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Abstract
Interferon gamma (IFN-γ), is a cytokine, which is an important regulator of host defense system by mediating both innate and
adaptive immune responses. IFN-γ signaling is primarily associated with inflammation and cell-mediated immune responses.
IFN-γ is also represented as antitumor cytokine which facilitates immunosurveillance in tumor cells. In addition, IFN-γmediated
signaling also elicits pro-tumorigenic transformations and promotes tumor progression. Impact of IFN-γ signaling inmammalian
cells has been widely studied which indicate that IFN-γ orchestrates distinct cellular functions including immunomodulation,
leukocyte trafficking, apoptosis, anti-microbial, and both anti- and pro-tumorigenic role. However, a detailed network of IFN-γ
signaling pathway is currently lacking. Therefore, we systematically curated the literature information pertaining to IFN-γ
signaling and develop a comprehensive signaling network to facilitate better understanding of IFN-γmediated signaling. A total
of 124 proteins were catalogued that were experimentally proven to be involved in IFN-γ signaling cascade. These 124 proteins
were found to participate in 81 protein-protein interactions, 94 post-translational modifications, 20 translocation events, 54
activation/inhibiton reactions. Further, 236 differential expressed genes were also documented in IFN-γ mediated signaling.
IFN-γ signaling pathway is made freely available to scientific audience through NetPath at (http://www.netpath.org/pathways?
path_id=NetPath_32). We believe that documentation of reactions pertaining to IFN-γ signaling and development of pathway
map will facilitate further research in IFN-γ associated human diseases including cancer.
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Abbreviations
IFN-γ /IFNG Interferon gamma
IFNGR1 IFN-γ receptor subunit 1
IFNGR2 IFN-γ receptor subunit 2
STAT Signal transducer and activator

of transcription protein
ISGs Interferon stimulated genes
PPI Protein-protein interaction
SBML Systems Biology Markup Language
BioPAX Biological Pathway Exchange
PTM Post-translational modification
HPRD Human Protein Reference Database
PSI-MI Proteomics Standards Initiative

for Molecular Interaction

Introduction

Interferon gamma (IFN-γ or IFN-gamma or IFNG), a soluble
dimerized cytokine is one of the central regulator of host
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defense system which mediates both innate and adaptive im-
mune response. IFN-γ is the sole Btype II interferon^ identi-
fied and described by E. F. Wheelock (Wheelock 1965).
Biological active form of IFN-γ is a homodimer which is
formed by anti-parallel inter-locking of IFN-γ monomer.
Each IFN-γ monomer consists of a core of six alpha helices
and an extended C-terminal region (Ealick et al. 1991). Gene
encoding IFN-γ protein is located on chromosome 12q15 in
humans (Naylor et al. 1983) and in mouse genome it is found
on chromosome 10D2 (Naylor et al. 1984). The human gene
for IFN-γ consists of four exons and three intervening regions,
covering 5.4 kb (Liu et al. 2015). IFN-γ is primarily known to
be produced by T helper cell type 1 (Th1) lymphocytes, CD8
lymphocytes, B cells, NKT cells, and antigen-presenting cells
(monocytes, macrophages and dendritic cells). Cytokines IL-
12 and IL-18 induces IFN-γ production, while IL-4, IL-10,
transforming growth factor-beta and glucocorticoids are the
negative regulators of IFN-γ production (Tominaga et al.
2000; Almawi et al. 1998).

IFN-γ binds to the IFN-γ receptor (IFNGR) complex
which comprises of two distinct chains, high affinity
IFNGR1 (alpha) and a low affinity IFNGR2 (beta) (Pestka
et al. 2004). Binding of IFN-γ to its cognate receptors induce
conformation change in the receptor allowing recruitment of
JAK1 and JAK2 to the receptor complex (Lasfar et al. 2014).
IFN-γ binding induce phosphorylation of JAK2 which further
transphosphorylate JAK1. This in turn induces conformation
change in receptor making docking site for STAT1. Further,
JAK2 phosphorylates transcription factor STAT1.
Phosphorylated STAT1 dimer translocates to nucleus and in-
duces transcription of the interferon stimulated genes (ISGs)
including several other transcription factors such as interferon
response factor 1 (IRF1), IRF9 and others (Decker et al.
1997). These transcription factors further activate number of
secondary IFN-γ regulated genes. IFN-γ signaling regulates
several biological processes which are primarily known to
regulate inflammation and cell-mediated immune responses,
including regulation of innate and acquired immune response,
apoptosis and cell cycle (de Weerd and Nguyen 2012). IFN-γ
also activates macrophages, which in turn induces production
of cytokines to facilitate accumulation of immune cell at the
site of inflammation (Hu et al. 2008). IFN-γ mediates activa-
tion and differentiation of immune cells. Specifically, IFN-γ is
involved in upregulation of the major histocompatibility
(MHC) Class I molecules which aid in presentation of anti-
gens to antigen presenting cells (APCs), promote activity of
natural killer cells, regulate Th1 cells development and acti-
vation, expression of Class II major histocompatibility com-
plex (MHC) molecules and regulation of B cells functions
(Schroder et al. 2004).. Kaufmann and Booty et al., reported
that decreased expression of IFN-γ renders an individual
highly susceptible to mycobacterial and fungal infections,
which underscores the indispensable role of IFN-γ in the

maintenance of host defense system (Fenimore and Young
2016). IFN-γ is key modulator of hematopoiesis, its overex-
pression canmediate bonemarrow suppression and number of
bone marrow related disorders such as myelodysplasic syn-
dromes and aplastic anemia (Yang et al. 2005). Studies have
shown IFN-γ mediates the process of neurogenesis and neu-
ronal differentiation via activation of ERK1/2 Pathway (Song
et al. 2005). IFN-γ plays a vital role in macrophage metabo-
lism via mTORC1 andMNK kinases, both converge on trans-
lation initiation factor 4E (eIF4E) (Su et al. 2015). Owing to
the activation of a diverse range of downstream effector mol-
ecules, IFN-γ signaling regulates varied biological functions
related to anti-viral and anti-bacterial defense system.

These studies indicate that IFN-γ signaling has significant
impact on several biological processes including tumor pro-
gression and regression and hence it is necessary to develop
IFN-γ signaling network to understand its divergent role. In
this study, we have curated literature information pertaining to
IFN-γ signaling and developed a pathway map to facilitate
better understanding of IFN-γ induced signaling.

Methods

Literature survey and curation of signaling events
mediated by IFN-γ

An extensive literature search was carried out in PubMed
with key search terms including ‘Interferon gamma signal-
ing’. We have screened over 10,565 articles related to
IFN-γ signaling. In order to relate information for
protein-protein interactions (PPIs), post-translational mod-
ifications (PTMs), activation/inhibition reactions, protein
transport and gene expression events were curated from
experimental papers. These reactions were incorporated
under IFN-γ stimulation by exogenous and/or endogenous
ligands. The entries were documented into ‘PathBuilder’,
an annotation tool developed in-house for the manual
curation of signaling events (Kandasamy et al. 2009).
NetPath annotation pipeline was followed to develop
IFN-γ signaling pathway (Kandasamy et al. 2010), which
has been described previously by other groups at our insti-
tute, to develop several signaling pathways including oxy-
tocin pathway (Chatterjee et al. 2016) and aryl hydrocar-
bon receptor (Yelamanchi et al. 2016) signaling pathways.
Information regarding cell lines used in the experiment,
PTM with site and residue information were also curated.
Data was curated for gene expression from human cells in
both normal and diseased conditions. We also included
suggestions provided by an expert in the field (pathway
authority) in order to improve confidence of the document-
ed signaling events.
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Generation of IFN-γ map

Pathway map tool ‘PathVisio’ were used to pictorially rep-
resent the reactions mediated by IFN-γ (http://www.
PathVisio.org) (van Iersel et al. 2008). Moreover, a subset
of highly confident IFN-γ mediated signaling events were
documented in NetSlim map according to the criteria pro-
vided in the NetSlim database (http://www.netpath.org/
netslim/criteria.html). The reactions stimulated by IFN-γ
have been topologically organised from ligand binding on-
to IFN-γ receptor to target genes regulated by its induc-
tion. Pathway modules other than STAT1 mediated such as
mTOR signaling, MAPK signaling and PI3K/AKT signal-
ing which are regulated by IFN-γ are also been represented
in the pathway map. The NetSlim version of the IFN-γ

pathway map can be downloaded in various formats such
as .gpml, and .pdf formats.

Results and discussion

Data integration and IFN-γ signaling map

We have screened a total of 10,565 articles from PubMed for
generating the IFN-γ signaling map. Out of 10,565 articles
which were screened, 699 had the relevant information
pertaining to IFN-γ pathway and were used to develop a
map (Fig. 1). A total of 124 proteins were catalogued that
are experimentally proven to be involved in IFN-γ signaling
cascade. These 124 proteins that correspond to 81 protein-

Fig. 1 A graphical representation of IFN-γ signaling pathway. The path-
way map represents reactions of IFN-γ signaling pathway that are docu-
mented in NetPath. Different types of reactions and molecules are distin-
guished with different colors and arrows as provided in the legend. Solid

arrows represent direct reactions and a dashed arrow represents reactions
whose mechanisms are currently unknown. Post-translational modifica-
tions with site and residues are also provided in the map
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protein interactions (PPIs), 94 post translational modifications
(PTMs), 20 translocational events, 54 activation/inhibiton re-
actions were documented in NetPath. Further, 236 differential
gene expressions were documented in response to IFN-γ stim-
ulation (Supplementary Table 1).

Development of IFN-γ mediated signaling network

We have submitted the IFN-γ pathway data to NetPath (http://
www.netpath.org/pathways?path_id=NetPath_32). The web
page for IFN-γ pathway in NetPath provides a concise descrip-
tion of IFN-γ signaling pathway, molecules and reaction statis-
tics of the pathway map along with different downloadable for-
mats. All molecules documented in NetPath are linked to a
molecular page. For additional information on the pathway cu-
rated data, molecular pages have been linked to external protein
resources including NCBI RefSeq, Human Protein Reference
Database (HPRD) (Prasad et al. 2009), Entrez gene (Maglott
et al. 2011), Swiss-Prot (Boeckmann et al. 2003) and OMIM
databases (Hamosh et al. 2005). Themolecular events are graph-
ically represented for IFN-γ signaling pathway using PathVisio
tool and is shown in Fig. 1. The curated data presented in
NetPath related to this pathway will be periodically updated.

Data formats and availability

The pathway information and IFN-γ signaling pathway map
is available in NetPath. The signaling pathway information is
attuned with various international data exchange formats
which includes Proteomics Standards Initiative for
Molecular Interaction (PSI-MI) (Hermjakob et al. 2004),
Biological PAthway eXchange (BioPAX level 3) (Demir
et al. 2010) and Systems Biology Markup Language (SBML
3) (Hucka et al. 2003). The information present in these for-
mats can be further used in pathway analysis software tools
such as Cytoscape and Ingenuity pathway analysis. The data
for IFN-γ signaling pathway can be downloaded in the above
mentioned formats from NetPath (http://www.netpath.org).

Summary of IFN-γ mediated signaling pathway
and regulation

IFN-γ signaling employs activation of JAK-STAT signaling
cascade to drive expression of IFN-γ regulated genes.
Majority of cytokines, hormones and other growth factors
use JAK-STAT pathway to regulate the expression of effector
genes (Nicolas et al. 2013). IFN-γ signaling cascade begins
with binding of IFN-γ to its cognate receptors, which induces
conformation change in receptors, wherein box 1 domains of
receptors (IFNGR1 and IFNGR2) come in close proximity of
each other allowing recruitment of JAK1 and JAK2, to
IFNGR1 and IFNGR2 receptor chains, respectively (Blouin
et al . 2016). IFN-γ binding to receptor induces

autophosphorylation and activation of JAK2, which further
phosphorylates JAK1. Activated JAK1 in turn phosphorylates
IFNGR1 at specific tyrosine(Y) residue (Y440) which allows
formation of docking site specific for SH2 domain of signal
transducer and activator of transcription protein 1 (STAT1)
(Chapgier et al. 2006). Further, STAT1 dimer recruited at the
receptor site is phosphorylated by JAK2 at site Y701.
Phosphorylated STAT1 pair dissociates from receptor site
and translocates to nucleus (Schroder et al. 2004). STAT1 also
interacts with other transcription factors such as STAT2 and
IRF-9 to form heterodimer or heterotrimers and induce tran-
scription of effector genes (Fink and Grandvaux 2013). IFN-γ
stimulation is also known to induce nuclear localization of
receptor IFNGR1 along with STAT1 and IFN-γ (Ahmed and
Johnson 2006). In nucleus, pSTAT1 binds at promoter region
to initiate or suppress transcription of interferon stimulated
genes (ISGs). Phosphorylated STAT1 dimer specifically binds
to DNA at gamma interferon activated site (GAS) bearing
consensus sequence TTCN (2–4) GAA (Decker et al. 1997).
Tcell protein tyrosine phosphatase (TCP45) dephosphorylates
nuclear STAT1, which recycles STAT1 back to cytoplasm,
thus maintaining a reversible negative feedback loop
(Kramer et al. 2009). Histone acetylasetranferase such as
CREB-binding protein (CBP) negatively regulates STAT1 ac-
tivation, while histone deacetylase such as histone deacetylase
(HDAC3) enhances STAT1 activation (Kramer and Heinzel
2010). Many IFN-γ stimulated genes are transcription factors
which includes interferon response factor 1 (IRF1), IRF2,
IRF8, IRF9, RELA, JUN and others. These transcription fac-
tors further drive activation of secondary set of interferon
stimulated genes (ISGs) which regulates expression of genes
involved inflammatory response, apoptosis, cell proliferation
and differentiation, hematopoiesis, neurogenesis, cellular me-
tabolism and homeostasis amongst others.

IFN-γ signaling in diseases

Effects of IFN-γ are cell and tissue specific so it becomes
imperative to study IFN-γ signaling in the context of different
diseases (Lin and Young 2013). IFN-γ has been shown to
promote autoimmune diseases due to its proinflammatory
functions. Notable inflammatory disorders associated with
IFN-γ are Rheumatoid Arthritis (RA), systemic lupus ery-
thematous (SLE) and multiple sclerosis (MS) (Pollard et al.
2013; Lees and Cross 2007). IFN-γ has shown anti-
angiogenic and anti-tumorigenic potential in cancer cells
(Beatty and Paterson 2001). In addition, IFN-γ signaling has
shown tumor surveillance functions by enhancing immunoge-
nicity in tumor cells. Low expression of major histocompati-
bility complex (MHC) antigen help tumor cells to evade host
immune response against tumor cells (Garrido et al. 1997).
Restoring IFN-γ-activated MHC antigen by silencing
transforming growth factor beta1 (TGF-β1) signaling and/or
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by exogenous addition of IL6 that has potent anti-TGF-β1
activity promote tumor regression (Hsiao et al. 2008). IFN-γ
signaling facilitates tumor cell recognition and elimination by
recruiting cytotoxic T lymphocytes to tumor cells. IFN-γ
sharpens immune response by inducing expression of tumor
suppressive factors such asMIG-1 and GBP-1 and was shown
to suppress growth of malignant mammary carcinoma (Lipnik
et al. 2010; Walser et al. 2007). IFN-γ treatment is reported to
induce the expression of PDL1 and PDL2 in many immune
cells and patient derived cells in various cancers (Maleki
Vareki et al. 2017; Lyford-Pike et al. 2013).

It has been shown that IFN-γ induces expression of nitric
oxide synthase 2 (NOS2) and consequently production of ni-
tric oxide (NO) in renal cell carcinomawhich results in growth
inhibition of tumor cells and angiogenesis (Tate et al. 2012).
IFN-γ treatment significantly increased expression of pro-
apoptotic factors such as caspase 1 (CASP1) and induces
cleavage of poly-(ADP ribose) polymerase (PARP1) which
facilitates suppression of tumor growth in pancreatic cancer
cells (Detjen et al. 2001). IFN-γ induced AKT/mTOR/ p70 S6
kinase axis is required for translation of IFN-stimulated genes
(ISGs) and generation of antiviral effects mediated by IFN-γ
(Kaur et al. 2008). IFN-γ mediates activation of TGFβ/
SMAD signaling module, which induces transcription of
NADPH oxidases such as NOX1 and NOX4. These oxidases
contribute to generation of reactive oxygen species (ROS)
which triggers DNA damage and tumor cell senescence
(Hubackova et al. 2016). Despite the role of IFN-γ in tumor
immune surveillance, pro-tumoregenic effect of IFN-γ also
has been reported (Zaidi and Merlino 2011).

IFN-γ facilitates papilloma development by up-regulating
proinflammatory cytokines and a local T helper 17 (Th17)
response (Xiao et al. 2009). Mice lacking negative regulator
of IFN-γ, suppressor of cytokine signaling-1 (SOCS1) has
been associated with development of colorectal cancer in an
IFN-γ dependent manner (Hanada et al. 2006). Exogenous
expression of interferon gamma inmouse model triggers wave
of inflammatory responses accompanied with increased rate
of proliferation and gastric neoplasia (Syu et al. 2012). It has
been reported that IFN-γ induces expression of PD-L1 and
PKD2 in oral squamous carcinoma cells in both time and dose
dependent manner (Chen et al. 2012). Increased expression of
PD-L1 in tumor cells is associated with tumor evasion from
host T cells and favours growth and progression of cancer.
Reports indicate significant upregulation of CXC chemokines
such as CXCL3, CXCL5, CXCL9, CXCL10 and CXC11 in
response to IFN-γ treatment (Yuzawa et al. 2008; Zhou et al.
2006; Bukowski et al. 1999). It has been shown CXCL10,
CXCL9 and CXCL11 is significantly upregulated in oral li-
chen planus (OLP) compared to normal oral mucosa and was
shown to be involved in epithelial to mesenchymal transition
(EMT) in pre-malignant OLP (Marshall et al. 2017; Liu et al.
2017). Thus, IFN-γ plays a vital role in cellular processes such

as cell cycle, differentiation, apoptosis, and pro- and anti-
tumorigenesis along with immunomodulatory functions.

Conclusions

IFN-γ signaling map is important for understanding and
deciphering various biological processes and diseases me-
diated by IFN-γ regulated transcription of several genes.
This comprehensive and well curated map of IFN-γ sig-
naling reactions will aid in understanding the role of vari-
ous molecules in the context of normal physiological or
pathological conditions such as cancers and other diseases
in association with IFN-γ. IFN-γ signaling pathway map
will lead to further research on IFN-γ associated bio-
markers for various human diseases.
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