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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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Cytokine Signaling in Immune system ↗

Stable identifier: R-HSA-1280215
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Cytokines are small proteins that regulate and mediate immunity, inflammation, and hematopoiesis. They are 
secreted in response to immune stimuli, and usually act briefly, locally, at very low concentrations. Cytokines bind to 
specific membrane receptors, which then signal the cell via second messengers, to regulate cellular activity.

Literature references

Feldmann, M., Oppenheim, J. (2002). Cytokines and the immune system, Cytokine Reference. Elsevier Science.

Wiser, J., Scheuermann, R. (n.d.). IMMPORT:Bioinformatics for the future of immunology. Retrieved from 
https://www.immport.org/immportWeb/queryref/geneListSummary.do
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Interferon Signaling ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-913531
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Interferons (IFNs) are cytokines that play a central role in initiating immune responses, especially antiviral and 
antitumor effects. There are three types of IFNs:Type I (IFN-alpha, -beta and others, such as omega, epsilon, and 
kappa), Type II (IFN-gamma) and Type III (IFN-lamda). In this module we are mainly focusing on type I IFNs alpha 
and beta and type II IFN-gamma. Both type I and type II IFNs exert their actions through cognate receptor 
complexes, IFNAR and IFNGR respectively, present on cell surface membranes. Type I IFNs are broadly expressed 
heterodimeric receptors composed of the IFNAR1 and IFNAR2 subunits, while the type II IFN receptor consists of 
IFNGR1 and IFNGR2. Type III interferon lambda has three members: lamda1 (IL-29), lambda2 (IL-28A), and 
lambda3 (IL-28B) respectively. IFN-lambda signaling is initiated through unique heterodimeric receptor composed 
of IFN-LR1/IF-28Ralpha and IL10R2 chains.  
Type I IFNs typically recruit JAK1 and TYK2 proteins to transduce their signals to STAT1 and 2; in combination 
with IRF9 (IFN-regulatory factor 9), these proteins form the heterotrimeric complex ISGF3. In nucleus ISGF3 binds 
to IFN-stimulated response elements (ISRE) to promote gene induction.  
Type II IFNs in turn rely upon the activation of JAKs 1 and 2 and STAT1. Once activated, STAT1 dimerizes to form 
the transcriptional regulator GAF (IFNG activated factor) and this binds to the IFNG activated sequence (GAS) 
elements and initiate the transcription of IFNG-responsive genes.  
Like type I IFNs, IFN-lambda recruits TYK2 and JAK1 kinases and then promote the phosphorylation of STAT1/2, 
and induce the ISRE3 complex formation.

Literature references

Schroder, K., Ravasi, T., Hume, DA., Hertzog, PJ. (2004). Interferon-gamma: an overview of signals, mechanisms and 
functions. J Leukoc Biol, 75, 163-89. ↗

Platanias, LC. (2005). Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat Rev Immunol, 5, 375-86. 
↗

Gough, DJ., Levy, DE., Clarke, CJ., Johnstone, RW. (2008). IFNgamma signaling-does it mean JAK-STAT?. Cytokine 
Growth Factor Rev, 19, 383-94. ↗

Ferreira, PC., Bonjardim, CA., Kroon, EG. (2009). Interferons: signaling, antiviral and viral evasion. Immunol Lett, 
122, 1-11. ↗

Platanias, LC., Uddin, S. (2004). Mechanisms of type-I interferon signal transduction. J Biochem Mol Biol, 37, 635-41. 
↗
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Signaling by Interleukins ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-449147

Compartments: plasma membrane
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Interleukins are low molecular weight proteins that bind to cell surface receptors and act in an autocrine and/or 
paracrine fashion. They were first identified as factors produced by leukocytes but are now known to be produced by 
many other cells throughout the body. They have pleiotropic effects on cells which bind them, impacting processes 
such as tissue growth and repair, hematopoietic homeostasis, and multiple levels of the host defense against 
pathogens where they are an essential part of the immune system.

Literature references

Dinarello, CA. (2009). Immunological and inflammatory functions of the interleukin-1 family. Annu Rev Immunol, 27, 
519-50. ↗
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Growth hormone receptor signaling ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-982772

Compartments: cytosol, extracellular region, plasma membrane

Growth hormone (Somatotropin or GH) is a key factor in determining lean body mass, stimulating the growth and 
metabolism of muscle, bone and cartilage cells, while reducing body fat. It has many other roles; it acts to regulate 
cell growth, differentiation, apoptosis, and reorganisation of the cytoskeleton, affecting diverse processes such as 
cardiac function, immune function, brain function, and aging. GH also has insulin-like effects such as stimulating 
amino acid transport, protein synthesis, glucose transport, and lipogenesis. The growth hormone receptor (GHR) is a 
a member of the cytokine receptor family. When the dimeric receptor binds GH it undergoes a conformational 
change which leads to phosphorylation of key tyrosine residues in its cytoplasmic domains and activation of 
associated tyrosine kinase JAK2. This leads to recruitment of signaling molecules such as STAT5 and Src family 
kinases such as Lyn leading to ERK activation. The signal is attenuated by association of Suppressor of Cytokine 
Signaling (SOCS) proteins and SHP phosphatases which bind to or dephosphorylate specific phosphorylated 
tyrosines on GHR/JAK. The availability of GHR on the cell surface is regulated by at least two processes; 
internalization and cleavage from the suface by metalloproteases.

Literature references

Maher, SL., d'Aniello, EM., Noakes, PG., Brown, R., Teasdale, RD., Waters, MJ. et al. (2005). In vivo analysis of 
growth hormone receptor signaling domains and their associated transcripts. Mol Cell Biol, 25, 66-77. ↗
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Nat Rev Endocrinol, 6, 515-25. ↗
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Prolactin receptor signaling ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-1170546

Prolactin (PRL) is a hormone secreted mainly by the anterior pituitary gland. It was originally identified by its ability 
to stimulate the development of the mammary gland and lactation, but is now known to have numerous and varied 
functions (Bole-Feysot et al. 1998). Despite this, few pathologies have been associated with abnormalities in 
prolactin receptor (PRLR) signaling, though roles in various forms of cancer and certain autoimmune disorders have 
been suggested (Goffin et al. 2002). A vast body of literature suggests effects of PRL in immune cells (Matera 1996) 
but PRLR KO mice have unaltered immune system development and function (Bouchard et al. 1999). In addition to 
the pituitary, numerous other tissues produce PRL, including the decidua and myometrium, certain cells of the 
immune system, brain, skin and exocrine glands such as the mammary, sweat and lacrimal glands (Ben-Jonathan et 
al. 1996). Pituitary PRL secretion is negatively regulated by inhibitory factors originating from the hypothalamus, 
the most important of which is dopamine, acting through the D2 subclass of dopamine receptors present in 
lactotrophs (Freeman et al. 2000). PRL-binding sites or receptors have been identified in numerous cells and tissues 
of adult mammals. Various forms of PRLR, generated by alternative splicing, have been reported in several species 
including humans (Kelly et al. 1991, Clevenger et al. 2003). 
 
PRLR is a member of the cytokine receptor superfamily. Like many other members of this family, the first step in 
receptor activation was generally believed to be ligand-induced dimerization whereby one molecule of PRL bound to 
two molecules of receptor (Elkins et al. 2000). Recent reports suggest that PRLR pre-assembles at the plasma 
membrane in the absence of ligand (Gadd & Clevenger 2006, Tallet et al. 2011), suggesting that ligand-induced 
activation involves conformational changes in preformed PRLR dimers (Broutin et al. 2010).  
 
PRLR has no intrinsic kinase activity but associates (Lebrun et al. 1994, 1995) with Janus kinase 2 (JAK2) which is 
activated following receptor activation (Campbell et al. 1994, Rui et al. 1994, Carter-Su et al. 2000, Barua et al. 
2009). JAK2-dependent activation of JAK1 has also been reported (Neilson et al. 2007). It is generally accepted that 
activation of JAK2 occurs by transphosphorylation upon ligand-induced receptor activation, based on JAK activation 
by chimeric receptors in which various extracellular domains of cytokine or tyrosine kinase receptors were fused to 
the IL-2 receptor beta chain (see Ihle et al. 1994). This activation step involves the tyrosine phosphorylation of 
JAK2, which in turn phosphorylates PRLR on specific intracellular tyrosine residues leading to STAT5 recruitment 
and signaling, considered to be the most important signaling cascade for PRLR. STAT1 and STAT3 activation have 
also been reported (DaSilva et al. 1996) as have many other signaling pathways; signaling through MAP kinases 
(Shc/SOS/Grb2/Ras/Raf/MAPK) has been reported as a consequence of PRL stimuilation in many different cellular 
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systems (see Bole-Feysot et al. 1998) though it is not clear how this signal is propagated. Other cascades non 
exhaustively include Src kinases, Focal adhesion kinase, phospholipase C gamma, PI3 kinase/Akt and Nek3 
(Clevenger et al. 2003, Miller et al. 2007). The protein tyrosine phosphatase SHP2 is recruited to the C terminal 
tyrosine of PRLR and may have a regulatory role (Ali & Ali 2000). PRLR phosphotyrosines can recruit insulin 
receptor substrates (IRS) and other adaptor proteins to the receptor complex (Bole-Feysot et al. 1998). 
 
Female homozygous PRLR knockout mice are completely infertile and show a lack of mammary development 
(Ormandy et al. 1997). Hemizogotes are unable to lactate following their first pregnancy and depending on the 
genetic background, this phenotype can persist through subsequent pregnancies (Kelly et al. 2001).

Literature references

Binart, N., Goffin, V., Touraine, P., Kelly, PA. (2002). Prolactin: the new biology of an old hormone. Annu Rev Physiol, 
64, 47-67. ↗
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TNFR2 non-canonical NF-kB pathway ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-5668541

Compartments: nucleoplasm, plasma membrane

Tumor necrosis factor-alpha (TNFA) exerts a wide range of biological effects through TNF receptor 1 (TNFR1) and 
TNF receptor 2 (TNFR2). Under normal physiological conditions TNFR2 exhibits more restricted expression, being 
found on certain subpopulation of immune cells and few other cell types (Grell et al. 1995 ). TNFR1 mediated 
signalling pathways have been very well characterized but, TNFR2 has been much less well studied. TNFR1 upon 
activation by TNFA activates apoptosis through two pathways, involving the adaptor proteins TNFR1-associated 
death domain (TRADD) and fas-associated death domain (FADD). In contrast, TNFR2 signalling especially in 
highly activated T cells, induces cell survival pathways that can result in cell proliferation by activating transcription 
factor NF-kB (nuclear factor-kB) via the alternative non-canonical route. TNFR2 signalling seems to play an 
important role, in particular for the function of regulatory T cells. It offers protective roles in several disorders, 
including autoimmune diseases, heart diseases, demyelinating and neurodegenerative disorders and infectious 
diseases (Faustman & Davis 2010). 
Activation of the non-canonical pathway by TNFR2 is mediated through a signalling complex that includes TNF 
receptor-associated factor (TRAF2 and TRAF3), cellular inhibitor of apoptosis (cIAP1 and cIAP2), and NF-kB-
inducing kinase (NIK). In this complex TRAF3 functions as a bridging factor between the cIAP1/2:TRAF2 complex 
and NIK. In resting cells cIAP1/2 in the signalling complex mediates K48-linked polyubiquitination of NIK and 
subsequent proteasomal degradation making NIK levels invisible. Upon TNFR2 stimulation, TRAF2 is recruited to 
the intracellular TRAF binding motif and this also indirectly recruits TRAF1 and cIAP1/2, as well as TRAF3 and 
NIK which are already bound to TRAF2 in unstimulated cells. TRAF2 mediates K63-linked ubiquitination of 
cIAP1/2 and this in turn mediates cIAP dependent K48-linked ubiquitination of TRAF3 leading to the proteasome-
dependent degradation of the latter. As TRAF3 is degraded, NIK can no longer interact with TRAF1/2:cIAP 
complex. As a result NIK concentration in the cytosol increases and NIK gets stabilised and activated. Activated 
NIK phosphorylates IKKalpha, which in turn phosphorylates p100 (NFkB2) subunit. Phosphorylated p100 is also 
ubiquitinated by the SCF-beta-TRCP ubiquitin ligase complex and is subsequently processed by the proteaseome to 
p52, which is a transcriptionally competent NF-kB subunit in conjunction with RelB (Petrus et al. 2011, Sun 2011, 
Vallabhapurapu & Karin 2009).

Literature references
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perspectives. Immunol. Rev., 244, 44-54. ↗
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98. ↗

https://reactome.org Page 11

https://reactome.org/content/detail/R-HSA-5668541
http://www.ncbi.nlm.nih.gov/pubmed/22017430
http://www.ncbi.nlm.nih.gov/pubmed/21173796
http://www.ncbi.nlm.nih.gov/pubmed/20489699
http://www.ncbi.nlm.nih.gov/pubmed/21232019
https://reactome.org


Brink, R., Gardam, S. (2014). Non-Canonical NF-?B Signaling Initiated by BAFF Influences B Cell Biology at Multiple 
Junctures. Front Immunol, 4, 509. ↗

Editions
2015-01-26 Authored, Edited Garapati, P V.

2015-05-12 Reviewed Ware, CF., Rajput, A., Virgen-Slane, R.

https://reactome.org Page 12

http://www.ncbi.nlm.nih.gov/pubmed/24432023
https://reactome.org


FLT3 Signaling ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-9607240

Compartments: cytosol, extracellular region, plasma membrane

Feline McDonough Sarcoma-like tyrosine kinase (FLT3) (also known as FLK2 (fetal liver tyrosine kinase 2), STK-1 
(stem cell tyrosine kinase 1) or CD135) is a member of the class III receptor tyrosine kinase family involved in the 
differentiation, proliferation and survival of hematopoietic progenitor cells and of dendritic cells. Upon FLT3 ligand 
(FL) binding, the receptor forms dimers and is phosphorylated. Consequently, adapter and signaling molecules bind 
with the active receptor and trigger the activation of various pathways downstream including PI3K/Akt and MAPK 
cascades (Grafone T et al. 2012).

Literature references
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Signaling by CSF3 (G-CSF) ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-9674555

CSF3 (GCSF) is a cytokine that regulates production of neutrophils and granulocytes (reviewed in Panopoulos and 
Watowich 2008). CSF3 circulates extracellularly as a dimer and binds to the monomeric receptor CSF3R (GCSFR) 
on neutrophil precursors and mature neutrophils (reviewed in Futosi et al. 2013). CSF3R possesses no catalytic 
activity of its own and is constitutively associated with the kinases LYN (Corey et al. 1994) and JAK1 (Nicholson et 
al. 1994). Upon binding the CSF3 dimer, CSF3R dimerizes, is phosphorylated, and activates JAK-STAT signaling, 
RAS-RAF-MEK-ERK signaling, and PI3K signaling (reviewed in Basu et al. 2002, Roberts et al. 2005, Kendricks 
and Bogoyevitch 2007, Touw and van de Geijn 2007). 
After dimerization of CSF3R, JAK1 associated with CSF3R is required for phosphorylation of tyrosine residues in 
the cytosolic domain of CSF3R which recruit further kinases such as JAK2, SYK, HCK, and TYK2 (reviewed in 
Sampson et al. 2007). Phosphorylated JAK1 and JAK2 then appear to act redundantly to phosphorylate STAT 
proteins (STAT1, STAT3, STAT5) which dimerize and transit to the nucleus to activate gene expression. 
CSF3 signaling also activates the RAS pathway, resulting in activation of ERK1 and ERK2 and cellular 
proliferation. Phosphorylated CSF3R recruits both GRB2, which can act as a scaffold for RAS guanyl exchange 
factors SOS and VAV, and PTPN11 (SHP2), which activates RAS by dephosphorylating tyrosine-32 of RAS (Bunda 
et al. 2015). Association of SOS or VAV with the phosphorylated CSF3R has not yet been shown. The pathway to 
activation of PI3K is uncertain but appears to proceed via GAB2 bound to CSF3R. 
Mutations in CSF3R can occur during the course of Kostmann disease, a severe congenital neutropenia (reviewed in 
Zeidler and Welte 2002, Zeidler 2005, Ward 2007, Vandenberghe and Beel 2011). Somatic mutations in CSF3R, 
principally truncations of the C-terminal region, are involved in the pathogenesis of severe congenital neutropenia 
and are associated with progression to acute myeloid leukemia (Dong et al. 1995, reviewed in Ward 2007, Beekman 
and Touw 2010, Xing and Zhao 2016). Loss or mutation of the C-terminal region of CSF3R interferes with 
inhibition and turnover of the receptor. Mutation of Thr-618 to Ile-618 in CSF3R causes spontaneous dimerization 
and consequent autoactivation leading to CSF3-independent signaling and chronic neutrophilic leukemia (Maxson et 
al. 2013).
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Signaling by CSF1 (M-CSF) in myeloid cells ↗

Location: Cytokine Signaling in Immune system

Stable identifier: R-HSA-9680350

Colony stimulating factor-1 (CSF1, CSF-1, also called macrophage colony stimulating factor, M-CSF) is a disulfide-
linked dimer that stimulates the proliferation and differentiation of mononuclear phagocytes and the survival, 
proliferation, motility, and anti-inflammatory activity of macrophages (reviewed in Mouchemore et al. 2012, Stanley 
and Chitu 2014, Ushach and Zlotnik 2016, Dwyer et al. 2017 and inferred from mouse homologs in Caescu et al. 
2015). The unliganded CSF1 receptor, CSF1R (CSF-1R) is either clustered or undergoing rapid dimer-monomer 
transitions at the cell surface (Li and Stanley 1991). The CSF1 dimer initially binds the D2 and D3 extracellular 
domains of a monomer of CSF1R (Wang et al. 1993, Chihara et al. 2010, Ma et al. 2012, Felix et al. 2015, and 
inferred from mouse homologs). A second monomer of CSF1R then binds the CSF1:CSF1R complex and the 
resulting dimerization of CSF1R activates its kinase activity (Elegheert et al. 2011, Felix et al. 2015, and inferred 
from mouse homologs). CSF1R initially trans-autophosphorylates tyrosine-561 in the juxtamembrane domain, 
relieving negative autoinhibition of kinase activity, resulting in the trans-autophosphorylation of 7 more tyrosine 
residues in its cytoplasmic domain (Rohrschneider et al. 1997, Chihara et al. 2010, and inferred from mouse 
homologs in Xiong et al. 2011). 
The PIK3R1 (p85alpha) regulatory subunit of phosphatidylinositol 3-kinase (PI3K) binds phosphotyrosine-723 of 
CSF1R, phosphorylated SRC binds phosphotyrosine-561 of CSF1R, phosphorylated CBL binds CSF1R associated 
with SHC, and GRB2:SOS binds CSF1R (Saleem et al. 1995, and inferred from mouse homologs). The resulting 
activation of the catalytic subunit of PI3K (PIK2CA,B,G) produces phosphatidylinositol 3,4,5-trisphosphate which 
recruits effectors containing pleckstrin homology domains (PH domains) such as PKB (also called Akt) to the 
plasma membrane. Pathways activated by PI3K appear to both enhance proliferation, survival, and migration of 
macrophages (reviewed in Dwyer et al. 2017) and, via induction of miR21, suppress the inflammatory response by 
targeting mRNAs encoding multiple proinflammatory molecules. 
Phospholipase C gamma2 (PLCG2) binds phosphotyrosine-723 of CSF1R, hydrolyzes phosphatidylcholine to yield 
choline phosphate (phosphocholine) and diacylglycerol, and promotes survival and differentiation of macrophages 
via PKCdelta (PRKCD) (inferred from mouse homologs). 
GRB2 bound to SOS1 (GRB2:SOS1) transiently interacts with phosphotyrosine-699 of CSF1R. SOS1 promotes the 
exchange of GDP for GTP by KRAS, activating the RAS-RAF-ERK1,2 pathway that causes proliferation of 
macrophage precursors (inferred from mouse homologs). CBL transiently associates with and ubiquitinates the 
CSF1R, then is deubiquitinated and returned to the cytoplasm (inferred from mouse homologs). 
Phosphorylated CSF1R also recruits STAT1 and STAT3, which are then phosphorylated (inferred from mouse 
homologs). The role of phosphorylated STAT1,3 in signaling by CSF1R is incompletely characterized. 
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CSF1R is a target for therapeutics, such as imatinib (reviewed in Kumari et al. 2018).
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