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Summary
In recent years, active research using genomic, cellular and animal modeling approaches has
revealed the fundamental forces driving the development of autoimmune diseases. Type I IFN
(IFN) imprints unique molecular signatures in a list of autoimmune diseases. IFN is induced by
diverse nucleic acid-containing complexes, which trigger innate immune activation of
plasmacytoid dendritic cells (pDCs). IFN primes, activates or differentiates various leukocyte
populations to promote autoimmunity. Accordingly, IFN signaling is essential for the initiation
and/or progression of lupus in several experimental models. However, the heterogeneous nature of
SLE requires better characterization on how IFN pathways are activated and subsequently
promote the advancement of autoimmune diseases. Given the central role of type I IFN, various
strategies are devised to target these cytokines or related pathways to curtail the progression of
autoimmune diseases.
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Type I IFN pathway is broadly implicated to autoimmune diseases
Since its discovery more than half a century ago, type I interferon has been recognized as the
most important immune mediator involved in anti-viral protection. In contrast to type II
interferon which is encoded by single IFN_ gene, type I IFN encompasses similarly
structured products of many genes in human genome, including 13 IFN-α subtypes, IFN-β,
IFN-ε, IFN-κ and IFN-ω. These proteins unanimously bind to and signal through a receptor
complex comprised of IFN-α/β receptor 1(IFNAR1) and IFNAR2, which activates a
prominent Jak-Stat signaling pathway. The consequence of this signaling is the expression
of multitude of IFN-inducible genes, some of which have direct antiviral functions. The
description of IFN biology and the molecular mechanism of IFN-mediated viral control can
be found in other reviews [1,2]. It is important to point out that, IFN production as an
immediate early response during viral infections is of transient nature for its duration.
Therefore, healthy individuals do not have sustained IFN in their system, contrary to the
pathological conditions described below. As IFN also possess potent anti-tumor activity,
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recombinant IFN has been routinely used to treat chronic viral infections or malignant
cancers in patients.

The first autoimmune condition, where type I interferon is implicated, is systemic lupus
erythematosus (SLE) [3]. SLE is a systemic autoimmune disease with multiple organ
involvement, characteristic antinuclear autoantibodies and formation of immune complexes
[4]. Lupus patients contain circulating IFN and “IFN signature” – transcript expression of a
panel of type I IFN-responsive genes - in their peripheral blood, which frequently correlate
with the disease severity [5–9]. In childhood-onset systemic lupus erythematosus, the levels
of serum IFNα is positively correlated with circulating anti-dsDNA autoantibodies and SLE
Disease Activity index scores [10]. Not only 90% of pediatric SLE patients and more than
50% of adult patients display peripheral IFN signature, half of the biopsied glomeruli from
SLE kidneys also contain IFN-inducible transcripts, suggesting a central role played by IFN-
mediated pathogenesis [10,11]. As a prototypic systemic autoimmune disease, SLE has been
extensively studied in recent years and significant knowledge has been acquired regarding
the source of IFN, the innate immune signaling pathways underlying its induction, and
genetic risk factors involved (discussed in following sections).

It turns out that abnormal IFN presence is not limited to SLE, but is rather prevalent in
various autoimmune pathologies. In psoriasis, a cutaneous autoimmune inflammatory
condition, IFN signature is detected in the psoriatic plaques and induced IFN production
further exacerbates the spread of the lesions [12]. Sjögren syndrome is a disease of which
the salivary and lacrimal glands are the targets of destructive autoimmune reactions. Similar
to SLE, gene expression analysis revealed the activation of IFN pathway, an important clue
for understanding the disease pathogenesis [13]. Systemic sclerosis is a complex disease
with features of extensive fibrosis and circulating autoantibodies against various cellular
antigens. An activated type I IFN system with detectable IFN signature and IFNα serum
levels is associated with the vascular pathology and fibrotic process [14]. A severe,
multisystem autoimmune disease, dermatomyositis manifests as muscle, skin and
vasculature pathologies, which frequently associate with tissue calcification. Multiple recent
studies revealed significant upregulation of type I IFN pathway in both adult and juvenile
dermatomyositis patients [15]. Recently, a genome wide survey identified a common gene
set involved in the type I IFN pathway that are unanimously upregulated in patients with
SLE, rheumatoid arthritis, myositis, and systemic sclerosis [16].

Administration of IFNα to patients with malignant or viral diseases occasionally induces a
lupus-like syndrome, suggesting a causative relationship between IFN and lupus [6].
Recently, a group of inheritable diseases have been linked by the prominent type I interferon
presence and collective autoimmune pathogenesis [17]. Aicardi-Goutieres syndrome (AGS)
is a severe inflammatory disorder mimicking congenital infection with marked IFN
production and occasionally overlapping features with SLE. Mutations in three prime repair
exonuclease 1 (TREX1), a major DNA exonuclease important for clearance of endogenous
DNA and anti-retroviral infection, have been shown to cause AGS and familial childblain
lupus [18]. Interestingly, heterozygous mutations in TREX1 represent the single most
common cause of monogenic lupus [19]. Moreover, the genetic mutation responsible for
spondyloenchondrodysplasia, a disease with significant overlapping manifestation with
SLE, has been identified [20,21]. Interestingly, tartrate-resistant acid phosphatase mutant
leads to increased phospholated osteopontin, which results in elevated IFN production and
exhibition of SLE and lupus-related autoimmunity. Collectively, these studies support a
dominant role of type I interferon in lupus-like autoimmunity.

Autoimmune diseases comprise numerous very diverse pathologies from organ specific to
systemic autoimmune manifestations. However, despite the tissues targeted and the nature of
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autoantibodies involved, a group of these diseases as discussed above share a common
molecular link: abnormal IFN production and upregulation of the IFN-inducible gene panel.
The mode of type I interferon activation under autoimmune conditions is rather unique and
distinct from the neutrophil-driven gene profile induced jointly by type I/II IFN in patients
with active tuberculosis infection [22]. The mechanism for its induction and the functional
consequence of type I IFN is therefore critical for understanding the pathogenesis of
autoimmune diseases.

pDCs as a major cellular source of IFN
pDCs are unique innate immune leukocytes that exert specialized function as the major type
I IFN producer during the early host response to viral infections. They are derived from
bone marrow precursors, circulating in blood and reside in T cell rich area of secondary
lymphoid organs. Upon exposure to viral particles, pDCs can produce extraordinarily high
amounts of all subtypes of type I and type III (IFNλ1–3) interferon in a matter of several
hours. Although the frequency of pDCs is low (< 1% of all leukocytes), these cells are
responsible for the majority of IFN produced during early viral infections due to the superior
IFN production on per cell basis. Mice lacking pDCs are defective to control infections by
mouse hepatitis virus, murine cytomegalovirus, or persistent strain of LCMV [23,24].

pDCs’ extraordinary ability to produce IFN is underscored by their intrinsic expression of a
signaling machinery that can effectively respond to nucleic acids associated with microbial
agents. In contrast to conventional dendritic cells, human pDCs selectively express high
levels of Toll-like receptor (TLR) 7 and TLR9, two important innate immune sensors that
detect RNA or DNA ligands. TLR9 preferentially bind to the unmethylated CpG motifs
present in the 2′ deoxyribose backbone of natural DNA, which is more prevalent in
microbial over mammalian DNA [12]. In addition to TLR7/9, pDCs endogenously express
high levels of IRF7, a key signaling mediator to initiate IFN transcription. Since both TLR7
and TLR9 are strategically located intracellularly and nucleic acid engagement only occurs
in specific endolysosome locations, a unique membrane trafficking pathway are essential for
TLR7/9 signaling and IFN production in pDCs [12]. To trigger high IFN production, nucleic
acids with particulate-like property or as part of a protein complex engage TLR9 primarily
in the early endosome of pDCs to trigger MyD88 signaling and subsequent IRF7 activation,
which initiates the transcription of all type I and type III interferon subtypes.

TLRs are ancient innate immune receptors that recognize the pathogen-associated molecular
patterns (PAMP). Human genome encodes 10 TLRs that display differential binding
specificities towards ligands of lipid, protein or nucleic acid nature. Interestingly, several
TLRs, TLR3, TLR7, TLR8 and TLR9, can bind different types of nucleic acids in the lumen
of endosomes and induce type I IFN production. While innate immune sensors, such as
TLRs, are essential for immune protection against microbial infections, the Toll hypothesis
predicts that autoimmune diseases originate from imperfect innate immune discrimination of
microbe from self through receptors detecting microbial DNA and RNA [25]. This idea is
supported by the fact that genetic risk factors associated with SLE include a group of genes
whose products are directly involved in TLR and type I IFN signaling pathways [4,26,27].
Functional polymorphism of 3’ UTR of TLR7 with increased TLR7 expression and elevated
IFN signature is associated with human male SLE, consistent with the lupus manifestation in
mice with increased gene dosage of TLR7 [28]. Genetic variants of IRF5, IRF7 and IRF8
are associated with increased SLE susceptibility, which is correlated with increased serum
IFNα in patients [27,29].

While pDCs are activated readily by viral particles, they do not respond to naked natural
DNA or RNA. Spontaneous IFN production is safeguarded by shielding TLR7/9 inside the
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cells and ubiquitous presence of nucleases in the tissue environment. However, several host-
derived factors, by binding to self–nucleic acids and delivering them to endosomal
compartments, can nevertheless trigger TLR signaling and induce type I IFN from pDCs. It
is well known that many SLE patients have reduced capacity to clear apoptotic cells, which
correlates with elevated levels of circulating immune complexes (IC) containing
autoantibodies and nucleic acids . These ICs can stimulate autoreactive B cells by dual
engagement of B cell receptor and TLRs, thus promote further lupus pathogenesis. For
pDCs, nucleic acid-containing ICs can be internalized by binding to Fc receptor (FcγRIIα,
CD32) and delivered to the endolysosome to activate TLRs (Figure 1). While TLR9 is
activated by DNA-containing ICs, such as autoantibody complexed with nucleosomes,
TLR7 is potently stimulated by RNA-containing ICs, made of autoantibody bound to U1
small nuclear RNA in pDCs that leads to IFN production [6,12]. Blocking TLR signaling
activation by interfering with the endosomal delivery or competing off the active sites on
TLR7/9 significantly diminishes the amount of IFN induced by ICs from pDCs, highlighting
the significance of TLR activation pathway in abnormal IFN induction in SLE.

It has been recently revealed that pDCs’ IFN response to autoimmune ICs is subjected to
regulation by multilayered mechanisms. A network of monocytes, NK cells, and pDCs
maintains certain level of control: monocytes inhibit RNA-containing ICs-induced IFNα
production via secreting TNF-α, PGE2, and reactive oxygen species; whereas significantly
enhanced IFN secretion is promoted by NK cells via MIP-1β secretion and LFA-mediated
cell–cell contact [30,31]. Complement component C1q deficiency is the strongest known
susceptibility factor for SLE. Interestingly, majority of SLE patients have low levels of C1q,
reciprocal to the increased type I IFN activity during active disease. C1q binding to ICs
gears the predominant binding of these interferongenic complexes towards monocytes other
than pDCs, which markedly attenuates IFN production [32,33].

While SLE patients have somewhat reduced pDC numbers in their blood, infiltrating pDCs
are found abundantly in the skin lesions of cutaneous lupus patients [12]. In both dermal
lesions and in noninflammatory skin, SLE patients have active pDCs correlated with
positive IFNα transcript. It is apparent that IFN signature and pDCs infiltration are involved
in several cutaneous autoimmune diseases, where cytotoxic attack leads to degeneration of
the basal epidermal layer [34]. Gilliet et al demonstrated that pDC-derived type I IFN is
essential to drive the development of psoriasis; and furthermore, LL37, an antimicrobial
peptide present in the skin of psoriasis patients, binds to self-nucleic acids and activate
TLR7/9, leading to the selective IFN production by pDCs [35] (Figure 1). In addition to
profound IFN signature in blood, increased numbers of pDCs as well as MxA protein have
been detected in both skin and muscle from patients with juvenile dermatomyositis,
implicating the pDC-IFN axis in tissue inflammation [36].

Parallel with significant IFN signature, SLE blood also selectively express a panel of genes
involved in granulopoiesis, which correlates with the abnormal presence of large number of
immature neutrophils [5,37]. Neutrophils are innate immune cells that rapidly infiltrate
infection or injury sites for host protection. Uniquely, neutrophils can undergo a peculiar
form of cell death, namely NETosis, characterized by formation of NET, decondensed
chromatin threads decorated with cytoplasmic proteins endorsed with anti-microbial activity
[38]. It was recently shown that IFN can prime neutrophils for NETosis, a process that is
strongly stimulated by autoantibodies against ribonucleoprotein complex or LL37 [39,40].
Subsequently, the generated NET stimulates pDCs to induce type I inteferon, a self-
perpetuating loop to sustain the IFN production (Figure 1). High-mobility group box 1
(HMGB1), a highly abundant chromatin-binding protein, is implicated clinically in SLE and
exert multiple immunological functions [41]. Consistently, HMGB1 constitutes part of NET,
which functions as a potent IFN inducer [40]. HMGB1 has been shown to facilitate
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activation of mouse pDCs by forming a DNA-containing complex capable of engaging
TLR9 [42]; however, this function does not seem to be preserved in humans [43,44].

Amyloid fibrils are stable insoluble aggregates of terminal misfolded protein products with
extensive β sheet structures, which can accumulate extracellularlly or intracellularly [45].
Multiple aberrant polypeptides are implicated in multiple human pathological conditions
exemplified by Alzheimer’s’ disease [46], whereas an increasing list of functional amyloids
participate in diverse cellular functions [47–49]. Amyloid dispositions in vivo are frequently
heterogeneous and contain non-proteinaceous cofactors [45,50]. We first observed that
amyloid precursor proteins rapidly convert to amyloid fibrils in the presence of nucleic acids
or glycosaminoglycans [51]. Distinct from protein only amyloid or fibrils containing
glycosaminoglycan, nucleic acid-containing amyloid fibrils are potent inducer of type I IFN
from human pDCs (Figure 1). Complexed with amyloid precursor protein, self-DNA or -
RNA are protected from nucleases in the environment, effectively taken up then is retained
in the early endosomes of pDCs, where the prolonged TLR9 activation can promote MyD88
signaling and subsequent IRF7 activation, which initiates the transcription of type I IFN
genes. Importantly, distinct from ICs or NET, nucleic acid-containing amyloid induces IFN
production independent of the function of autoantibodies and FcγRIIα.

IFN promotes autoimmunity by broad effects on leukocytes
Beyond the antiviral effects, type I IFN modulates the functions of all key leukocytes
involved in innate and adaptive immunity. Dendritic cells (DCs) are professional antigen-
presenting cells (APCs) which, upon innate immune sensing, initiate and orchestrate
adaptive immune responses. DCs are particularly important in maintaining tolerance and
driving autoimmunity. Mice harboring DC-specific ablation of Blimp-1 or A20, or
expressing baculovirus caspase inhibitor all develop severe lupus-like syndrome,
demonstrating a powerfully pathogenic role of DCs with altered activation threshold or
unrestrained presence [52–54].

It was first discovered that SLE sera differentiate human monocytes into DCs that function
as potent APCs in a type I IFN-dependent manner [5]. In addition to activating T cells, SLE-
DCs can strongly promote T cell-independent plasmablast differentiation [55]. IFN in tissue
sustains the local recruitment of inflammatory monocytes and promotes their differentiation
into macrophages [56].

Additionally, IFN profoundly modifies the functions of myeloid DCs, a subset of DCs that
are distinct from pDCs. The resulting DCs display increased expression of costimulatory and
MHC molecules, enhance antigen processing and presentation by both MHC I and II
molecules [57,58]. These features are crucial for the subsequent stimulation of autoreactive
T cells, likely leading to strong TH1 polarization of the immune response [59]. IFN signaling
in DCs has been shown to enhance the primary antibody response and induces isotype
switching, at least partly due to the DCs’ ability to stimulate the development of lymph
node–resident T follicular helper cells, which are critical for B cell development [1,60].

Autoantibody production serves as a hallmark of various autoimmune diseases. In SLE,
immune complexes containing autoantibodies contribute directly to disease pathology.
Aside from their effect on monocytes and DCs that promote B cell differentiation, type I
IFN directly activates B cells and T cells in vivo to promote antibody response [1,61].
Together with IL-6 produced as a result of TLR activation of pDCs, IFN induces the
differentiation of mature B cells into long-lived plasma cells [5]. In lupus-prone NZB/W F1
mice, exogenous IFNα stimulates undiminished production of short-lived plasma cells [62].
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What is more, IFN activates myeloid cells to secrete BAFF and APRIL, two TNF
superfamily ligands that are crucial for B cell survival and activation [63].

Separately, type I IFN directly affects T lymphocytes on the development of CD4+ helper
memory T cells and the proliferation and expansion of antigen-specific and long-lived
central memory CD8+ T cells [61,64]. IFNα/β limits Th17 differentiation, likely via
dampening IL-23 while increasing IL-27 production by macrophages and DCs [65,66].
Although IFN does not affect the recruitment of neutrophils on the inflammation sites, it
primes SLE neutrophils to promote their death induced by SLE autoantibodies. As discussed
earlier, NETosis generates nucleic acid-containing NETs to induce IFN production by pDCs
[39,40].

IFN propels autoimmune diseases in vivo
Animal models are valuable tools to allow better understanding of disease pathogenesis,
where in vitro studies are confirmed, cellular mechanisms are established, therapeutic
interventions are tested, and results are correlated with human clinic diseases. While the
etiology of SLE remains elusive, a recent comprehensive genetic analysis classified SLE
into three subphenotypes - those having single, cumulative, and no known genetic
association [67]. As a reflection, multiple lupus animal models have been created to study
this complex and heterogeneous disease experimentally. Despite the strong association
between type I interferon, pDCs and human SLE, the central question remains – what are the
roles played by type I interferon and pDCs in vivo?

The most commonly studied lupus mice are inbred mouse strains that spontaneously develop
a disease with characteristics of human SLE [68,69]. These lupus-prone rodents harbor
multigenic mutations that predispose them to autoimmune development; however, they lack
the prominent IFN-I signature associated with clinic lupus. Therefore, it remains unclear
how endogenous type I IFN and pDCs participate in the pathogenesis of spontaneous murine
lupus. Also notable is that, although administration of IFNα to patients occasionally induces
lupus, excessive IFN is insufficient to break the immune tolerance in Balb/c mice [5]. In
contrast, systemically induced IFNα production in young NZB/W F1 and B6.Sle123 mice
significantly accelerated lupus nephritis [62,70]. Conversely, IFN receptor deficiency or
TLR7/9 inhibition greatly ameliorated lupus in NZB/W F1 mice [71,72]. Interestingly, the
skin inflammation in the same mice, which mimics cutaneous lupus, is dependent on pDC
activation via TLR7 and TLR9, which results in a persistent type I IFN gene signature [73].

Currently, there is no clear delineation between Mendelian inherited autoimmune diseases
and acquired ones, albeit influencing factors such as infections or aging have been suggested
as contributors in the latter category [74,75]. As significant number of autoimmune patients
harbor no apparent genetic association, it is important to evaluate lupus pathogenesis within
a relatively competent immune system. However, mice that spontaneously develop lupus
have a multitude of intrinsic abnormalities that predispose them to autoimmune development
[76], therefore other autoimmune models are necessary to be studied. In particular, an
inducible experimental lupus model that re-creates the disease-initiating event would be
especially informative. Immunization of non-autoimmune mice with bacterial DNA with a
carrier protein induced production of anti-bacterial DNA antibody; however, the antibody
failed to cross-react with mammalian DNA [77]. Injection of a large number of apoptotic
human cells into wild-type mice resulted in modest and transient autoantibody production
without clinical changes [78]. Purified HMGB1-nucleosome complexes induced the
generation of autoantibodies against dsDNA and histone, a process dependent on the
signaling of TLR2 [44]. However, the autoantibody response was limited to the immunogen
administrated; in any case, lupus-like disease was not reported. Altogether, these attempted

Di Domizio and Cao Page 6

Expert Rev Clin Immunol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



efforts revealed a powerful mechanism by which a healthy immune system maintains
tolerance and avoids overzealous autoimmunity, even when the self antigens are given at
high doses.

Recently we have been successful to induce a lupus-like syndrome in non-autoimmune mice
after immunization with nucleic acid-containing amyloid [79](Figure 2). Consistent with
their potent pDC activation function in vitro, DNA-containing amyloid fibrils induced a
rapid type I IFN response correlated with selective pDC infiltration and activation in mice.
Immunization of Balb/c mice with DNA-containing amyloid fibrils resulted in anti-nuclear
serology against a panel of self-antigens, including ssDNA, RNA, Sm/RNP and histone. The
mice deposited antibodies in the kidneys and exhibited detectable proteinuria. Intriguingly,
pDC depletion selectively obstructed IFN response and abolished autoantibody generation,
suggesting an essential role of pDC-IFN axis in initiation of systemic autoimmunity. This
inducible lupus model for the first time allows in vivo characterization how pDCs, the
primary IFN producer in SLE, and innate immune signaling pathways contribute to the
pathogenesis of lupus.

Separately, wild type mice, after i.p. injection with hydrocarbon oil pristane, manifest
prolonged inflammation and eventually develop an array of autoantibodies and
glomerulonephritis [80]( Figure 2). In this model, type I IFN expression was detected from a
population of monocytes via TLR7 activation [81,82]. Pristane, which can be ingested in
food or inhaled from exposure to oil products, imitates an environmental trigger for lupus
[80]. Interestingly, prolonged oral administration of pristane reportedly results in
amyloidosis in mice [83].

Numerous single-gene deletions in mice have resulted in lupus-like syndrome, which
highlights the importance of individual checkpoint controls in maintaining immune
tolerance [68,84]. A growing list of innate immune sensors in the cytoplasm of many cell
types can respond to intracellular pathogens by inducing type I IFN, a process that does not
rely on membrane-associated TLRs (see review in [85]). Largely consistent with TREX1
mutations in human, Trex1−/− mice develop a severe multi-organ autoimmune disease, that
is driven by intrinsic production of type I IFN from nonhematopoietic cells in response to
the accumulation of nucleic acids [86](Figure 2). As a major cellular exonuclease, Trex1,
i.e. DNase III, is crucial to remove aberrant products of retrotransposon replication [87].
Notably in Trex1−/− mice, early IFN production is mediated by an adaptor molecule STING
in a TLR-independent manner. Interestingly, STING also mediates the lethal inflammatory
disease initiated by self DNA manifested in DNase II−/− mice [88]. MRL-lpr mice that
harbor lpr mutation in Fas gene are well studied lupus-prone strain. In these mice, type II
IFN signature prevails and IFN_ plays a more pathogenic role instead of type I IFN [89,90].
As multiple human in vitro studies suggest importance of neutrophils and NETs in SLE
[39,40,91,92], the contribution of NETosis in murine lupus was studied recently in MRL-lpr
model. MRL-lpr mice lacking NADPH oxidase gene that is essential for NETosis
unexpectedly have exacerbated lupus, arguing against a significant pathogenic role of NETs
in SLE [93]. The precise mechanism how NADPH oxidase inhibits lupus remains to be
elucidated.

Therapeutic strategies to treat autoimmune diseases
The current treatment options for SLE patients often involve the use of immunosuppressive
regimens, including glucocorticoids, cytotoxic drugs and antimalarial compounds. However,
even high-dose methylprednisolone pulse therapy, an aggressive immunosuppressive
approach, fails to induce the desired apoptosis of pDCs due to their ongoing TLR activation
by ICs [94]. With the encouragement from the approval of Belimumab (anti-BAFF mAb),
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major drug development effort directly targets B cells – the leukocyte secreting autoreactive
antibodies with pathological consequences (recently reviewed in [95,96]). Given the central
role played by type I IFN pathway in propelling lupus in human and in experimental models,
strategies to interfere with the key steps by which this central mediator influences the
development of autoimmunity represent a rational design for the next generation of
therapeutic remedies for lupus and beyond.

Type I interferon poses a major challenge for drug targeting as it comprises multiple subsets
of closely related proteins. Potential health risk also exists because IFN is extremely
important for host’s anti-viral responses. To directly repress the levels of active type I IFN
in SLE patients, multiple humanized monoclonal antibodies with specificity towards IFNα
or IFNα/β are currently in early phase (I or II) clinical trials, including Sifalimumab
(MedImmune LLC), Rontalizumab (Genentech, Inc.), and AGS-009 (Argos Therapeutics
Inc.). It is encouraging that sifalimumab is safe and elicits a dose dependent inhibition of the
IFNα pathway [97]. Interestingly, SLE patients with neutralizing autoantibodies against
IFNα have less active disease [98]. To induce such protective immunity, an IFNα kinoid
vaccine (Neovacs S.A.) has been tested in an early phase trial with reasonable safety and
efficacy results [99]. Despite this, caution needs to be taken with this approach as anti-
cytokine autoantibodies are associated with life-threatening immunodeficiency, as in the
case of patients with anti-type II IFN antibodies [100].

TLR-mediated activation of pDCs represent the major source of type I interferon in lupus,
thus means to inhibit TLR signaling would significantly impact the disease progression.
Several nucleotide antagonists with duo specificity for TLR7 and TLR9 have been
developed and are tested in early phase trials. These include DV1179 (Dynavax
Technologies), IMO-3100 (Idera Pharmaceuticals) and CpG-52364 (Pfizer Inc.). One such
inhibitor was shown to be effective to reduce autoantibodies and ameliorate disease
symptoms in murine lupus models [71,73,94].

In addition to these approaches, it would be plausible to selectively target pDCs or signaling
molecules downstream of TLR activation that are essential for IFN induction. Human pDCs
express a list of specific surface receptors, such as BDCA2 and ILT7, as well as intracellular
signaling adaptors, such as IRF7 and PACSIN-1, which can serve as unique targets for
monoclonal antibodies or small molecule drugs [12]. Compounds that interfere generic TLR
or IFNAR signaling, such as IRAKs or JAKs, would also be potentially useful to curb TLR
and IFN activation under autoimmune conditions.

Although this review focuses on the pathological association and functional significance of
IFNα/β, type I interferon by no means represents the universal cytokine target for
autoimmune diseases. Human autoimmune diseases encompass a large number of different
diseases, of which the degree of heterogeneity and complexity even in a single disease
cannot be understated. When considering anti-interferon therapies, one should not ignore
either the regulatory functions of type I IFN, such as limiting TNFα production, inhibiting
inflammasome activation or dampening Th-17 development [65,66,101–103], as these
affected pathways are critical for diseases such as rheumatoid arthritis, various
autoinflammatory diseases, or multiple sclerosis. To successfully translate the findings from
basic research to clinic requires careful selection of the patients with a disease that has
concrete link to the targeted molecular pathway.
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Expert commentary

Autoimmune diseases inflict 5% of general population and cause tremendous suffering in
patients. The precise etiology of these chronic pathologies is unknown, but significant
progress in the last decade has revealed a general molecular theme that may underlie their
pathogenesis. SLE and several other autoimmune diseases display a unique signature of
type I interferon activation, which generally correlates with disease severity. Now it is
clear that a panel of molecular compounds containing nucleic acids can activate TLR7 or
TLR9 in pDCs, which consequently leads to prominent type I IFN production. A
powerful pluripotent cytokine, IFN exhibits wide range effects on leukocytes, including
DCs, monocyte, B cells, T cells and neutrophils, to promote autoimmune responses.
Studies of lupus animal models reveal an essential role of type I IFN in inducing
autoimmunity and exacerbating the disease symptoms. Altogether, these observations
strongly advocate the need for an IFN-centered, targeted therapeutic approach to treat
autoimmune diseases. The current therapeutic options for lupus and others are largely
non-specific and have many undesired long term side effects for patients. A specific
nucleic acid-TLR-pDC-IFN pathway that prompts the autoimmune development serves
as an ideal map for selecting rational drug targets. Multiple strategies to tackle this
particular pathway are being developed or under assessment, which bring great hope for
the arrival of next generation disease specific treatment for autoimmune diseases.
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Five-year view

The current dogma on autoimmune diseases centers on TLR activation and type I
interferon, which are supported by ample in vitro and in vivo experimental evidence.
There still remain several important questions regarding the basic mechanism of
autoimmunity that would help guide future targeted drug development. First of all, what
are the triggers of autoimmune responses? As nucleic acids are absolutely central in
activating the innate immune responses preceding IFN production, can they, in any
complex form, truly function as the etiological agent to initiate the immune cascade
leading to autoimmunity? Second, what is the contribution by other nucleic acid sensors
in supporting autoimmune development? Multiple cytosolic receptors have been
identified recently that are capable of binding to nucleic acids and trigger type I IFN
production in diverse cell types [85]. Although Trex1−/− mice demonstrate the significant
role played by a TLR-independent pathway, mice overexpressing MDA5, a cytosolic
sensor for dsRNA, failed to develop autoimmune phenotype, a striking contrast to TLR7
transgenic animals [84,104]. Therefore it remains to be elucidated whether all nucleic
acid-sensing pathways contribute to autoimmunity equally or differentially. Moreover, it
is highly likely that further immune activation has to occur in autoimmune diseases as
excessive IFN alone is insufficient to initiate lupus [6,104]. Therefore, what are the other
key immune mediators that complement type I IFN to drive disease progression? On the
other hand, the functional similarity between type I and type III interferon invites a closer
look at this group of cytokines to examine if they are able to replace IFN to operate under
certain disease conditions.
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Key issues

• A large body of studies in humans increasingly implicates type I interferon
pathway in a list of autoimmune diseases, suggesting a common underlying
mechanism of their pathogenesis;

• Plasmacytoid dendritic cells represent a major cellular source of type I
interferon that are implicated in clinical autoimmune pathologies. These cells
are activated by nucleic acid-containing complexes that selectively activate
endosomal TLR7 or TLR9, which leads to prominent IFN production;

• Type I interferon has wide-range effects on multiple immune cell populations.
By stimulating different arms of the immune system, IFN is tremendously
powerful to promote autoimmune responses;

• Type I IFN signaling proves to be essential in multiple lupus models. It
functions prior to the onset of autoimmunity or exacerbate pre-existing lupus
propensity. In a newly established model, pDCs are found to represent an
essential IFN producer in vivo. Novel animal models will allow in-depth
mechanistic elucidation to correlate with human disease pathogenesis.

• Type I IFN pathway represents an important therapeutic target for autoimmune
diseases in general. Diverse treatment strategies are being examined to
downregulate IFN and dampen the progress of autoimmune diseases.
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Figure 1. Human pDCs are activated by nucleic acid-containing complexes to produce type I IFN
SLE ICs containing chromatin or ribonucleoprotein (RNP) are internalized by pDCs via
binding to Fc receptor and activating TLR9 or TLR7, respectively, to induce IFN
production. Other nucleic acid-containing complexes, such as LL-37 or amyloid fibrils, also
activate pDCs to trigger IFN secretion. SLE Neutrophils, which are primed by pDC-
produced IFN and stimulated by autoantibodies, undergo NETosis. Nucleic acids-containing
NET then prompts IFN production from pDCs.
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Figure 2. Induction of type I IFN initiates systemic autoimmunity in vivo
Murine experimental lupus models illustrate that activation of different innate immune
pathways induce type I IFN and cause systemic lupus-like autoimmunity.
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