lung cancer [271
ALRENT ICD (TKD)  Breast cancer [16]
Synthetic
CD8-HER2 ECD [29]
HER3 Naturally occurring
Fo4L ECD (D1) Breast cancer [35]
V104M ECD (D1) Gastric and colon  [32]
A232V ECD (D2) cancer, NSCLC
P262H ECD (D2)
G284R ECD (D2)
D297Y ECD (D2) Breast cancer [35]
T3551 ECD (D3)
T389K ECD (D3) Gastric and colon [32]
V714M ICD (TKD)  cancer, NSCLC
Q809R ICD (TKD)
S8461 ICD (TKD)
V855A ICD (TKD) NSCLC [34]
E928G ICD (TKD)  Gastric and colon  [32]
cancer, NSCLC
E1261A ICD Breast cancer [35]
HER4 Naturally occurring
E317K ECD (D2) Metastatic [39]
E452K ECD (D3) melanoma
E542K ECD (D4)
R544W ECD (D4)
E563K ECD (D4)
E836K ICD (TKD)
E872K ICD (TKD)
G1109C ICD HNSCC [40]
VEGFR2 Naturally occurring
C482A ECD (D5) Hemangioma [46]
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Table 1 (continued)

Cytokine Mutation Receptor Human disease Ref.
receptor domain
D717V ECD (D7) Angiosarcoma [44]
A1065T ICD (TKD)
A1065T ICD (TKD)  Hodgkin [45]
lymphoma
Synthetic
AECD-VEGFR2 ECD [51]
AECD-TMD mutants ECD/TMD [50]
G770E/F777E TMD
VEGFR2-T771E/F778E  TMD
VEGFR3 Naturally occurring
ITD TMD/ICD AML [48]
™M)
D835H/N ICD (TKD)  Leukemia [49]
1836L + D ICD (TKD)
PDGFRa Naturally occurring
Y288C ICD (D3) Breast cancer, [61]
P345S ICD (D4) melanoma,
glioma
V536E TMD Glioblastoma [58]
V561D TMD/ICD  GIST [55]
(61%]
P577T TMD/ICD [61]
(1]
D842vV/Y ICD (TKD)  GIST [55]
PDGFRf Naturally occurring
A561C TMD/ICD M [66]
(@1%)]
V665A ICD (TKD) Premature aging [68]
syndrome,
Penttinen
N666H ICD (TKD) * [62]
ETV6-PDGFRp CMML [63]
Synthetic
V536A (murine) TMD/ICD [69]
V)
VVVEVVVins TMD [70]

Constitutive activity of listed variants was experimentally verified. *PDGFRf-
related syndromes. ECD, extracellular domain; D, domain; TMD, transmem-
brane domain, ICD, intracellular domain; JM, juxtamembrane; KD, kinase do-
main; TKD, tyrosine kinase domain; ITD, internal tandem duplication; NSCLC,
non-small-cell lung cancer; HNSCC, head-and-neck squamous cell carcinoma;
GIST, gastrointestinal stromal tumors; IM, infantile myofibromatosis; CMML,
chronic myelomonocytic leukemia.

an intracellular domain (ICD) comprising a juxtamembrane (JM) reg-
ulatory region, a tyrosine kinase domain (TKD) and a C-terminal tail.
The RTK family is divided into 20 subfamilies based on the molecular
characteristics of the receptor extracellular domain (ECD) and com-
prises 58 human RTKs (reviewed in [7] and [1]). The main RTK sig-
naling pathways involve the small GTPase Ras, which stimulates the
MAPK cascade culminating in activation of ERKs, c-Jun kinases and p38
MAPK resulting in phosphorylation of effectors and further gene reg-
ulatory proteins (reviewed in [8]). Protein kinases, including RTKs are
frequently mutated in cancer (https://cancer.sanger.ac.uk/cosmic) and
these mutated variants are putative therapeutic targets. As stated
above, four oncogenic activating mechanisms lead to constitutive RTK
activation. In addition, kinase domain duplications represent a unique
mechanism of this receptor family [1]. The following chapter focuses on
three RTK subfamilies with prominent examples for constitutive ac-
tivity: class I (EGFR family), class III (PDGFR family) and class IV
(VEGFR family) (Table 1). Of note, gain-of-function mutations were
also found for other RTKs, including KIT and FGFR which were not
covered in this review, but the general activating principles are com-
parable (reviewed in [1]) [9,10].

2.1. EGFR family

The erbB (avian erythroblastic leukemia virus oncogene homolog)
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or human EGF receptor (HER) tyrosine kinase family consists of four
members; EGFR (also known as ErbB-1/HER1), ErbB-2 (neu, HER2),
ErbB-3 (HER3), and ErbB-4 (HER4). Several malignancies are asso-
ciated with increased expression and/or activity of ErbB family mem-
bers including glioblastoma, head and neck, lung, breast, stomach,
pancreatic and colorectal cancer (reviewed in [11]). The development
of effective cancer therapies requires detailed mechanistic and struc-
tural studies of gain-of-function mutations because kinase inhibitors are
not effective against all constitutive-active receptor variants.

EGFR signaling is important for the regulation of various cellular
functions, such as proliferation, motility and differentiation.
Accordingly, upregulation of EGFR signaling is associated with cancer.
Mutations in EGFR have been identified in patients with non-small-cell
lung cancer (NSCLC) and glioblastoma (GBM) (reviewed in [12,13]). Of
note, most of the tumors develop resistance against tyrosine kinase
inhibitor due to EGFR secondary mutations or bypass signaling acti-
vation, so patients show no response to treatment after a while (re-
viewed in [14]). Mutations and short in-frame deletions (AELREA, also
referred to as AE746-A750, ALREAT, ALRE) within the EGFR kinase
domain of NSCLC patients have been characterized as activating mu-
tations [15,16]. However, sensitivity towards kinase inhibitors varies
significantly between different activating EGFR mutations [15]. A
specific EGFR mutant in glioblastoma patients (EGFRVIII) with an in-
frame deletion of 267 amino acids in the ECD of the receptor is unable
to bind the ligand but signals constitutively (reviewed in [17]). EGFR
WT might play a role in activation of EGFRVIII due to (a) receptor
hetero-dimerization and transphosphorylation of WT EGFR, (b) pro-
moting EGFRVIII dimerization, or (c) transphosphorylation of mutant
EGFR by ligand-activated WT EGFR (reviewed in [17]). Glioma specific
single point missense mutations (R324L, E330K) in the cysteine rich
region of ECD lead to EGFR autoactivation by cysteine disulfide bridge
receptor-cross-linking. Transgenic mice with constitutive EGFR activa-
tion exhibit enhanced tumorigenicity [18].

Kourouniotis and colleagues designed a synthetic EGFR by replacing
the complete extracellular domain by leucine zippers (LZ) and tagged
its C-terminus with GFP (LZ-EGFR-GFP), which resulted in constitutive
receptor activation, permanent cellular proliferation and enhanced
EGFR endocytosis [19]. To identify new therapeutics for targeting
EGFR activation and function, constitutively active chimeric EGFRs
have been generated. Here, the entire intracellular domain of EGFR was
fused to the N-terminus of the CD3¢{ component of the T cell receptor
signaling complex and stably inserted into murine brain endothelial
cells. This initiated the activation of programmed angiogenic responses
and constitutive proliferation in these cells, which were susceptible to
the small-molecule tyrosine kinase inhibitor PKI166 [20].

Oncogenic activation of HER2 is mediated by HER2 gene amplifi-
cation resulting in HER2 overexpression, or HER2 gene mutation
leading to gain-of-function mutants. Gene amplification of HER2 is
observed in 18-20% of human breast cancers (BCs) with HER2-L755S
as the most frequent mutation (24%) (reviewed in [21]). About 40% of
HER2-positive tumors express a constitutively active C-terminal frag-
ment of HER2 (p95Her2, 611-CTF) which ligand-independently forms
homodimers maintained by intermolecular disulfide bonds (reviewed in
[22])[23]. p9SHER2 fragments arise through two different mechan-
isms; shedding of the ECD of the full-length HER2 receptor or transla-
tion of HER2 mRNA from internal initiation codons (reviewed in [24]).
Recently, Ruiz and colleagues identified p9SHER2 as a bona fide tumor
specific antigen, because it is not expressed in normal tissue. Accord-
ingly, they developed a p95HER2 T cell bi-specific antibody (TCB) with
anti-tumor effects on p9SHER2-expressing breast primary cancers and
brain lesions. p9SHER2-TCB possess a special design which should
prevent T cell binding and activation in the absence of p95HER2
binding. The antibody consists of an asymmetric two-armed IgG1l with
three binding sites that binds monovalently to CD3e and bivalently to
P95HER?2 resulting in recruitment of T cells and subsequent tumor cell
lysis [23]. HER2 gene mutations have been detected in a range of
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human cancer types and those mutations located in the ECD, TMD or
tyrosine kinase domain (TKD) of HER2 are capable of activating HER2
signal transduction (reviewed in [25]). These functionally activating
HER2 mutations may drive and maintain cancers in a manner com-
parable to HER2 gene amplification. Chmielecki and colleagues ana-
lyzed a collection of ~7300 solid tumors and identified 403 tumors
from 27 different tissues with an alteration in HER2 gene. 131 samples
harbored a known HER2 mutation (including indels), which lead to
constitutive kinase activity and oncogenic cellular transformation
(G309A, S310F/Y, D769Y/H, V777L, V8421, T862A). In addition, ac-
tivating insertions have been identified similar to the previously char-
acterized mutations within the kinase domain (A771_Y772insYVMA
and P780_Y781insGSP) [26]. It was already demonstrated that HER2-
YVMA was potently auto-phosphorylated and induced trans-phos-
phorylation of kinase-dead EGFR and HER3 [27]. Short in-frame dele-
tions within HER2 kinase domain (ALRENT) have been identified at low
frequency in breast cancer patients. HER2-ALRENT is an activating
deletion through increased phosphorylation of its dimerization partner
[16]. HER2 mutant proteins are putative therapeutic targets because
they may confer sensitivity to HER2-directed drugs (reviewed in [25]).
Recently, Hanker and co-workers analyzed a breast cancer patient with
the activating HER2-L869R mutation and the T798I mutation of the
gatekeeper residue within the kinase ATP-binding pocket. Cells ex-
pressing HER2-L869R exhibited increased phosphorylation of AKT, ERK
and S6, which was blocked by neratinib (irreversible EGFR/HER2 tyr-
osine kinase inhibitor (TKI)), but not lapatinib (reversible HER2/EGFR
TKI). However, cells expressing HER2 mutants L869R and T798I
showed neratinib resistance. Structural modeling showed that the
T7981 mutation results in a steric clash with neratinib, which would
reduce drug binding affinity [28].

Synthetic constitutively active CD8-HER2 fusion proteins, consisting
of the extracellular sequence of the human T cell antigen CD8 a chain
and the cytoplasmic sequence of HER2 have been generated. These
synthetic receptors form disulfide-mediated homodimers due to inter-
molecular disulfide bonds within CD8, and have been used for the
generation of HER2-dependent tumors in mice which might be helpful
for the evaluation of cancer therapeutics [29].

HER3 is a unique member of the HER family because it was con-
sidered as kinase inactive receptor (pseudokinase receptor). However, a
weak kinase activity was recently reported (reviewed in [30]). HER3
forms heterodimers with other members of the family for signaling,
especially HER2. HER2/HER3 heterodimeric complexes are potent ac-
tivators of the PI3K/AKT pathway due to the HER3 C-terminal part with
tyrosine residues for binding of PI3K subunit p85 (reviewed in [30]).
Somatic mutations within the HER3 inactive pseudokinase domain
might activate the receptor which are rarely found in lung, breast, and
colon carcinomas [31]. In 2013, Jaiswal and colleagues identified
missense mutations in ~11% of patients with colon and gastric cancer,
including several hot spot mutations, which promoted oncogenic sig-
naling in the presence of kinase-active HER2 [32]. The structure of
strongly activating HER3 mutations (Q809R, E928G), located in the
pseudokinase domain, dimerized with EGFR was almost identical to the
structure of EGFR/HER3-WT. This indicated that the HER3 mutations
enhanced the allosteric activator function of HER3 by re-designing local
interactions at the dimerization interface [33]. An activating HER3-
V855A receptor (homologous to EGFR-L858R [15]) was identified in a
chemotherapy resistant NSCLC patient. In silico modeling predicts that
V855A alters the kinase domain and the C-terminus of HER3 [34].
Recently, HER3-T335I was described as activating mutation in estrogen
receptor positive (ER+) T47D cells and breast cancer cells lacking
HER2 overexpression, indicating that HER3 mutants are oncogenic
even in the absence of HER2 overexpression [35]. In addition, several
HER3 mutations (F94L, G284R, D297Y, E1261A) with gain-of-function
phenotype in HER2 overexpressing cells were found or confirmed re-
spectively. Patients containing HER2 and HER3 mutations have been
treated with neratinib, which inhibits the growth of HER2 mutant
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tumors but not HER3 mutant tumors (neratinib HER mutation basket
study, SUMMIT; clinicaltrials.gov identifier NCT01953926). This study
was used to simultaneously evaluate a range of individual HER2 and
HERS3 variants prior to biological characterization [36].

HER4 (ErbB4) is also unique among the ErbB family because it
undergoes proteolytic processing mediated by y-secretase after ligand
binding. The cleaved 80kDa intracellular domain (containing TKD)
translocates into the nucleus and regulates gene expression by mod-
ulating the activity of transcription factors (reviewed in [37]). The
majority of HER4 mutations are located in exons encoding the extra-
cellular domain of the receptor revealing a unique and substantially
different distribution pattern compared to EGFR and HER2 (reviewed in
[38]). Somatic HER4 mutations have been identified in melanoma pa-
tients and were described as activating mutations due to increased ki-
nase activity and transformation ability [39]. An activating mutation
within the C-terminal domain of HER4 (G1109C) was also identified in
a cancer cell line that was hypersensitive to HER inhibitors, including
the irreversible pan-HER inhibitor afatinib [40]. Downstream signaling
pathways from HER4 WT and mutant may be different as shown by
Telesco and co-workers. They hypothesized an enrichment of the PI3K/
AKT pathway in HER4 mutants which constitutes a cellular shift from
differentiation to proliferation [41].

2.2. VEGFR family

Vascular endothelial growth factor receptors (VEGFR1, 2 and 3 (Flt-
4)) regulate blood and lymphatic vessel development and homeostasis
(reviewed in [42]). VEGFA, B, C, D, and E bind either to one or more
types of homo- and heteromeric VEGFRs. Neuropilins (NRP-1 and NRP-
2) are co-receptors for VEGFRs which have no intrinsic catalytic activity
but enhance the affinity of VEGF to VEGFR and may have additional
supporting functions [43]. All VEGF receptors consist of seven Ig-
homology domains. VEGF binding to domain 2 and 3 results in receptor
dimerization and signal activation of the intrinsic cytoplasmic kinase
domain. VEGFR1 has no or only low intrinsic kinase activity and
therefore no constitutive-active variant has been described.

Two constitutive-active VEGFR2 variants that were experimentally
verified in COS-7 cells were found in patients with angiosarcomas (AS).
These mutations were located in the extracellular domain (D717V) and
in the kinase domain (A1065T) [44]. The constitutive kinase activity of
VEGFR2-A1065T was abrogated after exposure to kinase inhibitors
sunitinib and sorafenib [44]. VEGFR2-A1065T was later also found in
patients with Hodgkin lymphoma, which is a lymphoproliferative ma-
lignancy of B cells [45].

An unusual gain-of-function missense mutation in the VEGFR2
(C482A in Ig-domain 5), that lead to the downregulation of the in-
hibitory soluble variant of VEGFR1, was identified in juvenile he-
mangioma, which represents a benign tumor derived from blood vessels
or lymphatic vessels in newborns [46]. Interestingly, this mutation does
not result in “classical” ligand-independent tyrosine kinase receptor
activation, but instead force VEGFR2 in complexes with 1 integrin and
TEMS8 (ANTRX1, anthrax receptor 1). These complexes reduce 31 in-
tegrin-NFAT (nuclear factor of activated T cells)-signaling and expres-
sion of the NFAT-target gene VEGFR1 in endothelial cells. Thereby,
formation of VEGFR2/P1 integrin/TEM8 complexes induce down-
regulation of the decoy VEGFR1, which increases the activation of
VEGFR2 by VEGF [46].

Internal tandem in-frame duplications of the intracellular juxta-
membrane domain (JM) of the VEGFR3 gene (FLT3) were frequently
found in acute myeloid leukemia (AML) [47]. All mutants tested were
constitutively active due to ligand-independent homo-dimerization
[48]. Additionally, gain-of-function missense-mutations in the activa-
tion loop of the tyrosine kinase domain, most commonly at D835 were
also found in AML patients [49].

Synthetic constitutive-active VEGFR2 variants were obtained by
insertion of the polar amino acid residue glutamic acid in the
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transmembrane domain with (V769E > 1767E > L768E) or without
(T771E/L778E > G770E/F777E) deletion of the extracellular domain,
which conferred a strong dimerization tendency and result in ligand-
independent activation of signal transduction [50,51]. Deletion of the
extracellular domain was necessary for constitutive activation of the
receptor with only one amino acid exchange, given that in the absence
of the ligand the ECD acts as an energy barrier that prevents ligand-
independent VEGFR2 activation.

2.3. PDGFR family

Platelet derived growth factor receptor (PDGFRa and ) signaling
promotes cell proliferation, survival and migration, primarily of cells of
mesenchymal origin. All PDGF receptors consist of five Ig-homology
domains, a TMD, and an ICD with enzymatic kinase activity. PDGF
cytokines act as homo- or heterodimers (AA, AB, BB, CC, DD) and bind
either to one or more types of homo- and heteromeric PDGFRs (aa, of,
BpB) at Ig-like domains 2 and 3. Ligand-independent, constitutive-active
PDGFR variants contribute to various pathophysiological conditions,
e.g cancer development (reviewed in [52]).

Gastrointestinal stromal tumors (GIST) are mainly characterized by
the presence of activating mutations in either of the two receptor tyr-
osine kinases c-KIT or PDGFRa [53,54]. In contrast to wild-type
PDGFRa signal transduction, the activation of STAT factors (STATI,
STAT3, and STATS) is strongly favored by constitutively active human
PDGFRa variants with either juxtamembrane (V561D) or kinase do-
main (D842V or D842Y) mutations. As has been observed for other
cytokine receptor mutants described later, aberrant PDGFRa signaling
is also initiated in the endoplasmic reticulum [55]. The PDGFRa-V536E
transmembrane mutant was identified in two glioblastoma patients
[56,57] and stimulated ligand-independent Ba/F3 cell growth and
signaling via ERK and STAT5 [58]. The murine pro-B cell line Ba/F3 is
commonly used as a cytokine activity reporter, because their pro-
liferation is dependent on cytokine (e.g. IL-3) induced pSTAT5 phos-
phorylation (reviewed in [59]).

An interesting strategy to understand the in vivo role of constitutive-
active cytokine receptors was demonstrated for PDGFRa. Here, two
CRE-inducible mice strains were generated for the human PDGFRa
variants V561D and D842V. In general, constitutive PDGFRa signaling
led to connective tissue hyperplasia and increased extracellular matrix
deposition, resulting in fibrosis reminiscent of the human autoimmune
disease systemic sclerosis. Only few sarcomas developed in these mice,
suggesting that additional mutations in other genes are needed.
Interestingly, the phenotypes of the transgenic mice were similar but
differed in severity [60]. In principle, the use of constitutively active
cytokine receptors in transgenic mice is an elegant strategy to analyze
disease development in a defined genetic background and might be
therefore useful to test therapeutic regimens.

The Y288C mutation in PDGFRa is located in the ligand binding Ig-
like domain 3, which also leads to ligand-independent constitutive di-
merization and activation of signal transduction. Interestingly,
PDGFRa-Y288C was mainly localized and activated in the ER/Golgi
apparatus. Even though a disulfide bridge was formed between two
PDGFRa Y288C molecules, this disulfide bridge was not needed for
receptor activation, because PDGFRa-Y288H also induced receptor
homo-dimerization and ligand-independent signal transduction [61].

Activating mutations in the PDGFRp gene contribute to at least four
different phenotypes: (1) myeloproliferative disorder with eosinophilia,
(2) infantile myofibromatosis, (3) Kosaki overgrowth syndrome, and (4)
premature aging syndrome of the Penttinen type [62]. Whereas mye-
loproliferative disorder with eosinophilia is a result of a fusion of the
154 N-terminal amino acid residues of ETV6 (previously known as TEL
(translocation-Ets-leukemia virus)) to the transmembrane and in-
tracellular domains of PDGFRp, all other diseases are caused by het-
erozygous germ-line activating mutations in PDGFRp [62]. Ligand-in-
dependent activation of the ETV6-PDGFRf} hybrid receptor is caused by
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oligomerization mediated by the pointed (PNT, also called SAM or
helix-loop-helix) domain of ETV6 [63]. ETV6-PDGFRp is not a trans-
membrane protein and rather located in the cytoplasm. Interestingly,
deletion of the original transmembrane domain of PDGFR[ reduces
constitutive receptor activity [64]. Importantly, patients with ETV6-
PDGFRS translocations have been successfully treated with the tyrosine
kinase inhibitor imatinib [65]. Another successful treatment with im-
atinib was recently shown for a patient with the constitutive-active
PDGFRPB-N666H variant [62]. This N666H mutation is localized in the
kinase domain and was originally identified in patients with infantile
myofibromatosis [66,67] PDGFR(-V665A was also constitutively active
and found in patients with premature aging syndrome of the Penttinen
type [68].

Synthetic constitutive-active PDGFR[} variants were generated by
introduction of an amino acid exchange in the cytoplasmic juxtamem-
brane domain at position V536A of the murine receptor. This mutation
also activated a truncated PDGFRf3 mutant which was unable to bind
PDGF [69]. Alternatively, constitutive-active PDGFR variants were
generated by insertion of a simplified valine-dominated transmembrane
domain with the polar amino acid residue glutamic acid at specific
positions (VVVEVVYV), which conferred receptor dimerization and ac-
tivation of signal transduction [70].

In summary, gain-of-function mutations in RTKs have been identi-
fied in the ECD, TMD and ICD parts and mainly contribute to cancer
development. Mechanistically, most mutations in the ECD and TMD
result in ligand-independent receptor homo-dimerization, whereas
mutations in the ICD frequently result in constitutive-active kinase
domains, which is considered to be independent of receptor dimeriza-
tion.

3. Constitutive activation of class I and II cytokine receptors

Class I and class II receptors depend on associated tyrosine kinases
because they lack intrinsic kinase activity. Accordingly, JAKs play a
pivotal role in signal transduction of these cytokine receptors (reviewed
in [71]). They are type 1 membrane proteins with extracellular cyto-
kine-binding homology regions (CHR, also called cytokine-binding
homology domains (CBD) or cytokine binding module (CBM)) con-
sisting of two fibronectin type III (FNIII) domains. The differences be-
tween class I and class II cytokine receptors rely on structural differ-
ences within the CHR. Class I receptors contain two disulfide bridges
within the first FNIII domain and a highly conserved WSXWS motif in
the second FNIII domain. In contrast, class II cytokine receptors have
one cysteine pair in each FNIII domain of the CHR and no conserved
WSXWS motif (reviewed in [72]).

The largest group among the cytokine receptors are class I cytokine
receptors, also referred to as hematopoietin receptors (reviewed in
[73]1). Members of this family are sub-divided based on the shared re-
ceptor subunit (reviewed in [2,74]): glycoprotein (gp) 130 family
(receptors for IL-6, IL-11, IL-12, IL-23, IL-27, IL-31, IL-35, IL-39, car-
diotrophin-like cytokine (CLC), ciliary neurotrophic factor (CNTF),
leukemia inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin 1
(CT-1)), common y chain (yc) family (receptors for IL-2, IL-4, IL-7, IL-
9, IL-15 and IL-21) and common f chain (fc) family (receptors for IL-
3, IL-5 and GM-CSF). Some of the class I cytokine receptors did not
belong to these larger families and signal via receptor homo-dimeriza-
tion mediated by classical hormones (EPO, GH, prolactin (PRL), leptin,
THPO or G-CSF). Constitutive-active receptors were summarized in
Table 2.

On the other hand, class II cytokine receptors are mainly ex-
ecuting IFN signaling and IL-10 signal transduction, as well as signaling
of IL-10 related cytokines, e.g. IL-19, IL-20, IL-22, IL-24 and IL-26 for
which no constitutive-active receptors were described so far.
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Table 2
Naturally occurring and synthetic constitutively active class I cytokine re-
ceptors.

Cytokine Mutation Receptor Human disease  Ref.
receptor domain
gp130 Naturally occurring
K173_D177del ECD (D2) IHCA [78]
V184_Y186del, S187A ECD (D2)
V184 _S187delinsA ECD (D2) IHCA [79]
Y186_Y190del ECD (D2) IHCA [78]
$187_Y190del ECD (D2)
V189 _V192del ECD (D2) IHCA [79]
E195_V196del ECD (D2)
D215del ECD (D2)
P216H ECD (D2)
A418_F421del ECD (D4)
Synthetic
L-gp130 ECD [91]
IL-15-gp130 ECD [98]
A322-613, ECD [94]
SA614-616
Y757F (mice) ICD [89]
IL-23R Synthetic
IL-15-IL-23R (murine) ECD [112]
AG24-D353 ECD
AV319-D353 ECD
IL-7R Naturally occurring
S185C ECD (D5) Leukemia [119]
L234insPPCL TMD
PILLT240-244RFCPH TMD Leukemia [123]
1L241-242TC TMD Leukemia [121]
1241 > ITLYCKT TMD
L242 > DTRVYNSIC TMD
LL242-243 > SPCI TMD
1L242-1243insNPC TMD Leukemia [120]
GCinsL243 TMD Leukemia [121]
T244-1245insCPT TMD Leukemia [120]
V253 > GFSV TMD Leukemia [121]
SLILIVPCACELinsA254 TMD
V253insGEA TMD Leukemia [122]
V253insEKV TMD
V253G TMD
CRLF2 Naturally occurring
F232C ECD/TMD  Leukemia [125]
(62%]
V244insEIM TMD Leukemia [122]
Be Naturally occurring
R461C TMD/ICD Leukemia [130]
M)
Synthetic
L356P ECD (D4) rev. [131]
W358N ECD (D4)
1374N ECD (D4)
Q375P ECD (D4)
Y376N ECD (D4)
W383R ECD (D4)
L399P ECD (D4)
L445Q TMD
V449E TMD
A459D TMD
H544R ICD
FIA ECD
AQP ECD
AH ECD
GHR Naturally occurring
P495T** ICD Lung cancer [147]
Synthetic
Fos-GHR (porcine) ECD [148]
Jun-GHR (porcine) ECD
fos-GHRct ECD/TMD [150]
fos-GHRct-fos ECD/TMD
Jun-GHR ECD [149]
C substitutions (E260- ECD/TMD
1269)
THPOR Naturally occurring
P106L ECD HT [160]
(CRM-1)

(continued on next page)
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Table 2 (continued)

Cytokine Mutation Receptor Human disease  Ref.
receptor domain

T487A ECD Leukemia [161]

(CRM-2)
S505N TMD Thrombocytosis  rev. [152]
W515A/K/L/R/G/S TMD/ICD
M)

Synthetic

ACRM-1 ECD [154]

CRM-2/CRM-2 ECD

A5THPOR ICD [156]

Put3-THPOR ECD [164]
EPOR Naturally occurring

C338Y ICD PFCP [182]

T341M ICD

P380A ICD PFCP rev. [173]

P381Qfs*2 ICD

E399* ICD

S407* ICD PFCP [181]

S412Rfs*41 ICD PFCP rev. [173]

S412* ICD

S415Hfs*18 ICD

E417* ICD

G418Pfs*34 ICD

F424* ICD

E425* ICD

Y426* ICD

1428Yfs*17 ICD

L429Wfs*24 ICD

D430Gfs*15 ICD

D430Efs*26 ICD

Q434* ICD

Q434Cfs*17 ICD

Q434Pfs*11 ICD PFCP [180]

R437H ICD PECP rev. [173]

P438Mfs*6 ICD

W439* ICD

Y454* ICD PECP [179]

N487S ICD PFCP rev. [173]

P488S ICD

Synthetic

R129C ECD [184]
LepR Synthetic

Y985L (murine) ICD [190]
CSF3R Naturally occurring

W341C ECD (D4) Leukemia [198]

T618I ECD (D6) Leukemia [194]

T615A ECD (D6)  Leukemia [195]

T640N TMD Leukemia [197]

F792X ICD Leukemia [199]

Q741X ICD

D771fs ICD

L790X ICD

W791X ICD

Q793X ICD

E808X ICD

Q823X ICD

Isoform IV ICD Leukemia [200]

Synthetic

E524G/K ECD (D5) [201]

$581C ECD (D6)

T612A/1 ECD (D6)

Constitutive activity of listed variants was experimentally verified. **This
variant was not constitutively active, but showed significantly enhanced GH-
mediated signaling. ECD, extracellular domain; D, domain; TMD, transmem-
brane domain, ICD, intracellular domain; JM, juxtamembrane; IHCA, in-
flammatory hepatocellular adenoma; HT, hereditary thrombocythemia; PFCP,
primary familial congenital polycythemia; TRAPS, TNF receptor-associated
periodic syndrome; NSCLC, non-small-cell lung cancer.

3.1. Naturally occurring and synthetic constitutive-active
receptors of the Interleukin 6-family

Cytokines which signal via receptors of the gpl30 family are
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generally sub-classified into IL-6 and IL-12 family cytokines, respec-
tively, or even summarized as IL-6/IL-12 type cytokines [75]. Cytokines
of the IL-6 family signal via gp130 homodimers for IL-6 and IL-11 or
gp130 heterodimers with OSM receptor (OSMR), LIF receptor (LIFR)
and WSX1 for CNTF, OSM, LIF, CLC, CT-1 and IL-27. Finally, IL-31
signals via a heterodimer of IL-31 receptor A (IL-31RA) and OSMR
(reviewed in [76]).

Among many immune-related and unrelated functions, IL-6 sig-
naling is important for liver regeneration and acute phase response
(reviewed in [77]). Somatic mutations in the gp130 coding exons were
found in about 60% of inflammatory hepatocellular adenomas (IHCAs),
which are mainly located in the extracellular domain 2 of gp130
[78,79]. The extracellular part of gp130 consists of six domains (D1-
D6). The first N-terminal Ig-like domain (D1) is followed by the cyto-
kine-binding module (CBM, comprising D2 and D3) and three fi-
bronectin-like domains (D4-D6). Whereas D1 and CBM each contain
one cytokine binding site, D4-D6 are important for correct positioning
of the transmembrane and intracellular domains during receptor acti-
vation. Twenty distinct in-frame deletions, one-missense substitution,
and three in-frame insertion-deletions located in D2 of gp130 have been
identified in IHCA patients and resulted in ligand independent con-
stitutive activation of gp130 (reviewed in [80]). Domains D2 and D3
have a common [3-sandwich fold, which is mediated by a three-stranded
(A, B and E) and a four-stranded (C, C, F and G) B-sheet. The inter-
strand EF loop in D2 and the interstrand BC loop in D3 form the CBM
[81]. Substitution of one of the two critical amino acids N215 (E j3-
sheet) or C172 (C’ -sheet) both localized in D2 caused a disruption of
hydrophobic D2-D3 connectivity. This increased the flexibility of the EF
loop and destabilized the inactive state of gp130 resulting in ligand-
independent gpl30 activation [82]. One in-frame deletion (AA418-
F421) at the D4-D5 junction was also identified in an IHCA patient,
which might favor gp130 homo-dimerization, albeit this has not been
experimentally shown [79]. The most frequently occurring IHCAs-as-
sociated mutation was the in-frame gp130-deletion AY186-Y190 within
the EF loop of D2, which led to constitutive ligand-independent phos-
phorylation of STAT1 and STAT3 but failed to activate the MAPK sig-
naling pathway [78,82-84]. Furthermore, upregulation of the acute
phase response gene C-reactive protein (CRP) and the negative feed-
back inhibitor suppressor of cytokine signaling 3 (SOCS3) was a con-
sequence of constitutive receptor activation [78,79,84]. Although the
IHCA-associated gp130 mutant induced the feedback inhibitor SOCS3,
this was not sufficient to inhibit constitutive activation of STAT3 [79].
However, SOCS3 expression might explain the missing activation of the
MAPK pathway, because SOCS3 binds to the same phosphorylated
tyrosine residue Y759 in the intracellular domain of activated gp130
receptors as SHP2 which initiates the MAPK pathway. However, Rinis
et al. have presented an alternative explanation based on their finding
that SHP2, which is needed for activation of the MAPK/ERK pathway,
gets normally phosphorylated by gp130AY186-Y190, suggesting that
activation of the MAPK/ERK pathway is interrupted due to the limited
spatial availability of MAPK cascade compounds at intracellular mem-
branes [84]. Gp130AY186-Y190 is incompletely glycosylated, interacts
with the ER chaperone calnexin, and is mainly localized in the ER and
early endosomes. Consequently, signal transduction of gp130AY186-
Y190 is mainly initiated from intracellular compartments [84,85].

Constitutive activation of gp130 IHCA-mutants is associated with
spontaneous formation of gp130 homodimers which occur through
destabilization of the EF loop within D2 and disruption of D2-D3 hy-
drophobic interactions [79,82]. Ligand-independent activation of mu-
tant gpl130AY186-Y190 resulted from receptor homo-dimerization
which can be competed for by hetero-dimerization with wild-type
gp130 [78,79]. Surprisingly, hetero-dimerization of mutant gp130 and
OSMR resulted in activation of STAT3 [79]. In the intestine, an inter-
action between constitutively active gp130 mutants and the transcrip-
tional regulators Yes-associated protein (YAP) of the Hippo signaling
pathway and Notch was found, which control tissue growth and
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regeneration. The activation of these transcriptional regulators was not
induced by STAT3, but by the tyrosine kinases Src and Yes [86].

All of the IHCA-associated gpl130 mutants promote constitutive
activation of the JAK/STAT pathway, a favorite target for drug devel-
opment and cancer therapy (reviewed in [87]). Accordingly, blockade
of the JAK/STAT pathway is a main focus for development of novel
therapeutics. JAK inhibitors such as pyridone 6 (P6, pan-JAK inhibitor)
and ruxolitinib (JAK1 and JAK2 inhibitor) blocked constitutive acti-
vation of IHCA gp130 mutants, in contrast to the JAK2 inhibitor AG490
[79,82]. Curcumin, Src kinase inhibitors and the neutralizing gp130
antibody B-P4, which targets D4 of gp130 [88], are other potent in-
hibitors [79,83]. However, blocking signaling activity of mutant gp130
by B-P4 was not confirmed by Rinis et al. [84]. Sommer and co-workers
showed that the deletion of the D1 domain of gp130 IHCA mutant, but
not anti-gp130 D1 mAbs, abolished constitutive receptor activation.
This indicates that D1 might be involved in ligand-independent acti-
vation of IHCA-associated gp130 mutants [83]. Rinis and co-workers
could down-regulate ligand-independent STAT3 phosphorylation in the
context of IHCA-associated gp130 mutant using a dominant-negative
STAT3-Y705F mutant [84]. IL-6 induced STAT3 hyper-activation in
transgenic mice carrying a phenylalanine knock-in substitution of the
cytoplasmic Y757F [89]. This tyrosine provides the competitive
docking site for SOCS3 and SHP2, and substitution resulted in ex-
aggerated STAT1 and STATS3 activation due to impairment of negative
feedback inhibition by SOCS3 and impaired activation of the MAPK/
ERK pathway [90].

To mimic constitutive and ligand-independent activation of gp130,
synthetic gp130 variants were generated. The first successful synthetic
strategy was the replacement of the complete extracellular domain of
gp130 by the 39-amino acid residue long leucine zipper of the tran-
scription factor Jun (L-gp130) [91]. L-gp130 homodimers induced
permanent receptor dimerization resulting in STAT3 and MAPK/ERK
activation in Ba/F3 cells and maintenance of the undifferentiated state
of murine embryonic stem cells [91]. Importantly, proliferation of the
cytokine activity reporter Ba/F3 cell line is dependent on Hyper-IL-6
and STAT3 phosphorylation after introduction of the gp130 receptor
chain. Hyper IL-6 is a fusion protein of IL-6 and the soluble IL-6R
phenocopying IL-6 trans-signaling [92]. Expression of L-gp130 in un-
transformed telomerase-immortalized human fetal hepatocytes resulted
in higher ROS levels, more DNA double strand breaks, enhanced pro-
liferation, higher colony formation, and decreased expression of anti-
oxidant genes resulting in an impaired oxidative stress response [93].
Recently, Lamertz and co-workers reported that deletion of the three
FNIII domains D4-D6 plus shortening of the gp130 stalk region to a
minimum of three amino acids resulted in ligand independent, con-
stitutive gp130 receptor activation, which was inhibited by the pan-JAK
inhibitor P6 [94]. Importantly, constitutive-active gp130 homodimers
reproduce signaling of IL-6 and IL-11, since both cytokines signal via
gp130 homodimers. IL-6 and IL-11 have, however, largely non-over-
lapping functions in inflammation and regeneration, respectively (re-
viewed in [95]). Therefore, constitutive IL-6- or IL-11-selective activa-
tion of cells expressing wild-type gp130 was achieved by co-expression
of membrane-bound Hyper-IL-6 or Hyper-IL-11 variants resulting in
autocrine gp130 signaling [96]. In analogy to Hyper-IL-6 (HIL-6), HIL-
11 is a fusion protein of IL-11 to its soluble IL-11R [97].

To generate constitutive-active ligand-independent heterodimeric
receptor complexes of the IL-6/IL-12 cytokine family, the entire ex-
tracellular regions of gp130, LIF, OSMR, WSX1, IL-31RA, IL-12Rf31, and
IL-12RB2 were exchanged by the 148-amino acid sequence of IL-15
and/or by the 66-amino acid sequence of the sushi domain of the IL-
15Ra [98], (Floss et al. unpublished). The sushi domain of IL-15Ra
mainly contributes to the exceptionally high-affinity binding towards
IL-15 via ionic interactions [99]. The resulting heterodimeric gp130/
OSM, gp130/LIFR and gp130/WSX1 receptor complexes showed con-
stitutively ligand-independent signaling that was not blocked by soluble
IL-15Ra-sushi domain. Of note, free IL-15 is highly prone to aggregate
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[100]. Interestingly, only IL-15-gp130 but not IL-15-LIFR, IL-15-OSMR
or IL-15-WSX1 was able to form homomeric biologically active receptor
complexes that led to sustained activation of STAT3 and ERK1/2 and
was inhibited by IL-15Ra-sushi domain [98], suggesting that homo-
dimers of LIFR, OSMR and WSX1 are functionally inactive.

In conclusion, naturally occurring mutations in the extracellular
domain of gp130 resulted in constitutive-active gp130 mutant receptors
and contributed to the development of IHCA. Moreover, synthetic
gp130-type receptors were generated and provided a toolbox of con-
stitutive-active receptors.

3.2. Synthetic constitutive-active receptors of the Interleukin 12-
family

The IL-12 cytokine family consists of five members, IL-12, IL-23, IL-
27, IL-35 and IL-39 (reviewed in [101]) and is involved in a very broad
range of immune functions, including pro- and anti-inflammatory re-
sponses.

IL-12 type cytokines are soluble heterodimers containing the cyto-
kine a chains p19, p28 or p35 structurally similar to IL-6 and the cy-
tokine 3 chains p40 and Epstein-Barr virus induced gene 3 (EBI3),
which are structurally related to the sIL-6R. Receptor complexes of
these cytokines are also heterodimeric and consist of IL-12Rf1, IL-
12Rp2, IL-23R, WSX1, and gp130. IL-12 signals via IL-12RP1 and IL-
12Rf2, and IL-23 signals via IL-12RP1 and IL-23R, whereas IL-27 and
IL-35 shares some receptor subunits with the IL-6 family (gp130/WSX1
and gp130/IL-12RB2, gpl130/gp130/, IL-12RB2/IL-12RB2, WSX1/IL-
12RP2 respectively) (reviewed in [101,102]). The receptor combina-
tion for IL-39 (IL-23R/gp130) was postulated and experimentally vali-
dated [103,104]. Using IL-6/IL-12 cytokine receptor shuffling of extra-
and intracellular domains, Floss and colleagues also demonstrated the
functional homodimeric assembly of IL-12R(32 [104], which was de-
scribed as receptor complex for IL-35 [105].

The pro-inflammatory cytokine IL-23 regulates the development of
TH17 cells, which are important mediators of antimicrobial and anti-
fungal diseases. In addition, the balance between IL-12 and IL-23
shapes the development of antitumor or protumor immunity (reviewed
in [106]). Both cytokines initiate JAK/STAT signaling [107,108]. Based
on the structure of the IL-6:IL-6R:gp130 signaling complex models for
potential cytokine receptor complexes for IL-12 type cytokines were
predicted (reviewed in [109]) [105]. However, a non-canonical to-
pology of the IL-23:IL-23R:IL-12R1 complex was proposed based on
experimental validation [110]. Schroder and colleagues demonstrated
that the interaction of IL-23 to the IL-12Rp1 is independent of site II in
p19. Recently, it was shown that the low-affinity interaction between
IL-23 and IL-12Rp1 is exclusively mediated via p40 [111].

No naturally occurring constitutive-active receptors of the IL-12
cytokine family have been described to date. However, Hummel and co-
workers generated synthetic constitutive-active IL-23R variants by de-
letion of amino acids within the membrane-proximal stalk region of the
receptor [112]. In opposite to all other signal transducing receptors of
the IL-12 and closely related IL-6 family, the IL-23R lacks the three
fibronectin-like domains. Instead of that the cytokine-binding domains
(D1-D3) are connected with the transmembrane domain by a 37 amino
acid long flexible linker peptide (stalk region) [113]. Interestingly, this
composition is reminiscent of the non-signal transducing a-receptors IL-
6R, IL-11R, and CNTFR. Surprisingly, extensive deletion of the stalk
region (amino acid V319 to D353) and complete deletion of the ex-
tracellular domains (G24 to D353) both resulted in constitutive IL-23R
homo-dimerization and activation of signal transduction in transduced
Ba/F3 cells [112]. The synthetic receptor assembly system based on
multimerization of IL-15 was also used to generate constitutive-active
IL-23R. Like for gp130, constitutive-active murine IL-23R homodimers
were also generated by replacing the ECD of IL-23R by IL-15 and fused
to TMD and ICD of IL-23R [112]. Albeit, no mutations have yet been
identified that confer constitutive activation of IL-12-type cytokine
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receptors, strategies that have been developed and applied to generate
constitutive-active IL-6-type receptors were also valid for this receptor
family.

3.3. Synthetic and constitutive receptor activation of the common
y chain receptor family

The common gamma chain (yc) cytokine receptor is the shared re-
ceptor subunit for IL-2, IL-4, IL-7, IL-9, and IL-21, which all are referred
as yc cytokines (reviewed in [114]). The yc and the ligand-specific
subunits are mainly expressed in lymphocytes, but can be also found in
other hematopoietic cells (reviewed in [2]). IL-2 is the prototypical
member of the family and signals via the heterotrimeric IL-2R com-
posed of IL-2Ra, IL-2Rf3 and yc. IL-2Ra is not a member of the class I
cytokine receptor family and does not contain a cytoplasmic signaling
subunit, but is pertinent for high affinity binding of IL-2 to its receptor
(reviewed in [115]). Furthermore, IL-2Rp is also part of the hetero-
trimeric IL-15 receptor together with IL-15Ra and vyc. IL-15Ra has a
similar structure and function than IL-2Ra. IL-15 signaling is mediated
via trans-presentation by IL-15Ra (reviewed in [116]). IL-4 signals via
IL-4Ra in complex with yc or IL-13Ra (reviewed in [2]). IL-7, IL-9, and
IL-21 activate cells expressing heterodimeric receptors, IL-7R/yc, IL-
9R/yc, or IL-21R/yc, respectively. IL-7 signal transduction is important
for normal lymphoid development and excessive IL-7/IL-7R-mediated
signaling can drive acute lymphoid leukemia (ALL) of B and T cell
origin (reviewed in [117]). In addition, the IL-7 pathway is important
for the development and maintenance of the immune system. Maz-
zucchelli and co-workers summarized genetic variations in the IL-7R
gene which are implicated in several severe autoimmune disorders
(reviewed in [118]). Somatic gain-of-function mutations in the IL-7R,
which led to ligand-independent IL-7R homo-dimerization and activa-
tion, were identified in patients with ALL. Most IL-7R-activating mu-
tations coded for an additional cysteine in the transmembrane domain
leading to intermolecular disulfide bridges (reviewed in [117])
[119-121]. In addition, also other non-cysteine in-frame point muta-
tions and insertions within the transmembrane domain activate IL-7Ra
through ligand-independent receptor homo-dimerization [122]. Func-
tionally, constitutive-active IL-7R promotes induction and development
of leukemia [123]. Accordingly, targeting the IL-7R pathway in these
ALL patients is a promising therapeutic strategy. Recently, Senkevitch
et al. demonstrated that the combination of the JAK1/2 inhibitor rux-
olitinib and the BCL-2 inhibitor ventoclax was effective to treat ALL
patients with activating IL-7R mutations [124].

Moreover, thymic stromal lymphopoietin (TSLP) signals via IL-7Ra
and TSLPR (also known as CRLF2), which is a homologue of yc (re-
viewed in [115]). Activating cysteine insertions and non-cysteine in-
frame mutations in TSLPR were also identified in 5-10% B-lineage
acute lymphoblastic leukemia (B-ALL) patients [122,125]. Human
TSLPR-F232C, carrying an amino acid substitution in the extracellular
juxtamembrane region, promotes constitutive receptor dimerization
through intermolecular disulfide bridges [125] and signals via phos-
phorylation of Y368, the only intracellular tyrosine in TSLPR [126].
Functionally, TSLPR-F232C expressing PBMCs led to myeloprolifera-
tive-like syndrome in a bone marrow transplant mouse model [127].

Moreover, a synthetic IL-7R (T244-1245insCPT) was developed
based on the natural variant found in ALL patients, which forms
homodimers due to a cysteine in the transmembrane domain and con-
stitutively signals without the need for IL-7 stimulation or the yc re-
ceptor subunit [120]. Co-expression of the constitutively active semi-
synthetic IL-7R (C7R) with a tumor-directed CAR in T cells increased T
cell proliferation, survival, and anti-tumor activity and was effective
against metastatic neuroblastoma and orthotopic glioblastoma in xe-
nograft models [128].

Even though cytokines and cytokine receptors are critically involved
in T and B cell activation, proliferation and differentiation, con-
stitutively active cytokine receptors were only described for IL-7R and
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TSLPR, but not for yc, IL-2Rp, IL-4Ra, IL-13Ra, IL-9R, or IL-21R.

3.4. Constitutive receptor activation of the common f3 chain
receptor family

The common beta chain (Bc) is the shared subunit of the receptor
complexes for IL-3, IL-5 and GM-CSF. Bc bind these cytokines together
with the respective a receptors IL-3Ra, IL-5Ra, or GM-CSFRa (re-
viewed in [73]). All three cytokines are produced by activated T cells
and regulate survival, proliferation, differentiation, and activation of
hematopoietic cells. Dysregulation of Bc cytokine signaling is associated
with the development of several diseases including leukemia and in-
flammatory disorders like arthritis or asthma (reviewed in [129]). Bc
forms intertwined homodimers that were not observed in other cyto-
kine-receptor systems. For GM-CSF, the cytokine/receptor complex
displays a hexameric assembly with two cytokines binding to the
homodimeric ¢, accompanied by two a receptors on each side of the
Bc homodimer. Moreover, two hexamers were packed head-to-head,
creating a dodecamer. Most likely, IL-3 and IL-5 form comparable re-
ceptor compositions (reviewed in [129]).

In 2016, Watanabe-Smith and co-workers described the first het-
erozygous germline Bc mutation (fc-R461C) in a leukemia patient
which caused constitutive receptor activation and induced factor-in-
dependent growth of transduced Ba/F3 cells. Inhibition of JAK2 by
AZD1480 reduced STATS5 phosphorylation in 3c-R461C transduced Ba/
F3 cells [130]. R461C is most likely localized within the transmem-
brane domain, but it was not analyzed, if this mutation induced re-
ceptor cross-linking by an intermolecular disulfide bridge [130].

Many mutations in the fc which conferred constitutive receptor
activation have been identified by mutational screens (summarized by
[131]). All of these mutants have oncogenic potential because they
converted the murine factor-dependent hematopoietic cell line FDC-P1
to factor-independent growth. However, striking differences between
these Bc mutants have been demonstrated when analyzed in other he-
matopoietic cell lines (reviewed in [131]). Some mutations have been
further characterized in transgenic mice or primary murine hemato-
poietic cells. They disrupted hematopoiesis leading to myeloprolifera-
tive disorders or acute leukemia [132,133].

The synthetic activation of (3¢ occurs through sequence duplication
or amino acid substitutions in the membrane proximal domain 4
(CRD4) [134-136], truncations of the extracellular domains [137],
mutations within the transmembrane domain [135,136], the Box 2-JAK
binding motif in the cytoplasmic domain [136], or a small deletion in
the extracellular domain 3 (reviewed in [131]). Interestingly, certainly
not all fc mutants form constitutive-active homodimers. Constitutive
activation of human fc-1374 N was dependent on constitutive interac-
tion with GM-CSFRa [138]. Moreover, EPO receptor (EPOR) and most
likely also THPO receptor (THPOR) can functionally replace GM-CSFRa
and allow factor-independent proliferation and JAK2 activation of Ba/
F3 cells expressing Bc-I374 N and Bc-FIA [139]. The 37 amino-acid
duplication within CRD4 in f3c-FIA contains two duplicated conserved
motifs (WSEWS and RVRVR) and causes disruption of a preformed fBc
homodimer and therefore permit spontaneous ligand-independent
hetero-dimerization with an a receptor [140].

The cytokine-induced signaling of the (¢ chain receptor family re-
quire tricky hexameric and/or dodecameric cytokine-receptor com-
plexes. Constitutive-active receptors of this family were, however, only
described for Bc mutants and rely on fc homo-dimerization or hetero-
dimerization with GMCSF-R or the non-family members EPOR and
THPOR.

3.5. Constitutive and synthetic activation of GHR, THPOR, EPOR,
THPOR and LepR and CSF3R

EPO, THPO, GH, PRL, and leptin are classical cytokines/growth
factors that also signal via homodimeric class 1 cytokine receptors
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(reviewed in [2]).
Ghr

The GHR was the first cloned class 1 cytokine receptor. The extra-
cellular domain of GHR consists of two fibronectin III-like domains: (1)
aa 19-141 involved in GH binding and (2) aa 146-264 involved in
receptor dimerization and GH-induced receptor rotation (reviewed in
[141,142]). GH binding results in a conversion of parallel receptor
transmembrane domains into a rotated crossover orientation, which
induces separation of the lower part of the transmembrane helices and
of the two associated JAK2 kinases resulting in JAK activation (re-
viewed in [143]). Until now, many GHR mutations have been described
with reduced or loss-of-function of the mutant GHR, which are causing
dwarfism (reviewed in [142]). However, GHR deficiency, resulting in
insulin like growth factor (IGF)-1 deficiency, facilitates resistance to
cancer (reviewed in [144]). Consequently, individuals with prolonged
or constitutive activation of GHR should have a higher risk for cancer.
The study from Chhabra and colleagues highlights the first identified
lung cancer associated GHR-P495T mutant [145,146], which is not
constitutively active, but displays significantly enhanced GH-mediated
signaling [147]. Chhabra and colleagues demonstrated by co-im-
munoprecipitation studies that SOCS2 binding to the GHR-P495T mu-
tant was markedly impaired resulting in decreased receptor inter-
nalization and degradation. The authors speculate that phosphorylation
of T494 supports SOCS2 binding and the new threonine at position 495
(P495T) may also become phosphorylated or interfered with phos-
phorylation of T494 resulting in impaired SOCS2 binding after receptor
activation [147]. At the moment, reports about naturally occurring
GHR gain-of-function variants do not exist. Constitutively active syn-
thetic porcine GHR variants have been generated by leucine zipper
fusions where almost the entire GHR extracellular domain was replaced
by the leucine zipper from either c-Fos or c-Jun. This substitution in-
duces ligand-independent dimerization of the transmembrane and cy-
toplasmic domains resulting in ligand-independent STATS phosphor-
ylation and growth of Ba/F3 cells [148]. Insertion of 3 additional
alanine residues between the leucine zipper and the TMD increased
constitutive GHR signaling [149]. In addition, a synthetic cytosolic Fos-
zippered dimeric GHR variant (fos-GHRct) was generated. JAK2 inter-
action and activation of fos-GHRct was comparable to the wild-type
receptor on the cell membrane [150]. Interestingly, introduction of
cysteine residues in the extracellular juxtamembrane domain (JMD)
[149] but not within the GHR dimerization domain [151] resulted in
constitutively active GHR.

THPOR

Homodimeric THPOR mediated signaling is important for mega-
karyocyte differentiation and platelet production (reviewed in [152]).
The extracellular domain of THPOR is composed of two adjacent pairs
of fibronectin-III like domains which are connected via the hinge region
with two cytokine receptor modules (CRM-1, CRM-2) (reviewed in
[153]). Deletion of murine CRM-1 or substitution with CRM-2 dimin-
ished binding to THPO but induced factor-independent growth of
transduced Ba/F3 cells [154]. Accordingly, CRM-1 is essential for in-
teraction with THPO and likely plays a role in preventing signaling in
the absence of THPO (reviewed in [153]). V-mpl is an extracellular
truncated, constitutively active form of the murine THPOR found in the
murine myeloproliferative leukemia virus (MPLV). In detail, v-mpl is a
fusion oncoprotein of 100 aa derived from the friend murine leukemia
virus envelope protein and 184 aa of THPOR comprising the TMD and
cytosolic region of the receptor [155]. Furthermore, at the junction
between the TMD and ICD of THPOR is a unique, amphipathic motif
(human: RWQFP (aa 514-518), murine: KWQFP (aa 507-5011)). Syn-
thetic mutation (murine K507A, W508A) or deletion of this motif in-
duced ligand independent activation of murine or human THPOR
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[156]. Defour and colleagues suggested that the amphipathic motif
holds the TMD of THPOR in an inactive conformation in the absence of
THPO [157]. Mutations in THPOR were identified in patients with in-
creased platelet numbers, in disorders such as familial thrombocytosis
and myeloproliferative neoplasms (MPNs) and were recently reviewed
by [152,153]. Gain-of-function mutants were found in the TMD
(S505N) and the adjacent juxtamembrane cytoplasmic region (W515A/
K/L/R/G/S) of THPOR. S505N induced ligand-independent dimeriza-
tion and activation of this THPOR variant [158]. Both S505N and
W515K induced changes in the tilt angle of the human THPOR trans-
membrane helix resulting in receptor dimerization [157]. In addition,
extracellular H499 close to the N-terminus of the TMD protects the
human THPOR against activating mutations such as S505N [159]. Gain-
of function mutations have also been identified within the ECD of
THPOR. The P106L mutation that was identified in patients with her-
editary thrombocythemia (HT) confers cytokine-independent pro-
liferation of Ba/F3 cells [160]. However, THPOR-P106L mutants are
not localized on the cell membrane implicating that mutant receptor
dimerization also occurs within the ER/Golgi apparatus [160]. The
constitutive-active THPOR-T487A mutant was found in a patient with
acute megakaryoblastic leukemia (AMKL) [161]. THPOR-T487A in-
duced ligand-independent growth of Ba/F3 cells and constitutive acti-
vation of STAT5, ERK1/2, and AKT and induced myeloproliferative
disease after mouse bone marrow transplantation of THPOR-T487A
transduced bone marrow cells [161]. Functionally, substitution of T487
with valine, i.e. with a longer B-branched side-chain than alanine, did
not result in constitutive receptor activation, suggesting that the beta-
branched side chain structure of the amino acid at position 487 is im-
portant to keep the unliganded THPOR in an inactive state.

Calreticulin (CALR) is a chaperone located in the ER which is in-
volved in folding of glycosylated proteins including THPOR.
Interestingly, mutations in CALR have been identified in patients with
essential thrombocythemia (ET) and primary myelofibrosis (PMF).
These mutants obtained a novel C-terminal sequence due to a + 1-fra-
meshift resulting in stronger binding to the ECD of THPOR (reviewed in
[162]). Mechanistically, mutant CALR homo-multimerization caused
then the ligand-independent activation of THPOR [163].

Synthetic dimerization and ligand-independent activation of
THPOR was achieved by fusion of the coiled-coil dimerization domain
from the yeast transcription factor Put3 to the N-terminal residue of the
TMD of THPOR [164]. Staerk and colleagues obtained different or-
ientations of the two intracellular chains by variation of the length of
the junctions between coiled-coil and TMD of THPOR. Interestingly,
one dimer was inactive whereas the other six dimers induced cell
proliferation with different signaling outputs and biological effects
[164], which suggests that not only dimerization but also three-di-
mensional orientation of the receptor dimer is important for activation
of signal transduction. THPOR activation resulted in phosphorylation of
JAK2 and TYK2 [165] and JAK2 and TYK2 might be differentially in-
duced via rotated receptor orientations [164]. In 2014, Brooks and
colleagues hypothesized a scissor-like mechanical model for the acti-
vation of the GHR dimer [149]. In this model, JAK2 activation occurs
through alterations of the JM domain and TMD inducing ICDs splaying
and alignment of JAK2 kinase domains leading to transactivation
[166]. Matthews and co-workers demonstrated by a combination of
cysteine cross-linking, alanine-scanning mutagenesis, and computa-
tional simulations that the transmembrane domain of THPOR has a
strong intrinsic tendency to form homodimers in a native biological
membrane and THPOR dimerization and activation involves rotation of
the transmembrane domains [167]. Three stable rotationally related
conformations for the transmembrane domain of THPOR corresponding
to three specific states of the receptor were suggested, i.e. (i) preformed
inactive dimer, (ii) active dimer, and (iii) partially active dimer.
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EPOR

The binding of EPO to its receptor (EPOR) is important for pro-
liferation and survival of erythroid progenitors and terminal erythroid
differentiation. The extracellular region of EPOR consists of two do-
mains (membrane-distal D1 and membrane-proximal D2) which com-
prise the cytokine receptor homology domain with two binding sites for
EPO (reviewed in [168]). EPOR is present as an inactive dimer on the
cell surface. Constantinescu and colleagues proposed a model in which
TMD-induced dimerization maintained unliganded EPOR in an inactive
state. The receptor is switched into an active state after EPO binding
[169,170]. EPO binding results in the activation of JAK2 followed by
the phosphorylation of STAT5 (reviewed in [171]). However, protec-
tive functions in the nervous system and other non-hematopoietic tis-
sues are mediated by alternative EPO receptors, which might be het-
erodimeric EPOR/fc complexes, homodimeric or multimeric Ephrin B4
(EphB4) complexes, or homodimeric cytokine receptor-like factor 3
(CRLF3) complexes (reviewed in [168]).

Numerous gain-of-function mutations in EPOR were described in
patients with congenital erythrocytosis (reviewed in [172]). The ma-
jority lead to a cytoplasmic truncated receptor due to frameshifts (by
small deletions or insertions) or novel stop-codons (by nonsense mu-
tations) resulting in the loss the C-terminal negative regulatory domain
important for binding of the JAK/STAT inhibitory protein cytokine-
inducible SH2 protein-3 (CIS3/SOCS3/SSI3) [173,174]. These gain-of-
function mutations induced increased EPOR activity and are associated
with the development of primary familial congenital polycythemia
(PFCP) [173,175] which was supported by development of fetal poly-
cythemia in EPOR knock-in mice coding for a mutation resulting in a
truncation after the first tyrosine residue (Y401) of the ICD [176,177].
Additional C-truncation mutations have been identified in patients with
BCR-ABL1-like ALL [178], erythrocytosis (by 55 amino acid long de-
letion) [179], primary polycythemia (alternative ten-amino acid C-
terminal tail and a stop codon at position 444 resulting in the trunca-
tion of 64 aa of the wild-type receptor) [180], and PFCP (deletion by
102 amino acids) [181]. Moreover, Peroni and colleagues identified
two missense EPOR mutations (C338Y, T341M) in female adult
sporadic erythrocytotic patients. Both mutations are located in exon 8
encoding the C-terminal negative regulatory domain and replaced a
polar amino acid by an aromatic amino acid (C338Y) or a non-polar
amino acid (T341M) [182]. These point mutations also resulted in a
gain-of-function of EPOR signaling cascades of STAT5 and ERK [182].

Retroviral transduction of EPOR cDNA in IL-3 dependent Ba/F3
cells allows the cells to grow in the presence of EPO. However, spon-
taneous mutation of the EPOR cDNA during virus production resulted
in selection of cytokine-independent Ba/F3-EPOR-R129C cells. The
amino acid exchange in EPOR-R129C is located in the ECD of the re-
ceptor, which induced disulfide-linked dimeric receptors with con-
stitutive activity [183,184].

LepR

Leptin signaling plays a critical role in regulation of bone turn-over
as well as growth and body weight (reviewed in [185]). Six Leptin re-
ceptor (LepR) isoforms (LepRa-f) exists due to alternative splicing of the
lepr gene (reviewed in [186]). LepRb contains an extended intracellular
signaling domain with three tyrosine residues (human: Y986, Y1079,
Y1141; mouse: Y985, Y1077, Y1138) and plays a key role in leptin
signaling by stimulation of associated JAK2s and activation of STAT3,
STATS5, ERK, PI3K/Akt and MAPK (reviewed in [187]). The four shorter
isoforms (LepRa, LepRc, LepRd, LepRf) have very short cytoplasmic
tails of 30-40 amino acids and no intracellular motifs for activation of
the JAK-STAT-pathway (reviewed in [188]). The soluble LepRe isoform
is directly secreted in mice, but generated by ectodomain shedding in
humans, and modulates leptin availability (reviewed in [186]). Leptin
binding induces activation of LepR dimers resulting in phosphorylation
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of the three tyrosine residues located in the intracellular domain of
LepRb, which act as docking sites for PTPN11 and SOCS3, STAT5, and
STATS3 (reviewed in [185]). Many mutations in the human LepR gene
have been identified in patients with extreme-early-onset obesity but
based on current knowledge no mutation resulted in a gain-of-function
receptor (reviewed in [189]). A mild gain-of-function model for
studying leptin action represent the LL mice, carrying a homozygous
Y985L mutation in LepR, which abolishes phosphorylation and SOCS3
binding resulting in a leptin hypersensitive mouse [190]. This amino
acid substitution protects female mice from high-fat diet-induced obe-
sity. Recently, leptin hypersensitivity for LL mice was confirmed by
McCabe and co-workers by analyzing LepRb mutants with regard to
sex- and location-dependent bone response to leptin [191].

CSF3R

G-CSF (granulocyte colony-stimulating factor) plays important roles
in proliferation and differentiation of myeloid progenitors into neu-
trophils. Binding of two G-CSF to the CSF3 receptor (CSF3R) causes
receptor homo-dimerization (2:2 stoichiometry) and activation of sig-
naling pathways including JAK/STAT, PI3K/Akt and MAPK/ERK (re-
viewed in [192]) [193]. Activating mutations in CSF3R are found in the
extracellular domain, transmembrane proximal and intracellular do-
main and contribute to the development of myeloid disorders (reviewed
in [192]). The gain-of-function mutations T618I and T615A are located
in domain 6 of the ECD and have been identified in patients with
chronic neutrophilic leukemia (CNL) and atypical (BCR-ABL1-negative)
chronic myeloid leukemia (aCML) [194,195]. Activity of these CSF3R
mutants was suppressed by the JAK1/2 inhibitor ruxolitinib. These
membrane proximal mutations prevent the O-glycosylation of CSF3R
and increase the dimerization of the receptor resulting in ligand-in-
dependent signaling [196]. Interestingly, the CSF3R mutation (T640N)
within the TMD that was identified in patients with CNL or aCML also
led to constitutive receptor activation due to a decreased O-glycosyla-
tion pattern [197]. In contrast, mutation W341C within ECD 2 induces
receptor homo-dimerization via intermolecular disulfide bonds. Patient
cells and cells transformed with CSF3R-W341C were sensitive to JAK
inhibitors [198]. In addition, CSF3R truncation mutations, identified in
patients with myeloid disorders, lack a portion of the cytoplasmic part
of the receptor containing tyrosine residues, internalization or negative
regulatory motifs. These truncations induce CSF3R overexpression and
hypersensitivity to G-CSF [199]. CSF3R isoform IV is a naturally oc-
curring splice variant lacking negative regulatory elements in the ICD
which is expressed in AML patients and promotes leukemogenic prop-
erties [200]. Additional gain-of-function CSF3R mutations have been
identified using the Ba/F3 transformation model including cysteine-
and disulfide bond interchain dimerization at S581C, introduction of
polar, noncharged amino acids at the TMD at T640, increased inter-
nalization for E524 substitution that mimics a low G-CSF dose, and
introduction of hydrophobic amino acid residues in the ECD/TMD
juxtamembrane residues T612, T615, and T618 [201].

In summary, GH, EPO, THPO, leptin and G-CSF signal via homo-
dimeric receptor complexes and were intensively studied in vitro and in
vivo. In general, constitutive-active receptors of these cytokines con-
tribute to neoplastic diseases which may explain why so many different
mutations have been identified and functionally characterized.

4. Constitutive activation of TNF receptors

Tumor necrosis factor (TNF) and the TNF receptor superfamily
(TNFSF/TNFRSF) consists of 29 receptors and 19 ligands in humans
(reviewed in [202]). Interactions among these ligands and receptors
initiate signaling that controls survival, proliferation, differentiation,
and effector functions of immune and non-immune cells. Receptor ac-
tivation is dependent on trimerization [203]. The proinflammatory
properties of the family members mainly rely on the activation of NFkB
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pathways but also induce apoptosis and other forms of cell death (re-
viewed in [204]). Ligands of the TNF receptor superfamily are syn-
thesized in a trimeric membrane-bound form (type II transmembrane
proteins) and soluble forms are generated by proteolysis. The TNF re-
ceptors superfamily can be further classified into three groups based on
downstream interaction partners: death receptors with death domains
(DD), receptors with TRAF-interacting motif, and decoy receptors with
no intracellular interaction partners. The latter act as TNFSF ligand
inhibitors (reviewed in [202]). The shared ligand and receptor usage
within this superfamily establishes a tremendous communication net-
work among cell types and tissues which is important for regulation of
immunity and homeostasis (reviewed in [204]).

TNF receptor associated periodic syndrome (TRAPS) is an auto-
somal dominantly inherited systemic autoinflammatory disorder caused
by mutations in the type I trans-membrane protein TNF receptor su-
perfamily 1A gene (TNFRSF1A, TNFR1). At present 158 TNFRSFIA se-
quence variants have been associated with TRAPS (https://infevers.
umai-montpellier.fr). Several hypotheses have been proposed to explain
the molecular disease mechanisms, which include constitutively active
or hypersensitive TNFR1; among them are decreased levels of circu-
lating inhibitor soluble TNFR1, reduction in TNF-induced apoptosis,
intracellular oxidative stress due to misfolding of the receptor in the ER,
autophagy, microRNAs and polymorphisms in the promoter (reviewed
in [205]). Lobito and colleagues hypothesized that the TRAPS-asso-
ciated mutations which cause loss of a cysteine residue (C33 or C52)
lead to an unpaired cysteine in the ECD of TNFR1 or unfolding of
mutant TNFR1 creates free cysteines. These single unpaired cysteines
may lead to oligomerization of mutant receptors. In addition, TNFR1
mutant receptors were retained in the ER and induced abnormal ligand-
independent signaling [206]. The ligand-independent signaling hy-
pothesis was further demonstrated for the TNFR1-C33Y mutation in
inflammatory signaling pathways. Ngem and colleagues analyzed the
presence of inflammatory target proteins (e.g. pSTAT3, STAT3, p-p65,
p65, p-AKT, AKT) in SK-Hep-1 cells transfected with TNFR1-C33Y or
WT TNFR1 by Western blotting and reverse phase protein microarray
(RPPM), and observed increased expression of the tested markers. This
was confirmed by analyzing PBMCs from TRAPS patients carrying the
C33Y mutation. Ngem and colleagues provide a model for the in-
flammatory signaling pathways which are triggered patho-physiologi-
cally by constitutive activation of the misfolded TNFR1-C33Y mutant
[207]. In addition, three other TRAPS-inducing TNFR1 mutants (S59P,
R92Q, and T50M) were transiently transfected into HEK293 cells and
TNF-induced cytoplasmic accumulation and constitutive activation was
detected [208]. Greco and colleagues also analyzed TNFR1 and in-
flammasome downstream signaling pathways and confirmed con-
stitutive activation of NFkB for TNFR1-T50M, MAPK and JAK/STAT for
TNFR1-S59P, and JAK/STAT for TNFR1-R92Q. The results were con-
firmed by analyzing PBMCs from TRAPS patients with mutants TNFR1-
S59P and TNFR1-R92Q [208].

Despite the many members of the TNF receptor superfamily
(TNFSF/TNFRSF), to the best of our knowledge naturally occurring
constitutive-active receptors were only described for TNFR1 and no
other synthetic constitutively active receptor of the TNF superfamily
was described (Table 3). This may at least in part be due to the special
requirements of trimeric receptor activation.

5. Constitutive activation of serine/threonine kinase receptors

Members of the serine/threonine kinase receptor family are acti-
vated by TGF-f cytokines which are in most cases disulfide-linked di-
meric molecules, such as TGF-f isoforms (1-3), bone morphogenetic
proteins (BMPs), growth and differentiation factors (GDFs) and activins.
The cytokines are synthesized with large pro-domains which are re-
quired for proper folding and dimerization, and need to be cleaved off
to obtain the carboxy-terminal located active cytokine moiety (re-
viewed in [209]). Signaling occurs via heterotetrameric complexes of
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Table 3
Naturally occurring constitutively active TNF receptors.
Cytokine Mutation Receptor Human Ref.
receptor domain disease
TNFR1 Naturally
occurring
C33Y ECD (D1) TRAPS [207]
T50M ECD (D1) TRAPS [208]
S59P ECD (D2)
R92Q ECD (D2)

Constitutive activity of listed variants was experimentally verified. ECD, ex-
tracellular domain; D, domain; TRAPS, TNF receptor-associated periodic syn-
drome.

type I and type II dual specificity kinase receptors which activate the
Smad and MAPK pathways. Members of the TGF-B family bind to
characteristic receptor combinations. The receptors have small cy-
steine-rich ECDs, TMDs followed by intracellular juxtamembrane and
kinase domains. After ligand binding the constitutively active type II
receptor phosphorylates the type I receptor in the glycine serine-rich
(GS) domain upstream of the kinase domain (reviewed in [210]). In
addition, a third type III group of receptors exists, which does not ac-
tively participate in signal transduction but function to present ligands
to the signal-transducing receptors (reviewed in [2]). Signaling of TGF-
B members is important during embryonic development and for reg-
ulation of tissue homeostasis by regulation of cell proliferation, mi-
gration, and differentiation (reviewed in [210]).

Here, we focus on constitutive-active cytokine receptors for TGF-3,
albeit constitutive-active receptors were also described for other family
members, including activin receptor-like kinase 1A (ACVR1A-R206H)
[211], BMP receptor 2 (BMPR2-R899P) [212] and ACVR1B (ACVR1B-
T206E) [213] (Table 4). TGF-f signals through TGF-$ receptors I
(TGFBR1) and II (TGFBR2). In early stages of cancer development TGF-
B signaling is tumor suppressive, but becomes supportive in later stages
of tumor development (reviewed in [214]). A gain-of-function mutation
in the TGFBR2 serine/threonine kinase domain (R537P) was found in
human head and neck squamous carcinoma cells (HNSCC, A253) which
resulted in constitutive trans-activation of TGFBR1 [215]. Another
gain-of-function mutation of TGFBR2 was identified in a patient with
oral squamous cell carcinoma (TGFBR2-E221V/N238I). This double
mutation, located between TMD and kinase domain, promoted TGF-3/
Smad signaling due to delayed TGFBR2 internalization leading to a
more invasive phenotype of cancer cells [216]. Recently, the expression
of TGFBR1*6a, a receptor variant with a deletion of 3 alanine residues
in exon 1 resulting in a modified signal peptide with no changes in
receptor membrane insertion [217], was shown to activate p38 MAPK
and ERK1/2 MAPK pathways in the absence of exogenously added TGF-
B in human colorectal cancer SW48 cells [218]. The authors hypothe-
sized that this hypo-morphic variant of TGFBR1 possesses oncogenic
properties and may affect the migration and invasion of colorectal
cancer cells by an unknown mechanism.

Constitutive activation of TGF-f signaling pathways was achieved in
murine Mv1Lu cells, lacking TGFBR1 and TGFRB2, transfected with
cDNAs encoding only for the cytoplasmic domains of TGFRB1 and
TGFRB2 [219].

6. Constitutive activation of chemokine receptors

Chemoattractant cytokines, also named chemokines, act as drivers
for the recruitment of immune cells during inflammation, induce cel-
lular morphological changes, extravasation into inflamed tissue, and
chemotaxis (reviewed in [220]). Tumor types have altered chemokine
secretion eventually promoting growth, survival and metastasis of the
tumor cells (reviewed in [221]). The number and position of conserved
cysteines are hallmarks for the classification of chemokines into four
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Table 4
Naturally occurring and synthetic constitutively active serine/threonine receptor kinases.
Cytokine receptor Mutation Receptor domain Human disease Ref.
TGFBR1 Naturally occurring
*6A SP Colorectal cancer [218]
TGFBR2 Naturally occurring
E221V/N238I ICD 0OsCC [216]
R537P ICD (KD) Head and neck cancer [215]
ACVR1A Naturally occurring
R206H GSD FOP [211]
BMPR2 Naturally occurring
R899P ICD PPH [212]
ACVR1B Synthetic
T206E GSD [213]

Constitutive activity of listed variants was experimentally verified. D, domain; ICD, intracellular domain; KD, kinase domain; SP, signal peptide; GSD, glycine-serine
rich domain; OSCC, oral squamous cell carcinoma; FOP, fibrodysplasia ossificans progressive; PPH, primary pulmonary hypertension.

major groups; CXC, CC, C, and CX3C (reviewed in [222]). Biological
activity of chemokines is mediated by G-protein coupled chemokine
receptors (GPCR) or atypical chemokine receptors (ACKR). The latter
control the chemokine system by shaping chemokine distribution in
tissues by means of clearance and transport mechanisms (reviewed in
[223]). GPCRs have a characteristic 7-TMD structure with an extra-
cellular amino terminus, an intracellular carboxy terminus, three in-
terhelical loops to the extracellular space, and three interhelical loops
facing the cytoplasm. Receptor activation involves the rotation of
TMD3 and TMD6 and induces conformational changes of G-protein-
interacting cytoplasmic receptor loops resulting in uncovering pre-
viously masked G-protein-binding sites on the intracellular loops (re-
view in [224]). A key structural determinant for GPCRs is the highly
conserved DRYLAIV motif at the end of TMD3, which is only poorly
conserved in ACKRs (reviewed in [225]). GPCRs signal through cano-
nical G-protein pathways or non-canonical GPCR pathways such as -
arrestin (reviewed in [226]). Under specific conditions chemokine re-
ceptors may adopt different G-protein or B-arrestin signaling properties
and function as biased receptors [227,228]. Structural and biochemical
data exist that chemokine receptors act as homo- and heterodimers
(reviewed in [229]). Vertebrate chemokine receptors are classified into
four subgroups according to the bound chemokine; CXCR1 to CXCR6
(CXC chemokine receptors), CCR1 to CCR10 (CC chemokine receptors),
and CX3CR and XCRI1. In addition, seven ACKR, which are highly
homologous to typical chemokine receptors, have been identified (re-
viewed in [225]).

Dysfunction of the chemokine receptor system results in various
diseases including tumorigenesis and cancer metastasis. Deregulation
can occur when constitutively active mutant (CAM) chemokine re-
ceptors (Table 5) are locked in the “on” position [230]. In 1984, Cer-
ione et al. first described the existence of a constitutively active GPCR
[231]. Since then numerous constitutively active GPCR variants were
identified which contribute to human disease development (reviewed in
[232]). In general, many constitutively active GPCRs have mutations in
the bent region at the cytoplasmic end of TMDG6, indicating that this
region is important for G-protein coupling and receptor activation
[233]. Interestingly, naturally occurring constitutively active chemo-
kine GPCR variants were only described for CCR5 and virally encoded
chemokine GPCRs. However, a couple of synthetic chemokine CAMs
were developed.

The first constitutively active CXCR1 receptor was generated by site
directed mutagenesis of V247 within TMD6 [234]. Additional synthetic
CAMs of CXCR1 (V6.40A = V247A), V6.40N = V247N)), CXCR2
(D3.49V = D138V), CXCR3 (N3.35A = N134A, N3.35S = N134S,
T2.56P = T105P) and CXCR4 (N3.35A = N119A, N3.35S = N119S)
have been described in the absence of ligands and reviewed by [224].
The appropriate single point mutations change the conformational
stage of the receptor and mimic the active state of the wild-type re-
ceptor. Additionally, amino acid residues in TMD3 (S132, D134) and
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Table 5
Naturally occurring and synthetic constitutively active chemokine receptors.
Cytokine Mutation Receptor Human Ref.
receptor domain disease
CXCR1 Synthetic
M241V TMD6 [233]
V247A/N TMD6 rev. [224]
F251A/H/Y TMD6 [233]
CXCR2 Synthetic
D138V ICL2 rev. [224]
CXCR3 Synthetic
T108P TMD2 rev. [224]
N134A/S TMD3
CXCR4 Synthetic
N199S/A TMD3 rev. [224]
CCR2 Synthetic
T94K TMD2 [244]
CCR5 Naturally
occurring
R225Q ICL3 HIV [241]
Synthetic
T82K/R/H/Y/P TMD2 [244]
G286F TMD7 [245]

Constitutive activity of listed variants was experimentally verified. TMD,
transmembrane domain, ICL, intracellular loop; HIV, human immunodeficiency
virus.

TMD6 (M241, F251), which might be important for G-protein coupling
were mutated in CXCR1. Mutations M241V and F251H induced modest
constitutive activation of CXCR1 by coupling to G5 and Gg; proteins
[233]. CXCR4 is a multi-facetted receptor which tightly mirrors its li-
gands CXCL12 functions in homeostasis and disease, and acts as a co-
receptor for HIV entry (reviewed in [235]). In 2002, Zhang et al. de-
scribed the first constitutively active variant of CXCR4 (N119S, N119A)
derived by random mutagenesis [236]. CXCR4 CAMs are versatile tools
for the high-throughput screening of antagonists which might be useful
to block CXCR4 function and are new therapeutics for myeloid malig-
nancies, other tumors, and HIV-1 infection (reviewed in [224]). Fur-
thermore, CXCR4 CAMs are promising candidates to improve hemato-
poietic stem/progenitor cells (HSPCs) to home and engraft in bone
marrow [237]. The wild-type CCR5 receptor is partially constitutively
active, which may result from the absence of a “classical ionic lock”
mediated by the cytosolic ends of TMD3 and TMD6. In many GPCRs,
the basic side chain of R of the highly conserved (D/E)RY motif in
TMD3 forms ionic interactions with the acidic side chain of the adjacent
D/E and an D/E residue at the cytoplasmic end of TMD6. This inter-
action maintains the inactive receptor formation (reviewed in [238]).
However, CCR5 has a basic R residue at the cytosolic end of TMD3, and
mutation resulted in decreased constitutive signaling indicating that
CCRS5 does not form a classical ionic lock [239]. In addition, mutation
L203F in TMDS5 controls the level of basal activity in CCR5 [240].
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Naturally occurring mutations in CCR5 with different interactions with
chemokines and HIV envelope protein have been identified in South
African populations [241]. CCR5 is considered the most important co-
receptor during the initial transmission and early stages of HIV (re-
viewed in [238]). Only the CCR5-R225Q mutant, derived from a HIV
patient and located in the third cytoplasmic loop of the receptor,
showed partial ligand-independent intracellular signaling [241]. Con-
stitutive-active CCR5 mutants act different in HIV envelope-directed
membrane fusion [242]. Ligand-independent activation of CCR5 and
CCR2 was induced by mutation of T82 in the highly conserved TXP
motif in TMD2 [243,244]. Insertion of the steric hindrance mutation
G286F in the center of TMD7 resulted in elimination of B-arrestin re-
cruitment but constitutively active G.; mediated signaling. This muta-
tion changes the orientation of W248 in TM6 away from TMD7 re-
sulting in a biased CCR5 conformation [245].

Several naturally occurring viral chemokine receptors are con-
stitutively active and signal ligand-independent by coupling to G-pro-
teins. Six chemokine receptor homologs were identified in human
herpesvirus genomes and in some cases ligand-independent constitutive
signaling was demonstrated (reviewed in [246]). The Kaposi’s sarcoma-
associated herpesvirus (KSHV, also known as HHV-8) encodes a GPCR
receptor, ORF74 (also known as KSHV vGPCR), which is a con-
stitutively active viral homolog for CXCR2 and contributed to cancer
development after KSHV infection. KSHV vGPCRs possess amino acid
substitutions at positions which might be involved in stabilization of the
inactive state and in agonist-induced conformational changes from the
inactive to the active state (reviewed in [247]). The activity of KSHV
VGPCR can be modulated by endogenous cytokines (reviewed in [220]).
The Epstein-Barr virus (EBV, also known as HHV-4) encodes the GPCR
BILF1 which constitutively signals by activating NFkB and cAMP re-
sponse element-binding protein (CREB). BILF1 forms heterodimeric
complexes with human CXCR4 and impairs binding of CXCL12 to
CXCR4 in a ligand-independent (constitutive) manner [248]. The
HCMV encodes four viral GPCRs (US28, UL33, US27 and UL78). US28
is a constitutive-active homolog of the chemokine receptors CCR1,
CCR2 and CX3CR1, engages a variety of ligands and thereby perma-
nently activates PLCB and NFkB (reviewed in [246]). Recently, nano-
bodies directed against the extracellular domain of US28 have been
developed, which reduced the constitutive signaling and impaired
HCMV/US28-mediated tumor growth [249]. Boeck et al. demonstrated
for the first time that also US27 is a constitutively active receptor that
signals through Gg,, PI3K, and NRF-1 to activate transcription of ARE-
regulated genes during HCMV infection [250]. US27, UL33 and UL78
are orphan receptors with up to date no known chemokine ligands.
UL33 activates multiple signaling pathways in a ligand-independent
manner and the C-terminal cytoplasmic tail of UL33 is responsible for
the activation of G;-proteins [251]. Constitutive activity for UL78 was
not described so far [246].

The chemokine receptors are a smaller group within the huge family
of GPCRs. Albeit many chemokines are known, only a comparably low
number of constitutively active GPCRs have been identified to date.

7. Conclusion and future prospects

This review has summarized current knowledge about constitutively
active cytokine receptors. Naturally occurring constitutive-active cyto-
kine receptors were mainly identified in patients due to direct con-
tribution to disease development. Therefore, the understanding of the
molecular principles of constitutive receptor activation is an important
prerequisite to develop effective therapies. Importantly, most ther-
apeutics also act on the wild-type receptors, e.g by targeting the kinase
domain and are therefore not specific for the constitutive-active cyto-
kine receptor. Interestingly, for some constitutive-active receptors, re-
ceptor activation from intracellular compartments was described. It is
tempting to speculate that more constitutive-active receptors than these
rare examples signal from intracellular compartments. This is an
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important aspect, because intracellular signaling is most likely less ef-
ficiently inhibited by antibodies and variants thereof, such as Fab-
fragments, scFvs, or nanobodies. Intracellular signaling is only inhibited
by small molecules that are able to cross the plasma membrane and in
most cases are directed against the intracellular kinase domains. It will
be interesting to see, if intracellular signaling holds true for more
constitutively active cytokine receptors and if location of signaling is a
reason for differences seen between wild-type receptor signaling and
constitutively active cytokine receptors. On the other hand, also wild-
type receptor signaling is not exclusively executed at the plasma
membrane and not automatically terminated by receptor-endocytosis.

Apart from naturally occurring constitutively active cytokine re-
ceptors, synthetic biology approaches resulted in constitutive-active
cytokine receptors by a variety of approaches. Some of these synthetic
cytokine receptors might also be useful as therapeutics, e.g. in combi-
nation with chimeric antigen receptors, to improve CAR T cell therapy.
Whether constitutive-active cytokine receptors are a valid approach in
therapy remains to be seen because the inability to control receptor
function is critical.

In conclusion, constitutive cytokine receptor activation has revealed
that just a fine line exists between desirable and uncontrollable cyto-
kine/cytokine receptor activity. Only a single cytokine receptor muta-
tion has the power to release the brakes of cytokine receptor signaling
and decide between health and disease.
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