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ISG15: leading a double life as a secreted molecule

Dusan Bogunovic1, Stéphanie Boisson-Dupuis1,2 and Jean-Laurent Casanova1,2

ISG15 is a well-known intracellular ubiquitin-like molecule involved in ISGylation. However, a recent study has revived the

notion first put forward two decades ago that ISG15 is also a secreted molecule. Human neutrophils, monocytes and

lymphocytes can release ISG15, even though this protein has no detectable signal peptide sequence. ISG15 has also been

found in the secretory granules of granulocytes. The mechanism underlying ISG15 secretion is unknown. Secreted ISG15 acts

on at least T and natural killer (NK) lymphocytes, in which it induces interferon (IFN)-c production. However, the mechanism

by which ISG15 stimulates these cells also remains unclear. ISG15 and IFN-c seem to define an innate circuit that operates

preferentially, but not exclusively, between granulocytes and NK cells. Inherited ISG15 deficiency is associated with severe

mycobacterial disease in both mice and humans. This infectious phenotype probably results from the lack of secreted ISG15,

because patients and mice with other inborn errors of IFN-c immunity also display mycobacterial diseases. In addition to

raising mechanistic issues, the studies described here pave the way for clinical studies of various aspects, ranging from the use

of recombinant ISG15 in patients with infectious diseases to the use of ISG15-blocking agents in patients with inflammatory

diseases.
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ISG15 was first described in 1979, by Peter Lengyel and

colleagues, as a 14.5 kDa protein.1 In 1984, a group led by

Ernest Knight Jr2 purified this protein, which they referred to

as the 15 kDa protein induced by IFN, both from human
Daudi cells and Madin-Darby bovine kidney cells. Two years

later, the same group cloned the complementary DNA

encoding this protein from IFN-b-treated human Daudi

cells.3 The resemblance between ISG15 and ubiquitin was

first revealed in 1987.4 ISG15 consists of two domains, an

N-terminal and a C-terminal domain, resembling those of

ubiquitin in terms of both sequence and three-dimensional

organization5 (Figure 1). Upon synthesis, eight amino acids
are immediately cleaved from the C-terminal domain of

ISG15, to yield the mature form of ISG15.6 Following

cleavage, a fraction of the mature ISG15 pool is covalently

attached to the lysine residues of target proteins by an E1-E2-

E3 enzyme cascade, in a process called ISGylation.5 ISGylation

has been studied in great detail biochemically and has been

reviewed elsewhere.5,7–11 Unlike ubiquitin, which first emerged

in yeasts, the earliest ortholog of ISG15 is found in vertebrates.
The human and bovine ubiquitin sequences are 100%

identical12 and are 100% and 96% identical to those of

zebrafish and yeast, respectively. By contrast, the human and

bovine ISG15 amino-acid sequences are only 67% identical13

and human ISG15 sequence is only 37% identical to that of the
more distantly related zebrafish5 (Figure 1). Thus, although

ISG15 is indeed a ubiquitin-like molecule, it evolved much

more recently and is much less well conserved than ubiquitin.

ISG15 may have a specialized role in higher eukaryotes,

or even several specialized roles in some species, and the

possibility of redundancy cannot be ruled out.

In 1987, a group led by James E. Darnell and colleagues14,15

identified a 15-kDa protein (ISG15) as being encoded by a
gene, for which transcription was driven by IFN-b. They

coined the term ‘interferon-stimulated gene’, leading to the

renaming of the 15-kDa protein as ISG15. The transcription of

the gene is inducible, principally by viral agents, but also by

bacterial and other agents, probably via IFN-a/b in all cases.5

Given the IFN-dependent expression of the ISG15 gene,

physiological and pathological studies of ISG15 and

ISGylation have explored their contribution to antiviral
activity.5,7–9,16 Briefly, in vitro challenges with influenza A
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rWSN strain, vesicular stomatitis virus and vaccinia virus WR

strain result in the same phenotype in Isg15�/� murine

embryonic fibroblasts and wild-type (wt) murine embryonic

fibroblasts.17–19 The small interfering RNA-mediated
knockdown of ISG15 in wt murine cells increases the titers

of dengue virus, West Nile virus and vaccinia WR and DE3L

viral stains.19,20 In human airway epithelial cells cultured

in vitro, influenza A viral titers were found to increase

moderately and transiently following the small interfering

RNA-mediated knockdown of both ISG15 and its E1 ligase

UbE1L.21 The ISG15-dependent budding of HIV has been

demonstrated in 293T cells.22 A couple of other reports have
shown ISG15-dependent protection against Japanese

encephalitis virus and Ebola VP40 VLP budding.23,24

Surprisingly, ISG15 has also been identified as a proviral

molecule for hepatitis C viral replication in Huh 7.5 cells.25

In vivo, no infectious phenotype was initially observed in
Isg15-knockout mice, which display normal immunity to

vesicular stomatitis virus and lymphocytic choriomeningitis

viruses.17 However, Isg15�/� mice were subsequently found to

be more susceptible to influenza A and B viruses, herpes

simplex virus type-1, murine gamma herpes virus 68 and

Sindbis virus than their wt littermates.18 Interestingly, a study

carried out in 2011 suggested a role for ISG15 in immunity to

Chikungunya virus infection independent of UbE1L-mediated
ISGylation.26 Another study compared Isg15�/� and Ifnar�/�

Figure 1 Tertiary structures of ISG15 and ubiquitin, alone and in combination. The structural information was obtained from the protein

data bank (PDB): ubiquitin (PDB code: 1UBQ) and ISG15 (PDB code: 1Z2M). The images were obtained with PyMol software (a). Amino-

acid sequence similarity analysis was performed with ISG15 molecules of human, bovine and zebrafish origin, and on ubiquitin of human,

bovine, zebrafish and yeast origin. Conservation was scored with PRALINE, which assigns a score from 0, for the least conserved

alignment position, to 10, for the most conserved alignment position (b).
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mice challenged with influenza B and showed that mortality

was significantly higher in Ifnar�/� animals.18 Overall, the

viral infection phenotype of Isg15�/� mice in vivo was found

to be relatively mild, for seven of the nine viruses tested.16–18

The secretion of free ISG15 from cells was first reported in

early 1991.27 Ernest Knight Jr and Beverly Cordova observed

the slow secretion of the mature form of human ISG15 from
monocytes, lymphocytes and the monocyte-derived THP-1 cell

line after treatment with IFN-a/b. The calculated half-life

of ISG15 in THP-1 cells was 12�15 h, and secreted ISG15 was

first detected in the medium 4–5h after synthesis.27 This led

the authors to refer to this process, with caution, as release

rather than secretion per se. The predicted amino-acid

sequence of ISG15 includes no N-terminal secretory

sequence. A few months after the initial publication
describing ISG15 secretion,27 the first report on its function

was published.28 Human ISG15 induced the secretion of IFN-g

from peripheral blood mononuclear cells (PBMCs). In a series

of experiments based on proxy measurements of IFN-g

(neopterin and indoleamine 2,3-dioxygenase), free ISG15 was

shown to be specifically bioactive against lymphocytes. In

1995, Ernest C. Borden’s group,29 together with Ernest Knight

Jr, confirmed that human ISG15 purified from E. coli could
induce the production of IFN-g by PBMCs. They determined

IFN-g, interleukin (IL)-2 and IL-12 levels in the supernatants

of PBMCs treated with ISG15, and noted the production of

substantial amounts of IFN-g. In the same study, they showed

that the treatment of PBMCs with ISG15 induced the

proliferation of NK cells and the enhanced lytic capability of

lymphokine-activated killer-like cells. All of these properties of

ISG15 were abolished in the presence of polyclonal antiserum
from rabbits immunized with purified ISG15 or by the boiling

of purified ISG15.29 Also in 1995, Ernest C. Borden and his

colleagues demonstrated the presence of ISG15 in serum

samples from human volunteers receiving IFN-b injections.30

After this flurry of investigation, no further progress was

made for almost two decades. Studies of free, secreted ISG15

were not followed up in either mice or humans. In 2010, a

study showed that the secreted ISG15 ortholog from a fish,

Sciaenops ocellatus, enhanced the respiratory burst activity, acid

phosphatase activity and bactericidal activity of head–kidney

macrophages.31 Our study of human patients with Mendelian
susceptibility to mycobacterial diseases (MSMDs) brought us

serendipitously into the ISG15 arena (Figure 2). MSMD is

rare (affecting about 1 in 100 000 individuals), often severe

and characterized by clinical diseases due to weakly virulent

mycobacteria, including environmental mycobacteria

and Mycobacterium bovis Bacille Calmette-Guérin (BCG)

vaccine substrains.32–36 MSMD patients are also susceptible to

Salmonella and Mycobacterium tuberculosis.37,38 Known genetic
etiologies of MSMD impair IFN-g immunity.39 Indeed, our

laboratory and others have identified 17 genetic etiologies (and

nine morbid genes) in patients with MSMD that impair the

production of or the response to IFN-g.40–50 Using whole-

exome sequencing, we recently identified three MSMD patients

from two unrelated consanguineous families from Iran and

Turkey with mutations in ISG15.50 The homozygous lesions in

these two families were different, but both resulted in a loss of
ISG15 production and a loss of ISGylation in all cells tested.

Clinically, these patients presented only MSMD, with no

unusually severe viral diseases, although their exposure to a

plethora of common childhood viruses was documented.50 In

vitro, viral challenges (herpes simplex-1, Sindbis, influenza and

vesicular stomatitis virus) of SV-40-transformed fibroblasts

have been shown to give similar results, in terms of cell

survival and IFN-a-induced protection, for ISG15�/�

individuals and WT controls. Both clinically and in our

in vitro experiments, ISG15 (and ISGylation) seems to have a

redundant function in the course of naturally occurring

common viral infections of childhood. The observed
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Figure 2 Inborn errors of the interleukin (IL)-12-interferon (IFN)-g circuit in patients with Mendelian susceptibility to mycobacterial

diseases (MSMDs). Proteins for which mutations in the corresponding genes have been associated with MSMD are shown in blue. MSMD-

causing mutations of IL12B, IL12RB1 and ISG15 impair the production of IFN-g. MSMD-causing mutations of IFNGR1, IFNGR2 and

STAT1 impair the cellular response to IFN-g. MSMD-causing mutations of NEMO impair the T-cell response and CD40-dependent

production of IL-12. MSMD-causing mutations of IRF8 result in a loss of myeloid dendritic cells, and mutations of CYBB result in

oxidative burst defects in macrophages.
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difference in antiviral immunity between mice and humans

may reflect the difference between the experimental nature of

infections in mice and the nature of infections in

humans,32,35,36,39 or the limited repertoire of viruses to which

these patients had been exposed at the time of study. We now

need to identify more patients with ISG15 deficiency and to

search for ISG15 deficiency not only in patients with MSMD,
but also in patients with severe viral illnesses.

Our work on patients with inborn errors of ISG15 has

confirmed that many human cell types can secrete ISG15

either in basal conditions or after IFN-a/b induction.50 We

have shown that ISG15 is present in steady-state neutrophils

and is released by these cells upon bacterial challenge. We

performed confocal microscopy to determine the subcellular

distribution of ISG15 in healthy donor neutrophils. We
discovered that ISG15 was present mostly in gelatinase and

secretory granules but was absent from azurophilic or specific

granules, suggesting an association of ISG15 with granules

formed later in neutrophil development.50,51 Transcriptional

profiling during human granulopoiesis has also indicated that

ISG15 is induced in the later stages of neutrophil develo-

pment.52 This finding was further supported by an experiment

showing an absence of ISG15 detection in granulocytes from a
patient with inherited granule deficiency (lacking specific,

gelatinase and secretory granules).50 In vivo, these three

ISG15-deficient patients displayed MSMD, probably due to

the production of significantly smaller amounts of IFN-g

compared with healthy individuals, as demonstrated in an

ex vivo experiment in which whole blood was challenged with

BCG and IL-12. The link between this newly identified genetic

defect and IFN-g levels lies in the four publications from the
1990s defining secreted ISG15 as an IFN-g-inducing

molecule.27–30 IFN-g secretion from the blood cells of

ISG15�/� patients was restored to normal levels in the same

experimental setting, by adding of human recombinant

(r)ISG15 generated in HEK cells. The addition of ISG15-

blocking antibodies to healthy donor blood during challenge

with BCG and IL-12 resulted in a decrease in IFN-g levels. The

treatment of healthy donor PBMCs with rISG15 and IL-12
resulted in synergistic IFN-g production. In the same

experimental setting, rISG15DGG (a mutant form incapable

of conjugation) also induced IFN-g, suggesting that this

activity was independent of ISGylation. Finally, we identified

NK cells as the major cell type responding to ISG15 in terms of

IFN-g production. In mice, in vivo, Philippe Gros assessed the

ability of Isg15�/� and wt littermates to fight-off low-dose

aerosol infections with M. tuberculosis, by determining
survival. Isg15�/� mice succumbed to tuberculosis infection

more rapidly than their wt littermates, suggesting that ISG15

deficiency leads to mycobacterial susceptibility in both mice

and humans.50 Overall, the lack of secreted ISG15 led to

impaired IFN-g secretion, resulting in MSMD in the three

patients described.

The evidence presented here raises additional questions

warranting further research. ISG15 can be released by
fibroblasts, monocytes, lymphocytes and neutrophils and, in

some of these cell types, secretion may be induced in

an IFN-a/b-dependent or -independent manner.50 The

mechanisms of ISG15 secretion are unknown. At least in

some cell types, they probably involve a non-canonical

secretory pathway independent of the ER and golgi

complex, as for IL-1b or fibroblast growth factor 1 and 2.53

However, the presence of ISG15 in the granules of
granulocytes, the principal producers of secreted ISG15,

remains puzzling. ISG15 is similar in structure to the

members of a family of about 20 ubiquitin-like proteins

(for example, SUMO(1-4), NEDD8, FAT10, MNSF-b and so

on.) with diverse intracellular functions.54 Ubiquitin and

SUMO-3 in humans, and MNSF-b in murine cells, can be

secreted and have been reported to have extracellular immune

modulating activity.55–57 It remains unclear whether other
ubiquitin-like proteins can also be secreted and/or have

extracellular functions. Similarly, it is not yet clear whether

the functions of secreted ubiquitin, SUMO-3 and MNSF-b are

as crucial as that of ISG15 in humans. With the exception of

ubiquitin-like proteins, ISG15 does not structurally resemble

any cytokines or secreted factors described to date. Hence,

identifying the ISG15 cellular receptor or a potential

extracellular cargo for ISG15, or both, would provide new
clues to its mechanism of action and simultaneously open up

new lines of research. Traditionally, the identification of a

receptor has required molecular biology techniques, educated

guesses as to structure/function candidates or the use of

biochemical tools. However, the advent of next-generation

sequencing may accelerate the discovery of this particular

receptor. We have already identified MSMD patients deficient

in IL-12p40 and IL-12Rb1. Likewise, it is conceivable that, in
addition to ISG15-deficient individuals, there are also

individuals with ISG15R mutations or deficiencies. There

are still 4500 MSMD patients with no known genetic

etiology, about a quarter of whom are phenocopies of

ISG15-deficient patients in terms of IFN-g production in

whole-blood assays. Sequencing the exomes of the patients of

this particular subgroup may lead to the identification of

disease-causing variants of the ISG15R gene.
ISG15 can induce IFN-g secretion by lymphocytes, but it

may well also induce the production of other cytokines by

lymphocytes or other cell types. The stimulation of T cells, NK

cells, B cells, NKT cells, conventional dendritic cells, plasma-

cytoid dendritic cells, monocytes, eosinophils, basophils and

neutrophils with ISG15, followed by the collection of super-

natants and multicytokine array analyses should make it

possible to determine whether ISG15 has a narrow or broad
cellular and/or cytokine-inducing activity. Identification of

the signaling pathway responsible for IFN-g induction will

be more laborious, requiring knockdowns of the expression of

suspected key players or the use of precious preserved material

from reported patients with mutations of STAT1, IL12B,

IL12RB1, IFNGR1, IFNGR2, TYK2, STAT3, STAT5B, IL10RA,

IL10RB, IRF8, CD40, HOIL-1, NEMO, IKBA, MyD88, IRAK4,

TLR3, UNC93B, TRIF, TRAF3 and TBK1.40–46,49,58–72 Finally, it
may be worthwhile investing effort into harnessing the power
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of ISG15 in the clinical setting. Humans lacking ISG15 develop

mycobacterial disease. It is conceivable that recombinant

(r)ISG15, like rIFN-g, could be used to help fight

mycobacterial infection in the general population, but this

hypothesis remains to be tested. IL-12 has not developed into a

successful biological treatment, due to its adverse effects, and

IFN-g is still rarely used.73,74 Regardless of the efficacy of
ISG15 as an anti-infectious agent, this experiment of Nature

(ISG15-deficient individuals) has already saved us years of

research into the function of ISG15 in host defense in animal

models. On the other side of the equation from immune

deficiency lies the hyperactive immune response, involving

autoimmunity, autoinflammation, hemophagocytosis,

granulomatous reactions and allergy. Good health requires

the achievement of a balance. Such a balance between too little
and too much may also be important for ISG15, with swings

to either side of the balance resulting in different diseases.

Given the potent synergy between ISG15 and IL-12 in terms

of IFN-g production by PBMCs, the blockade of ISG15, in a

manner different from blocking IL-12 or IFN- g, may result in

a potent inhibition of inflammation in selected disease

settings.75,76 Getting the answers to all the unresolved

questions relating to the biology of secreted ISG15 in a short
time span is a tall order. However, many of these answers are

required before clinical applications can be considered, and in

due time we can and should address them all in detail.
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