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SCOPE OF THE THESIS

MS and RA are complex diseases that are heterogeneous in nature. Variability in drug-
responsiveness exemplifies this heterogeneity and suggests that for both MS and RA,
underlying disease mechanisms may vary among patients. It appeared that differential
activity of the type | IFN pathway is present in a subset of patients with several autoimmune
diseases and is characteristics for the disease heterogeneity. Here we set-out to study the
role of IFN activity in relation to IFNB therapy in MS and B-cell depletion therapy via rituximab
in RA. Besides the relation of IFN activity to treatment outcome, we also studied the role
of type I IFN activity in autoimmunity in relation to pathogenic or clinical characteristics. In
RA we studied the relation of IRF5 genetics to cardiovascular disease, since it is well known
that IFN is an important mediator in this process. In patients with Inflammatory Idiopathic
Myopathies, the relation between autoantibodies that play an important role in this disease,
and type | IFN activity was studied. Increased understanding of the molecular base of drug
responsiveness will ultimately enable improved treatment strategies and personalized
medicine in these diseases.

MOLECULAR MARKERS FOR IFNB TREATMENT IN MS

Nearly every aspect of a disease phenotype is represented by pathophysiological processes
driven by genes and their products. These represent a molecular signature that is associated
with disease characteristics and thus defines the samples unique biology. Genomics
technology enabled us to provide sufficient knowledge to determine these processes in
relation to disease heterogeneity and possibly treatment outcome.

PHARMACODYNAMICS OF IFNB TREATMENT IN MS

Large scale molecular profiling technologies are widely applied to identify pharmacodynamic
changes for IFNB in healthy controls and MS patients. However, whereas these studies
provided insight into the IFNB responsiveness in terms of a group average the issue of inter-
individual heterogeneity was not addressed extensively and, as a consequence, they did
not provide markers to predict treatment outcome. Since a high proportion of about 40%
of the patients do not or only poorly respond to IFNB and non-responsiveness can only
partly be explained by immunogenicity, i.e. the development of neutralizing antibodies, it
is likely that other mechanisms that result in insensitivity and/or resistance to the effects
of IFNB underlie differential responsiveness. This implies that baseline characteristics and/
or pharmacodynamic responses may differ among patients, leading to inter-individual
differences in clinical efficacy.
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General Discussion

In chapter 1.1 we aimed to unravel the heterogeneous baseline characteristics that relate
to, and might be predictive for, treatment outcome. We studied genome wide transcription
profiles of MS patients starting with IFNB treatment and showed that increased activity
of the type | IFN system, reflected by a baseline IFN type | signature, determined the
pharmacological response to IFNB. Given the beneficial role of IFNB on disease activity in
RRMS these results appear counterintuitive. Moreover, this increased IFN-activity at baseline
was associated with an absent pharmacological response to IFNB-treatment in RRMS. This
absence of a pharmacological response in the MS patients with a high type | IFN status
at baseline was consistently observed over time, at one, three and six months after the
initiation of the therapy and was confirmed in an independent cohort of 30 RRMS patients.
One possible explanation for these observations is that the type | IFN activity in patients
with this type | IFN signature was already saturated prior to the initiation of the therapy,
resulting in the absence of a pharmacological effect of administrated IFN in these patients.
Indeed, we demonstrated that PBMC of RRMS patients with increased baseline type | IFN
activity had lost the capacity to respond to in vitro stimulation with IFNB, consistent with
the in vivo findings. These data suggested that the in vivo pharmacological response to
IFNB treatment is dependent on the intrinsic differences in the blood cells reflected by an
activated type | IFN activity prior to the initiation of the therapy. This was further confirmed
by a study of Comabella et al* who not only validated the increased type | IFN activity at
baseline in a subset of RRMS patients but also showed that baseline phospho-STAT1 levels
were significantly higher in monocytes of those patients compared to those without an
activated type | IFN system. Upon stimulation of the monocytes with IFNB no differences
between the phospho-STAT1 levels were observed.! These findings are consistent with our
results, which revealed that in the patients with a baseline type | IFN signature, the type |
IFN pathway is fully activated prior to therapy and cannot be activated further.

Our study set up was not sufficient to link clinical response to the pharmacological
response or baseline type | IFN signature, however, Comabella et al* showed that type
I IFN response genes were indeed predictive for the clinical outcome of IFNB treatment
in RRMS. In agreement with the results from our pharmacological outcome study, non-
responders were indeed characterized by an increased expression of type | IFN response
genes at baseline. The predictive accuracy of a gene set, consisting of predominantly type |
IFN genes, reached 78%. These findings were replicated in an independent group of RRMS
patients (predictive accuracy 63%). The genes that were selectively induced by type | IFN
were found to be the best predictors of efficacy.

Several mechanisms could account for differential responsiveness to IFNP treatment in
MS patients. Although type | IFNs have an essential function in mediating innate immune
responses against viruses, they may already be produced at very low levels? in a subset of
MS patients. The presence of endogenous IFN might trigger negative regulators to inhibit

151



(further) activation of the JAK/STAT pathway. Accordingly, the interleukin-1 receptor-
associated kinase 3 (IRAK3), a negative regulator of TLR4 signaling primarily expressed
in monocytes was signficantly increased in IFN"&" patients.? Since e.g. IFNo is known to
desensitize further responses to IFNs?, the presence of low endogenous IFNs could block
further TLR and/or IFNB induced signal.® Evidence exists that crosstalk with other cytokine-
activated pathways such as the TNF pathway, could cause tachyphylaxis to type | IFNs.®
The observation that the expression levels of negative type I IFN regulators such as SOCS1,
SOCS3 and PIAS1 were similar between IFN"&" and IFN"" RRMS patients?, suggests that
the interinvidual differences in IFN-activity are not explained by variation in the activity of
inhibitory transcription factors.

A possible trigger for the elevated type I IFN activity remains unclear. Despite the capacity
of blood cells to produce type | IFNs, proof for blood cells as the source for the type | IFN
bioactivity is weak. Not surprisingly, there is no data showing increased levels of IFNa or IFN3
mRNAin peripheral blood cells of RRMS patients compared to healthy control. Support for the
origin of type | IFN outside the peripheral blood compartment comes from the observation
that both IFNa and IFNB are present in brain tissue of patients with RRMS.”® In acute lesions,
IFNa and IFNB were detected in endothelial cells, whereas macrophages expressed more
IFNa, and IF-B was found in astrocytes. However, the simultaneous overexpression of
genes of a common pathogen response pathway, including TLR signalling®, is supportive
for a possible role of TLRs in driving the innate immune response in RRMS.! Bacterial
pathogens that activate the innate response via TLR2 and TLR4 generate a dominant NF-kB
pathway, whereas viruses trigger the innate immune system through TLR3, TLR7 and TLR9
that are more involved in the activation of type | IFN production via the IRF3/7 pathway.’
Comparative analysis of both response pathways with the gene signatures observed in the
peripheral blood of RRMS patients revealed no significant activation of the NF-kB response
pathway.’® This observation argued against involvement of TLR2 and TLR4 in the innate
immune activation in RRMS. The same study also reports that the pattern of gene expression
profile of the IFN"&" RRMS patients has a remarkable similarity with that of smallpox virus
infected macaques, suggestive of a viral or virus-like stimulation. However, initial analyses
on an association with detectable levels of viral DNA in PBMC and IgM or IgG seropositivity
for EBV or HHV-6, two candidate viruses, were negative®. Although infectious agents such as
viruses have long been considered as possible triggers for autoimmune responses in MS, a
contribution for endogeneous factors, such as single- or double stranded DNA or RNA, in the
activation of the innate response via TLR3, TLR7 or TLR9 cannot be excluded. For example, in
SLE, it has been demonstrated that immune complexes between autoantibodies and nucleic
acids released from necrotic or apoptotic cells can induce plasmacytoid dendritic cells to
produce IFNa. Thus the available data for RRMS do not exclude a role for endogeneous
factors in the activation of the innate response in RRMS.
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Not only the baseline type | IFN signature, but also significantly elevated serum concentration
of IFNBin non-responders compared toresponders were reported.*? High IFN concentrations
correlated with increased IL-17F in the serum suggesting a tight biological association
between these two cytokines. One possible explanation for the observation is that non-
responders have aggressive T 17 disease reflected by the in increase in IL-17F production,
and IFNB was produced to counteract inflammation. Alternatively, endogeneous IFNB is
pro-inflammatory during T, 17 disease. In that situation IFNB treatment would not only be
ineffective, but could also worsen symptoms as was shown in a Th17 induced experimental
RRMS model.?? However, the role of IL17F as predictor of the response to IFNB could not be
confirmed in an independent cohort.

Altogether, these results warrant further studies to validate the clinical utility of the type
I IFN signature as biomarker to predict the response to IFNB treatment in RRMS.

ROLE OF IRF5 GENETICS IN THE REGULATION OF TYPE | IFN ACTIVITY IN MS
Several genetic variants are known to contribute to the differential activity of the type | IFN
system and one of the most described is the gene encoding Interferon Regulatory Factor 5
(IRF5), a master regulator of the IFN/TLR pathway. IRF5 is a transcription factor that functions
as a central mediator of Toll-like receptor signaling and is involved in the production of type
I IFN, apoptosis, cell-cycle regulation, cell adhesion and pro-inflammatory reactions.'**
Moreover, expression of IRF5 is induced after activation of the IFN type | receptor, indicative
that IRF5 is not only important in the production of type | IFN, but also in the regulation
IFN type-l-induced gene activity.!® Genetic variation in the IRF5 gene has been found to
be strongly associated with SLE, a disease wherein type | IFNs are clearly associated with
disease activity and severity, and IFN response gene activity.?”°

In chapter 1.2 we studied the relation between IRF5 genetics and response to IFNB in
MS patients. We found an association between genetic variation in /IRF5 and clinical and
pharmalogical response to IFNB treatment. Patients with the /RF5 rs2004640-TT and
rs47281420-AA genotype exerted a poor pharmacological response to IFNB compared with
patients carrying the respective G-alleles (P=0.0006 and P=0.0023, respectively). Moreover,
patients with the rs2004640-TT genotype developed more magnetic resonance imaging
(MRI)-based T2 lesions during IFNB treatment (P=0.003). Accordingly, an association
between MRI-based non-responder status and rs2004640-TT genotype was observed
(P=0.010). For the rs4728142 AA-genotype there tends to be an association with more T2
lesions during IFNB treatment and MRI-based non-responder status; however, this was not
significant (P=0.103 and P=0.154, respectively). The clinical relevance of the rs2004640-TT
genotype was validated in an independent cohort wherein a shorter time to first relapse
was found (P=0.037).
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The functional relevance of genetic variants of the IRF5 gene might relate to it’s influence
on type | IFN levels since IRF5 is a master regulator of type | IFN-activity and functions as a
transcription factor when phosphorylated, leading to expression of downstream interferon
response genes as well as production of type | IFN itself.?’ The rs2004640 IRF5 SNP is located
2bp near the intron-exon boundary for exon 1b and creates an exon donor splice site
which enables transcription of exon 1b. Splicing of IRF5 is highly complex and multiple /IRF5
isoforms are initiated at each promoter. Different isoforms can contain either exon 1a, 1b or
1c, depending on the promoter where transcription is initiated. Gene variants bearing exon
1a or 1b are constitutively expressed in pDCs and B-cells, whereas variants bearing exon
1c are inducible by type | interferons. The IRF5 rs2004640 T allele, the allele that enables
transcription of exon 1b, is associated with higher mRNA levels of IRF5.2! Furthermore, it is
known that the IRF5 isoforms differ in their ability to transactivate type | IFN genes, e.g. IFNa
or IFNB.%2 Thus the IRF5 rs2004640 T-allele is likely to enhance the expression of /IRF5 and
successively type I IFN, including IFNB, whereas the G-allele is not. The rs4728142 IRF5 SNP
is located in the promoter region of IRF5. IRF5 mRNA levels were also shown to be affected
by rs4728142 genotype, suggesting a functional role of this polymorphism.

The exact pathophysiological role of IRF5 gene variants in relation treatment success
in MS needs to be clarified but these findings suggest a role for IRF5 gene variation in
the pharmacological and clinical outcome of IFNB therapy and might have relevance as
biomarker to predict the response to IFN in RRMS.

MOLECULAR MARKERS FOR RITUXIMAB TREATMENT IN RA

Although it has been proven that rituximab is effective in the treatment of RA, a substantial
percentage of patients do not respond to treatment. Since rituximab equally depletes
circulating B cells in responders as well as non-responders and many patients experience
a relapse after 6 months when the B cell number is still low, the mechanism by which the
clinical response is achieved is not entirely clear. It is speculated that more subtle B cell-
related processes and/or indirect effects contribute to clinical benefit.

PREDICTION OF TREATMENT OUTCOME OF RITUXIMAB IN RA

Several studies proposed pathophysiological differences between responders and non-
responders that could provide a basis for the identification of biomarkers to predict
response to rituximab. Clinical parameters such as baseline disability, number of previously
used TNF blocking agents, seropositivity as well as the reason for ineffectiveness of
anti-TNF treatment are claimed to relate to treatment outcome.” But also variation in
peripheral B-cell depletion,?* differences in (long term) depletion and/or repopulation of
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IgD*/CD27* memory B cells 2278 were associated with clinical outcome. These findings
suggest that control of adaptive immune processes involving germinal center-derived,
antigen-, and T-cell-dependently matured B cells is essential for successful RTX treatment.
Other potential predictors of clinical outcome of rituximab treatment are serum levels of
monocyte chemoattractant protein-1 and epidermal growth factor, which were found to be
significantly higher after treatment in non-responders, as well as interleukine-6 genotype.
Enhanced serum BAFF/BLyS levels and expression of BAFF receptor on naive and memory
B cells, Fc-RIll genotype, blood cell transcripts and presence of Epstein-Barr virus genome
in bone marrow are described to be positive predictors for clinical outcome. 2633 Although
the above findings have potential to contribute to a detailed insight in the mechanism of
action related to efficacy and provide a framework to select biomarkers, clinical utility was
not demonstrated.

With respect to response prediction, we showed in chapter 2.1 that the response
to rituximab is associated with the activity of the type I IFN system prior to the start of
treatment, reflected by differences if expression levels of a selective group of genes that
have in common that they are all regulated by type | IFN. Patients that were identified as
good responders based on their DAS at 6 months after start of treatment had a low or
absent levels of at baseline of those type | IFN regulated genes, whereas non-responders
displayed an enhanced expression of these genes already before the start of treatment. This
association between baseline type I IFN activity and clinical response is in line with previous
findings wherein it was demonstrated in two different cohorts (n=20 and n=31) that patients
with a low IFN signature had a significantly greater reduction in the DAS28 and more often
achieved a EULAR response at weeks 12 and 24.3* In chapter 2.2 we validated the clinical
utility of this IFN signature to predict non-response in an independent study using Receiver
Operating Characteristic (ROC)-curve analysis whit the area under the (AUC)-curve as an
important measure for test accuracy. Using advanced data-analysis, we identified a subset of
3 interferon response genes (IRGs) that most accurately and robustly predicts the response
to rituximab therapy (AUC 0.87), which means that this test correctly classifies 87% of two
patients of randomly drawn pairs, which is considered close to “excellent” (AUC>0.90).%
Based on these data a cut-off could be chosen to predict non-response to rituximab with
a specificity of 100% and a sensitivity of 44%. The association of IRG and RTX outcome
appeared to be independent of other proclaimed biomarkers, among which seropositivity,
number of previous anti-TNF blockers and baseline disability, for RTX treatment.

PHARMACODYNAMICS OF RITUXIMAB TREATMENT IN RA

Our genome-wide gene expression study as described in chapter 2.1 showed marked
differences in the pharmacological response between patients. These differences relate
to genes that represent several distinct biological processes, such as IFN-response gene
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activity, humoral immunity, cytotoxic T and NK-cell immunity and chemotaxis. However,
when patients were stratified based on their ADAS28 response at 6 months it became
apparent that the only distinction between responders (ADAS28>1.2) and non-responders
(ADAS28<1.2) was observed for pharmacological changes in the expression of type | IFN
related genes. An increased expression of a set of 6 most discriminatory IFN response genes
(RSAD2, IFI44, IFI44L, HERC5, LY6E and Mx1) at 3 months following single treatment is
associated with a good clinical response, whereas the IFN-response activity did not change
or slightly decreased in the non-responders. This applied also for the EULAR response
criteria. After 6 months the IFN-response activity returned to baseline values, after which
many rituximab treated RA patients experience a relapse of their clinical disease.

Results from these studies suggest that IFNMe" RA patients represent a different
pathogenic subset of RA marked by a failure to respond to B-cell depletion therapy. A simple
explanation could be that the pathogenesis in IFN"&" patients is less dependent on B-cells,
compared to IFN°" patients. However, the IFN signature was found to be equally present
in seropositive and seronegative RA patients, arguing against an association between IFN-
response activity and pathogenic B cells.?® Alternatively, a high baseline IFN-activity may be
associated with the presence of a subset of pathogenic B cells insensitive to the effects of
rituximab. These could be present at baseline and could survive in synovial or bone marrow
tissues due to e.g. incomplete B-cell depletion or concomitant expression of B-cell survival
factors such as BAFF/BLyS.>” IFNs may also affect B-cell differentiation, such as in-situ
differentiation in CD20-negative plasma blasts.?” Another and more likely explanation would
be that the evolution of the dynamic increase in IFN-activity following rituximab treatment
is mechanistically more relevant to explain the difference between responders and non-
responders. Thus the pharmacological induction of type | IFN-activity appears an important
factor in the ameliorative effect of B-cell depletion therapy in RA and might relate to the
increased BAFF/BLyS levels and persistence of pathogenic B cells.

A beneficial role for type I IFN in RA is highlighted by Treschow et al.®, who showed
that IFNB-deficiency prolonged experimental arthritis. Subsequent transfer of IFN-
expressing synoviocytes was beneficial in IFNB-deficient recipients. Moreover, De Hooge
et al.* demonstrated that deficiency of Signal Transducer and Activator of Transcription-1
(STAT-1), a crucial IFN induced signal transducer, resulted in exacerbation of experimental
arthritis. However, despite these promising results in experimental arthritis, treatment of
RA patients with IFNB by itself was disappointing, which may be due to issues with dosing
and pharmacokinetics.*® Hence, an increase in IFN-response activity with concomitant B-cell
depletion may be a prerequisite for a beneficial outcome. This hypothesis may also explain
the beneficial effects of rituximab treatment observed in multiple sclerosis, a disease that
responds beneficial to effects of IFNB. Conversely, in IFN-type | driven diseases such as
systemic lupus erythematosus (SLE) a pharmacological increase in the type | IFN activity
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by rituximab may lead to disease progression and/or an increase in disease activity, and
may explain the failure to meet clinical endpoints in recent randomized, placebo-controlled
trials of rituximab.*! This implies that rituximab might be less effective in those SLE patients
who experience an increase in their type | IFN response activity levels during rituximab
treatment.

TYPE I IFN SYSTEM IN RELATION TO DISEASE PARAMETER

IRF5 GENETICS AND CARDIAVASCULAR DISEASE IN RA

The association between IRF5 genetics and gene expression based type | IFN signature in
SLE and MS, inspired us to use it as a surrogate marker to study type | IFN activation in a
patient cohort for which only DNA, and no RNA, samples were available. In RA, an increased
cardiovascular morbidity and mortality is observed which cannot be fully explained by
traditional CV risk factors. This makes it relevant to search for additional mechanisms linking
RA to CV disease. The inflammatory processes that are ongoing in RA patients appear to
be important in the increased cardiovascular morbidity and mortality although the exact
mechanism remains unknown. This increased inflammatory state in RA (presented by
increased immune cell activation, overproduction of inflammatory cytokines and increased
CRP levels) together with the reduced presence of circulating endothelial progenitor cells
(which can repair endothelial damage) lead to vascular injury.*? In response to the vascular
injury, vascular smooth muscle cell proliferation and intimal hyperplasia will be induced.
Inflammatory cytokines contribute to atherosclerotic processes and Interferons are known
inhibitors of proliferation. IFNBis known to reduce the proliferation of vascular smooth muscle
cells and might thus have a positive effect in CVD in RA, although it also has been described
that IFNB accelerates lesion formation in atherosclerotic mouse models.®® In chapter 3.1 we
studied the relation between IRF5 genetics and carotid intima media thickness (cIMT), which
is an early marker for atherosclerosis but does reflect plaque formation in only a minority of
patients® and demonstrate that the genetic variant of /IRF5 rs2004640 G-allele is related to
higher cIMT whereas the rs2004640-T allele is related to lower cIMT levels in RA in patients
older than 60 years. Since the latter genetic variant of IRF5 is known to relate to increased
type | IFN levels it may therefor be involved in the atherosclerotic process in rheumatoid
arthritis via enhanced production of type | IFNs. As have been described above, IRF5 is a
regulator of type | IFN-activity and functions as a transcription factor when phosphorylated,
leading to expression of downstream interferon response genes as well as production of
type | IFN itself. Furthermore, it is known that the IRF5 isoforms differ in their ability to
transactivate type | IFN genes, e.g. IFNa or IFNB.?2 Thus the IRF5 rs2004640 T-allele is likely
to enhance the expression of IRF5 and successively type | IFN, including IFNB, whereas the
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G-allele is not. This is in line with the protective role of IFN in vascular diseases as described
by Zhang et al.*® They showed that IFNB can play a prominent anti-atherosclerosis, anti-
inflammation, and anti-proliferation role of vasculoprotection by reducing angiotensin II-
accelerated increase in vascular smooth muscle cell proliferation and intimal hyperplasia.®
Influence of IFNB on IMT may thus especially be effective in situations with high angiotensin
activity, because high angiotensin-converting enzyme activity is associated with IMT.
It seems relevant to further explore the role of IRF5 genetics and IFNB production in RA
patients in relation to a larger panel of cardiovascular disease-related parameters, including
cIMT and plaque formation.

Altogether, these finding point to a role of the IRF5 transcription pathway in atherosclerosis
and might have implications for clinical practice and future therapies in RA patients suffering
CV disease.

TYPE | IFN ACTIVITY IN IDIOPATIC INFLAMMATORY MYOPATIES

In patients with Idiopathic Inflammatory Myopaties, the activated type | interferon pathway
has also been observed in a subset of patients, both at the tissue in e.g. muscle samples
as well as in the periphery. Initial findings in 1IM revealed that the presence of a type | IFN
signature in the peripheral blood compartment correlated with disease activity.*

The relation between the presence of an type | IFN signature and a correlation to disease
activity was also observed in SLE, but not other in autoimmune diseases like MS or RA.

In SLE, it has also been published that IFNa triggers this IFN signature and plays an
important pathogenic role. In IIM however, evidence for a role of a particular type of IFN
is lacking. An association with circulating IFN(, but not IFNa or w, levels was described for
IIM* and according to others, IFNa levels appears to be reduced in IIM compared to healthy
controls.*® Despite these attempts to clarify the role of IFNs in [IM, the underlying mechanism
remains unclear. Since SLE and IIM also share the presence of distinct autoantibodies and
it is well known that some of the autoantibodies, those directed against nucleic-acid (RNA/
DNA)-containing protein complexes, have a type | IFN inducing role in SLE, it is tempting to
study whether similar associations between autoantibody specificities and the nature of the
IFN signature as observed in SLE exist in [IM. In chapter 3.2 we investigated the relationship
between the presence of autoantibodies directed against RNA binding proteins and other
autoantibodiesandthetypelIFN signatureinlIM. We found an association betweenthe whole
blood IFN signature in [IM and the presence of anti-RNA-binding proteins autoantibodies,
such as Jo-1, UIRNP and Ro-60. Furthermore, an association between the presence of the
IFN signature and multi-specific autoantibody profiles is observed. Moreover, we provide
evidence that, in analogy with SLE, IFNa acts as an interferogenic trigger in the serum of [IM
patients. These results point towards a strong relation between presence of autoantibodies
against RNA-binding protein complexes and an IFNa driven type | IFN pathway activation
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in IIM patients. Altogether, these findings suggest that the underlying mechanism for the
activation of the type I IFN pathway in [IM is (partly) related to presence of RNA-binding
autoantibodies in a similar way as has been described for SLE. These results might have
implications for treatment and subclassification of these disorders.

THE PATHOGENIC ROLE OF TYPE I IFN ACTIVITY IN
AUTOIMMUNE DISEASES

Itis apparent that type | IFNs are in the center of attention in chronic inflammatory diseases.
The type | IFN signature has now been observed in PB cells and lesional tissue of (a subset
of) patients with different inflammatory diseases such as RA, SLE, scleroderma, Sjogren's
syndrome, MS and type | diabetes. The heterogeneous gene expression profiles, especially
with respect to type | IFN activity, of patients with clinically defined similar diseases are
an exponent of the different intrinsic modes of immune status that may underlie these
diseases. It also makes more evident the complexity of the diseases and the relation to
therapy responsiveness, as described in this thesis.

An intriguing point is the opposite roles of type | IFNs in autoimmunity, e.g. in SLE and
MS. Compelling evidence from studies in SLE demonstrated that in particular IFNa is directly
implicated in the pathogenesis.*”¢” SLE is characterized by autoimmunity, exemplified by the
presence of autoantibodies to nucleic acid and associated proteins, and organ inflammation.
Serum levels of IFNa were increased in SLE and associated with disease severity and organ
involvement. Supportive for the pathogenic role of IFNa in SLE was the observation that
virally infected persons and cancer patients who were treated with IFNa sometimes
produced anti-nuclear antibodies and occasionally developed SLE-like symptoms.*® The
mechanisms by which IFNa may promote autoimmunity may involve the induction of
autoreactive lymphocytes, enhancement of long-term antibody responses, and priming of
myeloid cells.

On the other hand type | IFNs are therapeutic in MS. Treatment with IFN reduces
clinical relapses, has an ameliorating effect on brain disease activity, and possibly slows
down progression of disability. The anti-inflammatory and tissue protective mechanism
of IFNP likely involve antiproliferative and proapoptotic effects via a variety of molecular
changes *Their anti-inflammatory effects also include the increased expression of immune
dampening mediators such as IL-10, IL-1R antagonist and soluble TNF receptors, and
inhibition of the production of pro-inflammatory mediators such as IL-1, IL-6 and TNFa.

In addition to the role of exogenous IFNB, endogenous IFN was shown to play a role in
the disease as well, since we observed heterogeneous activation of the type | IFN system.
Endogenous activation of the type | IFN system is also related to the beneficial effect of
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exogenous IFNB. There is, however, no evidence of a relation between the type | IFN activity
and disease activity in MS. It is in this perspective notable that genetic variation in IRF5 is
associated with an activated type | IFN system in both, SLE and MS patients, suggesting that
the underlying mechanism might be the same.

In the other autoimmune diseases that show involvement of type | IFNs their role is less
clear.

Our studies In IIM showed a correlation between the IFN signature and disease activity,
similar to what was seen in SLE. Additionally, we revealed that autoantibody specificities are
related to the presence of an IFN signature, as is true for SLE. We subsequently provided
evidence for a similar role of autoantibody specificities in myositis and showed that, in line
with SLE, IFNa is responsible for the observed IFN signature in IIM. This shed new light
on subclassification of patients with IIM disorders and might as well have implications for
treatment of patients. Currently, Phase Il trials are ongoing for IFNa-targeting treatment
(sifalimumab and rontalizumab) in SLE are ongoing and probably these therapies might be
beneficial in the subset of IIM patients characterized by an activated type | IFN system as
well.

In RA, the heterogeneous activation of the type I IFN signature has been described but
no associations with disease parameters or activity could be shown. Up until now, there
is therefor no evidence for a direct role of type | IFNs in the pathogenesis of this disease.
Our studies however do clearly indicate that the a priori activation of the IFN system is
related to the lack of beneficial effect of B-cell depletion and that the activation of type |
IFN system through B-cell depletion is related to its beneficial effect. These associations to
clinical response to rituximab are a major step towards a personalized medicine approach in
RA, which is underlined by the high specificity and sensitivity and positive predictive value
for treatment outcome. From a biological point of view, our data implicates that type | IFNs
might contribute to the effect of B cell treatment in these patients and might thereby play
a beneficial role in the disease. Additionally, our data suggest that /RF5-related activation
of type | IFNs might be inhibitory for the development of cardiovascular disease in these
patients. This relation between IRF5 genetics and cardiovascular diseases in RA underscore
the multifactorial role of type I IFN in autoimmunity.

From the above, the question emerges why type | IFNs are pathogenic in systemic
autoimmune diseases like in SLE and beneficial in MS? Since this paradox is exemplified
by a pathogenic role of IFNa in SLE and a beneficial role of IFNB in MS it is tempting to
speculate that IFNa and IFNB have distinct roles in immunoregulation that confer these
opposing effects.
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Moreover, in RA potentially beneficial effects for IFNf were claimed from studies using
different animal models, which showed reduced disease severity in the presence of IFNB,>*
5 while the lack of IFNB (IFNB knock-out) increased disease severity.3%°¢

Comparison between the primary amino acid sequences revealed that IFNa differs from
IFNB by approximately 70%.%” Receptor binding studies demonstrated that IFNa and IFN
interact with the receptor in a different manner, suggesting that IFNa and IFNB activate
the IFNAR1/IFNAR?2 triggered signal transduction pathway in a slightly different way.>®!
Accordingly, in-vitro studies revealed that IFNP appeared to be more potent at inhibiting cell
proliferation and apoptosis than IFNa.%>%* However, until now differences in the downstream
gene activation program, i.e. IFN signature, between IFNa and IFNB are unknown.

CONCLUSIONS AND FUTURE PERSPECTIVES

Our research showed the added value of genome wide transcription profiling in unraveling
the biological mechanism underlying treatment response. New insights have emerged and
our results place the type | IFN system in the center of attention in autoimmunity. Although
many new questions arose about the exact role of this system in the different autoimmune
diseases and its relation to treatment (non-)responsiveness in both, MS and RA, the prospect
for their role as biomarkers are encouraging.

Our gene expression profiling studies in MS and RA pointed towards a dysregulated type |
IFN pathway. In order to get insight in the possible dysregulation of these pathways we need
to study the proteins of the type | IFN signaling pathway, both upstream and downstream
IFN, as well as their phosphorylation status. Furthermore, it is relevant to search for the
trigger that causes the elevated expression of type | IFN related genes, both, in untreated
MS and RA patients as well as (RTX-)treated patients. Thereto, bioassays to determine the
capacity of patients sera to induce type | IFN activity can be performed, as well as expression
level analysis in cell subsets to determine which cells are responsible for the whole blood
type | IFN signature.

The observed association between /RF5 genetics and IMT in RA not only needs to be
validated in larger cohorts but also the role of IFNB in this association needs to be studied
as well as the relation of IRF5 genetics to plaque formation. If it is true that enhanced IMT
in RA is not seen in patients with elevated levels of IFNB, this might have consequences for
the treatment of these patients in order to prevent cardiovascular disease. But not only
the route via which IRF5 genetics might influence IMT levels in RA is important to study.
Also relation of IRF5 genetics as well as type | IFN biology in general to a broader collection
of cardiovascular related disease parameters needs to be determined in order to better
understand type | IFN biology in RA-related cardiovascular disease.
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The challenges we face now are dual. On the one hand, we are only starting to reveal the
complex role of type | IFNs in autoimmunity. Since the molecular differences most likely
reflect distinct pathophysiologic processes underlying disease, further research involving an
integrated approach using genomics, genetics, molecular cell biology, signal transduction
and proteomics, needs to be performed to better understand the physiological role of
the type | IFNs with respect to disease and treatment response. On the other hand, our
research resulted in reliable and easy to use biomarker to predict responsiveness to
treatment. However, prospective studies are needed to further validate the clinical value
of our biomarkers for IFNB treatment in MS and rituximab treatment in RA. Subsequent
rigorous technological validation and standardization are required before these classifiers
can be implemented in clinical practice to predict individual responsiveness to treatment.
Altogether, important steps have been taken towards personalized medicine for MS and RA
patients.
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