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Abstract In relapsing remitting multiple sclerosis (RRMS),
type I interferon (IFN) is considered immuno-modulatory,
and recombinant forms of IFN-β are the most prescribed
treatment for this disease. However, within the RRMS pop-
ulation, 30–50% of MS patients are nonresponsive to this
treatment, and it consistently worsens neuromyelitis optica
(NMO), a disease once considered to be a form of RRMS. In
contrast to RRMS, type I IFNs have been shown to have
properties that drive the inflammatory pathologies in many
other autoimmune diseases. These diseases include Sjög-
ren's syndrome, system lupus erythematosus (SLE), neuro-
myelitis optica (NMO), rheumatoid arthritis (RA) and
psoriasis. Historically, autoimmune diseases were thought
to be driven by a TH1 response to auto-antigens. However,
since the discovery of the TH17 in experimental autoim-
mune encephalomyelitis (EAE), it is now generally thought
that TH17 plays an important role in MS and all other
autoimmune diseases. In this article, we will discuss recent
clinical and basic research advances in the field of autoim-
munity and argue that IFN-β and other type I IFNs are
immuno-modulatory in diseases driven predominantly by

TH1 but in contrast are inflammatory in diseases that have
a predominant Th17 response.
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Introduction

Interferon (IFN)-β is the most widely prescribed treatment
for MS. IFN-β therapy is generally well tolerated and over-
all reduces the relapse rate by 30% in patients with relapsing
remitting multiple sclerosis (RRMS) [1]. There are patients
who remain relapse free for several years while on this
treatment. The common side effect of IFN-β is moderate
to severe flu-like symptoms, and IFN-β can cause liver
damage. However, a major limitation with IFN-β is that
30–50% of MS patients do not respond to treatment. There-
fore, it is highly desirable to identify responders and non-
responders prior to the initiation of treatment and thus
eliminate the unnecessary treatment of individuals that
would have no benefit from this expensive drug.

Type I interferons (type I IFNs), which include the
various IFN-β and IFN-α molecules, were first identi-
fied by their role as anti-viral factors produced endog-
enously during a viral infection [2]; consequently an early
hypothesis was that IFN-β treatment provided benefit to MS
patients by resolving a viral infection that may have caused
the disease. However, it is now established that IFN-β has
many immune-suppressive functions [3]. These include
blockade of the trafficking of lymphocytes to the central
nervous system (CNS), reduction of expression of MHC
class II molecules, attenuation of T cell proliferation and
alteration of the cytokine milieu from pro-inflammatory to
anti-inflammatory.
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Two recent publications have illuminated the immune
suppressive activity of endogenously expressed type I IFNs
[4, 5]. During EAE, IFN-β and other type I IFNs are locally
elevated at the site of inflammation. The local expression of
IFN-β in the CNS targets myeloid cells to inhibit disease.
Specifically, IFN-β attenuates several activities of myeloid
cells including expression of chemokines, production of
pro-inflammatory cytokines and their capacity for antigen
presentation. Even with these major insights on the function
of endogenous IFN-β, the precise and complete understand-
ing of the mechanisms of action of IFN-β, when it is
administered as a treatment for MS or EAE, are still unclear.

In direct contrast to its role in RRMS, type I IFNs have
properties that drive the inflammatory pathologies underly-
ing certain other autoimmune diseases, which include Sjög-
ren's syndrome, system lupus erythematosus (SLE),
neuromyelitis optica (NMO), rheumatoid arthritis (RA)
and psoriasis [6–8]. And in these diseases it has been pro-
posed that blockade of type I IFN signaling would be an
effective treatment strategy for these diseases.

This collection of observations demonstrates that IFN-β
is a double-edged sword in autoimmune diseases. In some
situations, IFN-β inhibits disease progression, whereas in
others it promotes the pathology. Understanding the molec-
ular and cellular functional differences of type I IFN in these
different diseases will be critical in understanding how this
cytokine works as a therapy in RRMS and also will give
insights on how to discern which patients might respond to
this treatment.

Type I IFN Exacerbates TH17-induced Autoimmunity

Both TH1 and TH17 cells have been implicated in the
initiation and progression of disease in RRMS and its ex-
perimental model EAE [9]. IFN-β inhibits TH1 associated
pathologies by blocking the inflammatory properties of
IFN-γ and IL-12, the prototypical TH1 cytokines [10, 11].
Furthermore, IFN-β also inhibits the in vitro differentiation
of TH17 cells in humans and in mice [4, 12–15]. These
conclusions suggest that the IFN-β therapy would be effec-
tive in both TH1-driven and TH17-driven autoimmunity.

In our publication in Nature Medicine [16], we addressed
this matter. We administered recombinant mouse IFN-β to
mice with EAE induced by transferring either TH1 or TH17
myelin specific cells. We found that IFN-β treatment effec-
tively blocked disease symptoms in mice with EAE induced
with TH1 cells which was associated with the up-regulation
of the anti-inflammatory cytokines IL-27 and IL-10. How-
ever, we unexpectedly found that IFN-β treatment exacer-
bated disease symptoms in mice with TH17-induced EAE.
This was a surprising observation since a popular theory on
the mechanism of IFN-β treatment is that it attenuates

disease by inhibiting the TH17 cells. Strikingly, in TH17
EAE we found that IFN-β did indeed inhibit IL-17, yet IFN-
β treatment actually worsened disease.

The large clinical trials for IFN-β therapy in RRMS
indicated that there are patients that do not respond to
treatment. It has been postulated that the lack of treatment
response is due to inadequate bioavailability of IFN-β in
these patients, such as the development of neutralizing anti-
bodies [17]. However, there is a growing body of evidence
that demonstrate that both endogenously expressed and
therapeutically administered IFN-β could have an active
role in inducing inflammation in non-responders.

A recent study demonstrated that the RRMS patients as a
whole have a diverse molecular response to IFN-β [18]. In
this study’s patient population, some “non-responder”
patients actually had increased gene expression induced by
IFN-β treatment which was qualitatively different to that of
the responders. Therefore, it can be concluded that IFN-β
therapy could indeed exacerbate the disease in some patients.

In a small cohort of RRMS, 12 responders and 14 non-
responders, we identified a subset of non-responders that
had elevated TH17 and type I IFN signatures in blood [16].
Specifically we found a subset of non-responders had high
serum concentrations of the TH17 cytokine, IL-17 F, before
the initiation therapy. IL-17 F is produced by TH17 cells in
both human and mouse [19, 20] and suggests that the
disease in this group of non-responders has a pathology
predominantly initiated by TH17 cells. Furthermore, we
found that these TH17 non-responders also had high serum
levels of endogenous IFN-β compared to responders. In
fact, we found a significant correlation in the concentrations
of IL-17 F and IFN-β in serum, suggesting that these two
cytokines are biologically linked. These data are congruent
with our observation in mice, where IFN-β treatment is not
therapeutic in mice with TH17 EAE [16]. Moreover, they
are also concordant with the findings from the study of
Comabella et al. [21]. This study described a non-
responder population of RRMS patients to have elevated
serum levels of type I IFN and increased expression of type I
IFN-regulated genes prior to initiation of IFN-β therapy
compared to responders. The authors conclude that non-
responding MS patients may have a disease that is similar
to lupus, which has a type I IFN signature [6], and that type I
IFN actually contributes to the neuro-inflammation in these
non-responders.

Recently, two groups of investigators have shown that
IFN-β directly inhibits IL-17A expression in PBMCs from
MS patients [14, 15], which suggests that inhibition of
TH17 differentiation is a mechanism for IFN-β therapy.
We also have seen that IFN-β inhibits IL-17 production in
T cells [16]. Therefore, it can be speculated that non-
responders that have a highly aggressive TH17-induced
disease would up-regulate IFN-β in an attempt to offset
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the inflammation. This would render IFN-β treatment inef-
fective, since endogenous IFN-β expression is already
elevated.

However, we contend that IFN-β has pro-inflammatory
effects during TH17-induced disease. Since IFN-β has such
pleotropic effects, it could have effects besides inhibiting
IL-17 production that are pro-inflammatory to autoimmune
diseases. Our studies with mice provide strong evidence that
type I IFN drives inflammation in a TH17 version of adop-
tively transferred EAE. But this phenomenon where IFN-β
promotes TH17 inflammation also occurs in other human
autoimmune diseases.

One good example of an autoimmune disease where type
I IFN and TH17 drive pathology is psoriasis. Psoriatic
lesions in skin have the hallmarks of chronic inflammation
that promotes uncontrolled keratinocyte proliferation, with
subsidiary manifestations like psoriatic arthritis. Type I IFN
is an important mediator of the early events in inflammation
in psoriasis. Like SLE, a type I IFN signature is evident in
the psoriatic plaques [7]. Furthermore, in pre-psoriatic
plaque tissue, plasmacytoid dendritic cells are found in
abundance where they secrete large quantities of IFNβ and

IFN-α [22]. Furthermore, genetic deletion or antibody
blockade of type I IFN signaling is therapeutic in animal
models of psoriasis. Such experiments demonstrate that type
I IFNs play a direct pathogenic role in this disease [7, 23].
However, the most convincing data demonstrating that type
I IFN can drive psoriasis emanate from the observation of
the development of psoriatic lesions in RRMS patients and
in hepatitis C patients who received type I IFN as a treat-
ment for their initial disease [24–31].

In addition to type I IFN, the TH17 pathway also has a
major role in driving psoriasis. Through genome-wide asso-
ciation studies, the IL-23/TH17 pathway has been directly
implicated in the pathogenesis of psoriasis [32–34]. More-
over, ustekinumab, a monoclonal antibody (mAb) therapy
that blocks IL-23 signaling, was successful in clinical trials
of psoriasis and is now an FDA-approved marketed drug for
this disease [32, 35]. Furthermore, neutralizing IL-17Awith
mAb is also showing promise as a treatment for psoriasis
from results in advanced clinical trials [36].

Neuromyelitis optica (NMO) is another autoimmune disease
where type I IFN and TH17 drive pathology. NMO is a neuro-
inflammatory disease which until recently was considered a

Fig. 1 Autoimmune diseases initiated with the IL-23/TH17 response
secrete high levels of IL17A and IL-17 F. IL-17A and F initiates granu-
locyte infiltration to the site of inflammation as well as orchestrates
germinal center formation and B cell maturation in lymphoid tissues.

Endogenously expressed or therapeutically administered IFN-β could
exacerbate TH17 diseases by directly stimulating granulocytes to release
tissue destructive proteases and cytokines or by elevating BAFF to
enhance the production of auto-reactive antibodies and memory B cells
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variant of RRMS. Unlike MS, the NMO lesions are primarily
found in the spinal cord and optic nerve [37]. Furthermore,
granulocytes are predominant in NMO lesions and are ab-
sent in RRMS [37, 38]. Remarkably NMO patients have
elevated CSF levels of IL-17 compared to RRMS [39].
Therefore, the high levels of IL-17 in the CNS of NMO
patients likely induce the local expression of chemokines
that recruit granulocytes to the CNS [40, 41]. There have
been trials of IFN-β therapy for NMO, but it had no thera-
peutic benefit. In fact, several case reports have shown that
IFN-β can induce severe relapses and exacerbations in this
disease [42–46].

One could argue that the brain may have differential
responses to type I IFN and to TH17 cytokines, in
comparison to other anatomical target organs, such as
the skin and spinal cord. This may indeed be true.
However, trials with IFN-β and other type I IFNs have
shown some efficacy in ulcerative colitis (UC) [47]. And
strikingly, investigators at the NIH found that those patients
with UC, who were non-responders to IFN-β therapy, had
significantly higher levels of IL-17 producing T cells in
lamina propria compared to responders [48]. These results
are very much concordant with what is seen with non-
responders to IFN-β therapy in RRMS. The agreement
serves to demonstrate that the anti-inflammatory effects of
IFN-β are not strictly confined to autoimmunity of the
brain.

The mechanism by which IFN-β promotes symptoms in
Th17-mediated autoimmunity is currently unknown. How-
ever, analysis of the current literature allows us to form a
hypothesis, illustrated in Fig. 1. Type 1 IFN has a proin-
flammatory effect on granulocytes. IFN-α stimulates neu-
trophils to release neutrophil extracellular traps (NETS).
These NETS have destructive proteases and cytokines that
would promote inflammation and destruction to tissues [49].
B cells might also be affected by type I IFN to enhance
pathology. The B cell-stimulating cytokine BAFF is elevat-
ed in NMO and also in MS patients after IFN-β therapy [50,
51]. BAFF promotes B cell survival, and IL-17 from T cells
helps orchestrate germinal center formation and autoanti-
body production [52, 53]. So in TH17 driven diseases,
elevation in BAFF by IFNβ could lead to increased devel-
opment of auto-reactive B cells and production of auto-
antibodies which are thought to be major pathogenic mech-
anisms in NMO [54].

TH1 and IL-7: Unlikely Partners with IFN-β Therapy

Our mouse studies demonstrated that TH1 pathways are
critical for the anti-inflammatory effect of IFN-β [16]. Inhi-
bition of EAE symptoms by IFN-β treatment required IFN-
γ produced by the auto-reactive TH1 cell. However, this

Fig. 2 Autoimmune diseases initiated by TH1 cells have high levels of
IFN-γ that drive lymphocytic and macrophage infiltration in to sites of
inflammation. IFN-γ up-regulates IL-7 expression in lymphoid tissue
stromal cells during T cell differentiation and provides signals to

expand and maintain the TH1 population. IFN-β treatment synergizes
with both IFN-γ and IL-7 to attenuate inflammation by up-regulating
the anti-inflammatory cytokines IL-27 and IL-10 and decrease chemo-
kine production from macrophages/microglial cells
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biology was not obvious when we assessed serum bio-
markers in RRMS patients.

Recently, we reported in Science Translational Medicine
that in MS patients, serum levels of IL-7 are inversely
correlated with IL-17 F and high baseline levels of IL-7 is
associated with a good response to IFN-β treatment [55].
This discovery was surprising. Recently several groups inde-
pendently discovered that polymorphisms in the IL-7 receptor
gene confer a risk for developing RRMS suggesting that IL-7
signaling plays an important role in this disease [56, 57]. The
importance of IL-7 signaling in RRMS was further demon-
strated when expression of both IL-7R and IL-7 mRNA
levels was found to be significantly higher in the CNS of
MS patients compared to individuals with non-inflammatory
neurological diseases [56]. Since IL-7 signaling is important
in lymphocyte development and the homeostasis of naïve
and memory T cells [58–60], it is speculated that IL-7
signaling contributes to the pathogenesis of multiple sclero-
sis. This hypothesis was supported by EAE models. We and
others have successfully treated EAE symptoms in mice
using either antibodies or genetic deletions to block IL-7
signaling [55, 61–64].

At first glance, the observation that we find high
levels of IL-7 to be a biomarker for responsiveness to
IFN-β therapy does not appear to support our working
hypothesis, namely that TH1-mediated diseases are re-
sponsive to IFN-β treatment. Our hypothesis came under
even more scrutiny, since recently it was reported that
IL-7 promotes the expansion of TH17 cells and that it does
not affect TH1 cells [61]. In stark contrast to their experi-
ments, we found that IL-7 actually promotes expansion of
IL-12 stimulated TH1 cells and has no effect on TH17
differentiation [55]. Furthermore, we found that IL-7 inde-
pendently from IL-12 promotes IFN-γ production from
human CD4 T cells. Another recent study also reported that
IL-7 promotes the survival/expansion of TH1 cells. Davis et
al. demonstrated that ex vivo expansion of cord blood T
cells by IL-7 promotes the survival and expansion of IFN-γ
secreting TH1 differentiation [65]. Further biological rela-
tionships between TH1, IFN-γ and IL-7 have been demon-
strated: First, transcription of the IL-7 gene in non-immune
cells is directly induced by IFN-γ [66, 67]. Second, IL-7 is a
key cytokine for protection against viral pathogens, and this
protection is mediated by the TH1 immune pathway [68].
Therefore, we speculate that the IFN-γ and IL-7 provide a
positive feedback loop to maintain a population of TH1
cells. We are currently identifying how this IL-7/TH1 axis
is linked to a favorable response to IFN-β treatment. Our
current working hypothesis is that IFN-β synergizes with
both IFN-γ and IL-7 to attenuate disease by up-regulating
the anti-inflammatory cytokines IL-27 and IL-10 and to
decrease chemokine production from macrophages/micro-
glial cells (Fig. 2).

Blocking IL-7 receptor signaling as a potential treatment
for RRMS has recently been gaining traction since preclin-
ical EAE studies have shown that this approach attenuates
disease symptoms [55, 61]. However, it may be that IL-7
signaling has protective effects in this disease. For one, we
find that high levels of IL-7 confer responsiveness to IFN-β
treatment, and therefore blocking IL-7 during IFN-β treat-
ment could neutralize the therapeutic effects [55]. Further-
more, the polymorphism in the IL7R gene that is a risk allele
for RRMS modulates the increased expression of a soluble
version of this receptor. This soluble receptor might act as a
molecular decoy and decrease signaling initiated by IL-7, or
the other IL7R ligand TSLP, in RRMS [57]. The biology of
IL-7 signaling in MS is complex and is likely to be quite
important in the pathophysiology of MS, since to date MS is
the only autoimmune disorder where IL-7 signaling has
been demonstrated in genome-wide association studies [69].

Concluding Remarks

As we have discussed, MS has unique features as an auto-
immune disorder, features that distinguish it from other
autoimmune diseases where blockade of TNF is effective
and where blockade of IL-12p40 is beneficial. Both anti-
TNF and anti-IL-12p40, in MS [70, 71], fail to modulate
RRMS, and indeed the anti-TNF approaches carry with
them a “Black Box” warning from the FDA [71] [70].
Furthermore, IFN-β and the other type I IFNs have been
shown to contribute to the progression of many autoimmune
diseases like RA and psoriasis. In contrast in RRMS, IFN-β
is a commonly used therapy that can be an extremely effec-
tive drug for some patients. RRMS is a highly complex
disease that some believe could be collection of different
syndromes. This could help explain the heterogeneity in
response to IFN-β therapy in RRMS. At present time there
is no rational way to instruct an individual with RRMS to
use IFN-β or to try the other first line drugs for RRMS,
glatiramer and FTY420. However, clinical biomarker stud-
ies will hopefully lead to a diagnostic test that will predict
whether one should take IFN-β or not.
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