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He aha te mea nui o te ao?
He tangata, he tangata, he tangata
What is the most important thing in the world?
It is the people, it is the people, it is the people
- Māori proverb

POPULAR SCIENCE SUMMARY
Diseases such as multiple sclerosis (MS), systemic lupus erythematosus (SLE) and antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) are driven by the
body’s immune system abnormally attacking its own tissue. These chronic and progressive
diseases can cause significant illness for patients, reducing their capacity and quality of life.
There is no cure for each of these diseases; however, in recent decades, treatments called
biological therapies have transformed the management of these conditions and are now
widely used to reduce disease symptoms, severity, and disability. The biological therapies
used to treat these diseases are designed to mimic parts of the body’s immune system to
modulate immune responses. In contrast to vaccines, they are meant to go unrecognised by
the immune system; however, in some cases, they will be detected as ‘foreign’, and the
development of antibodies against these treatments can occur. The term immunogenicity in
this context refers to the potential of a biological therapy to be recognised by the immune
system and trigger an unwanted immune response. The development of these antibodies,
known as anti-drug antibodies (ADAs), in some cases can lead to treatment resistance or side
effects. Despite advancements in drug development, all biological therapies can still
potentially be recognised by the immune system. Biological therapies undergo rigorous
testing before they are approved for use however, testing for ADAs during clinical trials does
not always elucidate the less overt and rare implications of ADAs. Therefore, real-world
studies are needed to evaluate ADAs once the drug is available on the market.
The papers included in this thesis explored how often these antibodies develop, who they
more commonly occur in, and if they had any impact on the effectiveness and safety of a
treatment. We specifically looked at ADAs to two biological therapies (rituximab and
interferon beta) used to treat patients with MS, SLE and AAV. Overall, the results showed
that the development of ADAs and potential effects of these significantly differ between the
three diseases. We were able to identify patient characteristics which may increase the risk
of developing ADAs and having side effects from these. Research in this area is ongoing;
however, the results from this will assist clinicians to know when routine testing for ADAs
might be beneficial to aid early detection and management and reducing the risk of ineffective
treatment or side effects owing to ADAs.
.

ABSTRACT
Over the past three decades, biologic therapies have revolutionised the treatment of chronic
inflammatory diseases such as multiple sclerosis (MS), systemic lupus erythematosus (SLE),
and anti-neutrophil cytoplasmic antibody (AAV)-associated vasculitis (AAV) and for many,
are now a core component of management. However, unlike chemically synthesised smallmolecule drugs, biologicals are larger and are produced using complex processes in or from
living organisms, resulting in a propensity to stimulate an unwanted immune response to
itself or related proteins. Immunogenicity of biologicals can lead to the formation of antidrug antibodies (ADAs), which can potentially inhibit the biological activity of a treatment
and impair its safety and efficacy. Since the early stages of development, immunogenicity of
biological therapies has been recognised as a potential limitation to their use, and progression
towards the use of more humanised biological therapies over the years has aimed to minimise
this issue. However, despite these developments and their improvements to effector functions
and tolerability, immunogenicity has not been mitigated and, in some cases, has worsened.
Immunogenicity testing is a required safety component of clinical trials; however, these
results often do not accurately reflect the real-world setting and can fail to elucidate the less
overt, rare and long-term implications of ADAs. Moreover, in several countries, biological
therapies are used as an off-label therapy for some disease indications. Variation in the
development and relevance of ADA between treatments and diseases limits the ability to
extrapolate data to off-label indications. Therefore, further real-world studies are required to
ascertain the extent and significance of this issue. The objective of this thesis was to
investigate the frequency, predictability and clinical implications of ADA to rituximab, an
anti-CD20 chimeric monoclonal antibody (mAb) in patients with MS, SLE and AAV, as well
as the long-term effects of neutralising antibodies (NAbs) to interferon beta (IFNβ), a
recombinant therapeutic protein, in patients with MS.
Paper I was a prospective cross-sectional study investigating the frequency and possible
clinical implications of ADAs to rituximab in 339 treated patients with MS. ADA status and
titre were determined using an in-house validated bridging electrochemiluminescence (ECL)
immunoassay, and the results were compared with a commercial enzyme-linked
immunosorbent assay (ELISA) kit. The ELISA was found to be less sensitive than the ECL,
with a false-negative rate of 27%. Using the ECL, a high frequency of ADAs were observed
with 37% of patients relapsing-remitting MS (RRMS) and 26% of patients with progressive
forms of MS, ADA-positive. A strong association was observed with both ADA status and
titre and incomplete B cell depletion, indicating an effect of ADAs on the pharmacodynamics
of rituximab. No difference was observed in clinical outcomes or safety; however, a trend
towards poorer drug survival was noted in patients who were ADA-positive.
In paper II, the frequency and risk factors for ADAs to rituximab were explored in 66
patients with SLE and 22 patients with AAV following first rituximab exposure in a mixed
retrospective/prospective observational study. ADAs to rituximab were also detected using
the in-house validated bridging ECL immunoassay with disease-specific cut-points. Higher
rates of ADAs to rituximab were detected in SLE (37.8%) compared with none in AAV

patients following first exposure to rituximab. Patients with SLE who developed ADAs were
younger and had more active disease clinically and serologically at baseline. Following
rituximab re-treatment, ADA positivity was associated with higher B cell counts and
immediate infusion reactions.
Paper III was a single-centre retrospective study that aimed to build on the findings of paper
II, evaluating the presence and dynamics of persistent ADAs over time, their association with
circulating rituximab level, and clinical implications of ADAs to rituximab. In this study, 35
rituximab-treated SLE patients, with 114 sera samples taken at specific time points between
1 month and 3 years post rituximab treatment cycle(s), were included. SLE was associated
with a high rate of persistent ADAs to rituximab (64.3%). ADA titres tended to be higher
earlier after re-treatment with rituximab compared to first exposure. Both persistence and
titre of ADAs were associated with lower drug levels. Moreover, we confirmed in vitro that
these antibodies can have neutralising capacity. Persistently positive patients appeared to
have poorer clinical outcomes after re-treatment however, larger studies are required to
clearly elucidate this. Together with results from paper II, these results support the use of
routine testing in SLE patients prior to re-treatment with rituximab.
In paper IV, the long-term implications of high-titre NAbs to IFNβ were investigated in a
observational cohort study including 3104 patients with MS patients with just under 20,000
years of follow up data from the Swedish MS registry. Patients with high-titre NAbs to IFNβ
had higher disease activity at baseline, which when adjusting for this, was observed to persist
both during IFNβ treatment and after treatment change. These results suggest the impact of
high-titre NAbs on IFNβ treatment effectiveness may lead to persistently higher disease
activity, which is not entirely mitigated by subsequent treatments. In patients who are more
susceptible to developing high-titre NAbs, these results may support the use of a more
efficacious treatment earlier to prevent these potential complications.
In conclusion, the included papers contribute towards our understanding of the short- and
long-term implications of the immunogenicity of rituximab and IFNβ, aiming to support bestpractice decisions surrounding routine testing and clinical management in the studied
diseases. Where required, routine testing could ensure that patients exposed to these
biological therapies are optimally treated by minimising disease and economic burden due to
ineffective treatment, adverse events and disease progression owing to ADAs.
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1 INTRODUCTION
1.1 CHRONIC INFLAMMATORY DISEASES
1.1.1 Multiple sclerosis
Multiple sclerosis (MS) is a chronic inflammatory and degenerative disease affecting the
central nervous system (CNS), affecting an estimated 2.8 million people worldwide.1 It is
characterised by inflammatory myelin destruction, leading to axonal injury and neuronal
loss.2,3 These demyelinating lesions are a hallmark of MS and can be found in the brain, spinal
cord and optic nerves.2
1.1.1.1 Clinical presentation and diagnosis
Patients with MS present with heterogeneous neurological deficits depending on lesion location
and to a lesser degree, lesion burden.2,4 Common presentations include visual disturbances due
to optic neuritis, motor, sensory and cognitive impairments.2 Bladder dysfunction and
constipation caused by sphincter impairments are also common in MS.2 Over time, residual
deficits can lead to impaired mobility and functional capacity. MS can be classified by disease
course as either clinically isolated syndrome, relapsing-remitting MS (RRMS), or progressive
forms, including primary progressive MS (PPMS) or secondary progressive MS (SPMS).5 The
majority of patients present with an initial clinical attack, classified as clinically isolated
syndrome until a confirmed diagnosis of MS can be made.5 RRMS is characterised by relapses
of disease activity followed by partial or complete recovery and periods of clinical remission.
Whereas, progressive forms of MS differ by the absence of distinct relapses and are
characterised by the presence of irreversible progressive neurological deficits.2 About 85% of
patients will present with a relapsing-remitting patten of disease from onset of MS before
converting to SPMS later in the disease course.6 In a Swedish nationwide cohort study, it was
shown that following diagnosis, conversion from RRMS to SPMS generally occurs within 20
years, with a shorter duration to conversion observed with increasing age at diagnosis and in
men.7 A diagnosis of MS is made using the McDonald MS Diagnostic Criteria for MS, which
was last updated in 2017.5 RRMS is diagnosed when there is evidence of dissemination in time
and in space. In contrast PPMS only dissemination in space is required, with at least a one year
history of progressive neurological deficits.5 Diagnosis is made clinically and radiologically,
with evidence of CNS lesions which are disseminated in at least two locations on magnetic
resonance imaging (MRI) and in time.5 Cerebrospinal fluid analysis can also provide evidence
of MS particularly with the presence of oligoclonal immunoglobulin G (IgG) bands (OCB).
OCB are found in 88% of patients with MS and can support a diagnosis indicating
dissemination in time.5,8
1.1.1.2 Epidemiology and Aetiology
The prevalence of MS in Sweden was reported to be among the highest in the world with 189
per 100,000.9 The reported prevalence widely differs geographically, with a greater risk
observed in Western countries and regions of higher latitudes.10,11 This has been attributed to
variations in environmental exposures and genetic predispositions of populations.2 Globally,
1

MS predominantly affects young adult women (3:1), with onset commonly between 20 and
40 years of age.12,13 The exact aetiology of MS is unknown; however, it appears to be a
complex interplay between environmental factors in combination with stochastic events in
genetically susceptible people. Well-established environmental risk factors include smoking
or passive exposure to smoking, but not snuff14; low serum vitamin D particularly in-utero15;
Epstein-Barr virus (EBV) infection after adolescence16–18 and human herpes virus (HHV) 6A
seropositivity18,19; and obesity as an adolescent.20 The heritability pattern of MS is polygenic
in nature, and to date, over 200 risk variants have been identified using large consortium
genome wide association study (GWAS) approaches.21 In particular, human leukocyte
antigen (HLA) class I and II gene polymorphisms bear the greatest risk of MS.2,21
1.1.1.3 Immunopathology
Although the cause of MS remains unknown, a prerequisite for autoimmunity is a loss of
central tolerance leading to autoreactive cluster of differentiation (CD)4+ and CD8+ T cell
release from the thymus. These are activated by the presentation of processed myelin-specific
antigens by antigen-presenting cells (APC) on HLA class II receptors.3 Presentation of CNSspecific antigens has been postulated to occur through various mechanisms, including
molecular mimicry and sequestered CNS-specific antigens in the periphery.3 Activated
leukocytes including B cells, CD4+ T helper (Th) 17 and Th1 cells, CD8+ T cells, and
myeloid cells sequentially interact with endothelial cells to transmigrate through the bloodbrain barrier (BBB).3 Leukocytes mediate chemokine and cytokine breakdown of the BBB,
which further increases the migration of activated leukocytes from the periphery into the
CNS parenchyma. Together with CNS resident microglia and astrocytes, infiltrated
peripheral immune cells form perivascular lesions, secreting pro-inflammatory mediators,
which drives inflammation, demyelination, oligodendrocyte and neuro-axonal injury, and
reactive gliosis.3 Collectively, this results in clinical relapses. Historically, relapses were
believed to be primarily T cell-mediated by unregulated or excessive activation of myelinspecific autoreactive CD4+ and CD8+ T cells.2,3 However, the importance of bidirectional
interaction between many immune cell types, including peripheral immune cells and CNS
resident cells, has since been established.22 In particular, the critical role of B cells,
particularly memory B cells, have been more recently elucidated following the success of B
cell-depleting therapies in the treatment of MS.22,23 As these treatments do not target
antibody-secreting plasma cells, it indicates an antibody-independent role of B cells in
relapses, the effect is thought to be through their role as APCs, modulators of T cell responses
and pro-inflammatory cytokine production.22 Later in the disease course, inflammation
driven by immune cell infiltration becomes less central to the disease state; however, chronic
inflammation and neurodegeneration persist. This is thought to be driven by CNS-resident
cells in tertiary lymphoid like structures, which form at sites of chronic inflammation.3
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1.1.1.4 Biological therapies
Treatment of MS is centred around symptom management, and minimisation of disease
activity and progression. Disease-modifying treatments (DMTs), many of which are
biological therapies, are the mainstay of treatment of MS to improve long-term clinical
outcomes.2,24 There are now many biological therapies either approved or used off-label to
treat MS. Historically, first-line treatments included interferon beta (IFNβ) and glatiramer
acetate. However, in recent years there has been a movement towards treating patients with
more effective second- or third-line treatments earlier to slow disease progression including
monoclonal antibodies (mAb) such as natalizumab (humanised anti-α4-integrin mAb),
alemtuzumab (humanised anti-CD52 mAb), ocrelizumab (humanised anti-CD20 mAb) and
off-label rituximab (chimeric anti-CD20 mAb).2,24
1.1.1.5 Monitoring of disease activity and progression
1.1.1.5.1 MRI
In terms of assessing disease activity and monitoring treatment effect, MRI plays a
fundamental role.25 The recommended methods for these purposes include T2-weighted and
contrast-enhanced T1-weighted brain MRI which can ascertain the presence of new or
enlarged lesions and the degree of inflammation respectively. Administration of gadoliniumbased contrast agents with T1-weighted MRI enables visualisation of active lesions as
inflammation driven BBB permeability allows leakage of contrast.25 The presence of new
T2-hyperintense lesions have been shown to be a reliable surrogate for treatment efficacy in
a large meta-analysis of clinical trials showing a correlation between the presence of early
lesions and later relapses.26 Neurodegeneration can also be observed on MRI through brain
and spinal cord atrophy. In addition, MRI techniques including T2-weighted and T2 fluidattenuated inversion recovery (FLAIR) are used in pharmacovigilance in the case of
treatments such as natalizumab which have been associated with progressive multifocal
leukoencephalopathy.
1.1.1.5.2 Clinical disease scores
The Kurtzke Expanded Disability Severity Scale (EDSS) was developed in 1955 and is one
of the most widely used clinical tools used to measure disability and monitor progression in
the research and clinic setting.27,28 The EDSS is an ordinal scale that assesses eight functional
systems (brain stem, cerebellar, pyramidal, visual, cerebral, bowel and bladder and other)
and gives an overall grade from 0 (no deficits), increasing in increments of 0.5 following
EDSS 1, to 10, which is death due to MS.27,28 Despite its limitations including moderate
reliability with poorer inter-rater agreement and lower sensitivity to change, the prevalent use
of the EDSS is a strong advantage for allowing comparisons across literature.29 Change in
EDSS scores are commonly used in clinical trials to define confirmed disease progression.30
More recently, scales have been developed that adjust EDSS scores with the aim of mitigating
the non-linearity of the EDSS enabling analysis of cross-sectional scores. The Multiple
Sclerosis Severity Scale (MSSS) normalises the EDSS for disease duration and was validated
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in almost 10,000 patients.31,32 However, there is often ambiguity associated with date of
disease onset and disease duration, leading to bias, and missing data can lead to reduced data
to power studies. The Age-Related Multiple Sclerosis Severity (ARMSS) scale was
subsequently developed to circumvent possible bias by normalising for patient age at time of
EDSS assessment. The ARMSS was comparable to the MSSS in a large international
cohort.33
1.1.1.5.3 Relapses
Treatment response can be also monitored by evidence of relapse, which is generally defined
as new-onset neurological symptoms or worsening persisting for at least 24 hours, in the
absence of infection or infective symptoms.2 New symptoms developing within 30 days of
onset are generally considered part of the same relapse. In research, rate of relapses can be
calculated as an annualised relapse rate (ARR).28 In addition, time to first relapse (or first
post-baseline relapse) was shown to be similarly powerful as ARR, but allows for placebotreated patients to switch to treatment following first relapse, and is therefore used in some
clinical trials.34
1.1.2 Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is a complex and heterogeneous systemic chronic
inflammatory disease. It is characterised by inappropriate innate and adaptive immune
responses resulting in autoantibody production and immune complex deposition mediating
inflammation and organ damage.35 SLE can result in mild to life-threatening manifestations
and is associated with a high degree of morbidity and premature mortality.35,36
1.1.2.1 Clinical presentation and diagnosis
There is substantial heterogeneity in the presence and severity of clinical manifestations in
SLE, as illustrated in Figure 1 which shows some of the common symptoms in SLE. Lupus
nephritis occurs in up to half of SLE patients and is associated with a significantly poorer
prognosis.35,37 Moreover, patients with SLE have higher rates of cardiovascular disease, with
a recent case-control study showing a three- to four-fold greater risk of cardiovascular-related
events and mortality than matched controls with similar cardiovascular risk profiles.45
Diagnosis is made clinically in combination with laboratory tests, including autoantibody
screening, and imaging depending on the affected organ systems. Although diagnosis can be
challenging to define, the most widely used classification criteria for SLE is the American
College of Rheumatology (ACR) classification criteria, which was first developed in 197138
and most recently revised in 1997.39 The criteria considers mucocutaneous manifestations,
joint involvement and serositis (pericarditis/pleuritis), as well as renal, neurological,
haematological and immunological disorders. At least four of the 11 items defined in the
criteria are required for classification of SLE. The revision in 1997 included the addition of
antiphospholipid autoantibodies and the removal of the lupus erythematosus cell test, which
was superseded by other methods to detect anti-nuclear antibodies (ANA).39 The 1997
revised ACR criteria has been shown to have a sensitivity of 83-86% and specificity of 9396%.40 However, limitations of this criteria are the omission of different neuropsychiatric
4

and cutaneous manifestations and consideration of complement levels. The Systemic Lupus
International Collaborating Clinics (SLICC) 2012 criteria was developed to address this and
to weight more severe manifestations, resulting in increased sensitivity but a reduction of
specificity.40 In 2019, the European League Against Rheumatism (EULAR)-ACR developed
a new classification system that included ANA as a required criterion for diagnosis, and
inclusion of hierarchical clustering and weighting of criteria further increased specificity lost
in the SLICC.41 This classification criteria was not considered in the thesis projects because
of the timing of patient recruitment.
1.1.2.2 Epidemiology and aetiology
The reported prevalence of SLE varies greatly between countries depending on available
data, but has been reported to be between 28 and 97 per 100,000 in parts of Europe.42,43 SLE
disproportionately affects females throughout the lifespan, with most notable sex differences
during the child-bearing ages (female:male ratio of 9:1).35 Although the aetiology is not clear,
genetic and environmental factors have been strongly implicated in the susceptibility and
triggering of SLE. Environmental risk factors, including EBV46, ultraviolet light47, smoking48
and occupational silica47, have been most closely associated with the development of SLE
through different mechanisms driving immune dysregulation.35,49 Moreover, hormones are
believed to play a key role, shown by both the predominance of female sex and the role of
exogenous hormones (oral contraceptive pills and hormone replacement therapy) in the risk
of SLE and flare of disease.50 SLE has a strong genetic component, with GWASs identifying
over 100 loci associated with SLE susceptibility, together which explain approximately up
to 44% of the heritability of SLE across populations.51,52 In many cases, common
polymorphisms affect proteins of pathways, including complement, toll-like receptors
(TLRs) and type I IFN signalling, and other immune pathways, which are associated with
aberrant innate and adaptive immune responses.53 As observed in MS, there are several HLA
region risk haplotypes.53 Rarer but high risk mutations for SLE are genes related to the
complement pathway, including complement component 1q, which alone can be sufficient
to develop disease.54
1.1.2.3 Immunopathology
Generation of nucleic acid associated autoantigens with subsequent loss of tolerance is
believed to be triggered by an interplay of environmental, hormonal and genetic factors
leading to the accumulation of apoptotic cell debris. This occurs due to both inappropriate
lymphocyte apoptosis and clearance of apoptotic debris.35 Formation of immune complexes
between nucleic acid and binding proteins with autoantibodies trigger TLRs on plasmacytoid
DC triggering IFN release.55 Elevated levels of type I IFN, particularly IFN-α, has been
closely associated with SLE and has been suggested to be involved with activating innate
immune cells (including dendritic cells (DC) and natural killer (NK) cells) as well as
lymphocytes enhancing DC presentation of self-antigens to T cells. Studies showed a distinct
IFN-α gene expression signature in peripheral blood mononuclear cells in a subgroup of
patients with SLE.55,56 Type 1 IFN has been shown to promote Th17 cells to release
interleukin 17 (IL-17) which can promote B cell hyperreactivity. Normal anergic responses
5

are lost, resulting in a failure to remove self-reactive T and B cell clones and a breakdown of
self-tolerance. T and B cell interactions stimulate the generation of long-lasting autoantibody
secreting-plasma cells and memory cells.35 Effector T cells also play a central role in cytokine
release enhancing immune responses to autoantigens. Neutrophil extracellular traps (NET)
are web-like structures formed by neutrophils during cell death caused by release of proinflammatory proteins, DNA, and chromatin fibres.57 Excessive NET development and
impaired degradation have been suggested to contribute to the aberrant immune response
through a number mechanisms.58 SLE is associated with development of a wide spectrum of
autoantibodies directed against intracellular nucleic acid antigens, which form immune
complexes and deposits in tissues, in a variety of organs driving complement and cytokine
activation, inflammation, and organ damage.35
The broad repertoire of autoantibodies present in SLE have differing specificity to SLE, and
some are associated with disease activity or particular manifestations.35 ANA target cell
nucleus antigens such as extractable nuclear antigens (ENA), DNA and histones. ANA are
among the most common in SLE with 95% prevalence however, these are not specific to SLE
and are present in several conditions including cancers, and autoimmune diseases, and to a
lesser extent in the healthy population.35,59 ANA can be categorised into either autoantibodies
to DNA and histones which includes single and anti-double stranded DNA (dsDNA)
antibodies as well anti-histone antibodies. Anti-dsDNA antibodies can bind DNA either in
complexes formed with chromatin-associated products or in free forms.59 The second group
are autoantibodies to ENA such as Smith antigen, which is considered specific for SLE,
among others.59
1.1.2.4 Biological therapies
Treatment is centred around controlling symptoms, minimising tissue damage, and reducing
risk of long-term morbidity and mortality.35 Several biological therapies have failed to be
approved for treatment of SLE because of failure to meet primary end points during trials.60
Belimumab is a fully human mAb that targets B cell activating factor which is required for
B cell survival, activation and differentiation.61 In 2011, belimumab became the first
approved biological for treatment of moderately active SLE without nephritis or CNS
manifestations, after meeting primary end points in a phase III trial.62 Recently the indications
for the use of belimumab have been extended to lupus nephritis based on the results of a
recent trial.63 Rituximab is used off-label for treatment of active and refractory SLE,64 as
discussed in section 1.2.1.
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Figure 1. Characteristics of SLE. SLE is a complex and heterogeneous systemic disease which
can affect almost every organ. The severity of manifestations can range from mild to lifethreatening. This figure highlights some of the common manifestations and immunological
characteristics of SLE.65,66 Created in Biorender.com

1.1.2.5 Monitoring of disease activity and progression
1.1.2.5.1 Clinical disease scores
Several disease activity indices have been developed and since validated for monitoring of
disease activity and treatment response in SLE, including global indices that reflect overall
disease burden, such as the SLE Disease Activity Index 2000 (SLEDAI-2K), or in contrast,
the British Isles Lupus Assessment Group (BILAG) Index which is organ specific. The
SLEDAI-2K is an adaptation of the SLEDAI, which was first published in 1992, and assesses
the presence of 24 weighted variables in nine systems over the 10 days prior to the
assessment. The SLEDAI-2K modifies the SLEDAI to account for persistent and active
disease and has been shown to be a reliable measure of disease activity.65,66 However, because
of to the dichotomised scoring (present or not present) for manifestations and the single score
to reflect overall disease activity, the SLEDAI-2K has lower sensitivity to detect smaller
differences in disease activity.66
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The BILAG index was first described in 1988, revised as the BILAG-2004 and updated in
2009, and has been shown to be a valid and reliable tool.66 The BILAG-2004 provides a score
calculated using the presence and severity of specific manifestations of 97 items across nine
systems over the month prior relative to the month preceding that however, it does not include
immunological tests.66 Each domain is categorised from A to E according to the principal of
intention to treat, where Grade A indicates severe and active disease which requires
immunosuppressive therapy and/or prednisolone and progressively decreases to Grade E,
which is given when there is no previous or current disease activity requiring treatment. The
BILAG-2004 index showed high degree of inter-rater reliability and has a greater sensitivity
to detect smaller differences in disease activity compared with the SLEDAI or other disease
scores.66
1.1.2.5.2 Serological and immunological markers
Although there is no well-defined biomarker to monitor disease activity in SLE, anti-dsDNA
antibody titres fluctuate and have been associated with disease activity, particularly in
patients with lupus nephritis.67,68 Therefore, anti-dsDNA antibodies are often used clinically
to support assessment of disease activity.69,70 ANA testing is commonly carried out using
immunofluorescence assay which detects ANA patterns associated with SLE and other
diseases, or by enzyme-linked immunosorbent assay (ELISA) which can either broadly
detect ANA or specific types.59 Each of these methods can be used to assess for anti-dsDNA
antibodies. Historically, the immunofluorescence assay was long considered the gold
standard however, ELISAs are now more commonly used.59 Complement activation plays
many important roles in SLE pathogenesis, and can be consumed during persisting
inflammation.54,71 Complement (C3 and C4) are widely included in clinical routine tests
when assessing disease activity.54,64 However, complement levels can be affected by multiple
factors and therefore, the specificity of this as a biomarker is questioned. Recent studies
attempting to validate this as a biomarker for organ damage have shown poor results.68,72
However, it is still considered a part of the clinical picture and hypocomplementemia (low
complement levels) are included in both the classification criteria as discussed and the
SLEDAI-2K score.41,73
1.1.3 Anti-neutrophil cytoplasmic autoantibody-associated vasculitis
Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a rare
immune-mediated systemic disease characterised by necrotising inflammation of small blood
vessels with associated endothelial and surrounding tissue damage.74,75 AAV encompasses
three subtypes of vasculitis, including granulomatosis with polyangiitis (GPA), eosinophilic
GPA (EGPA) and microscopic polyangiitis (MPA).75 Unlike MPA, EGPA and GPA are
characterised by necrotising granulomatous inflammation which primary affects the airways.
Patients with AAV have a greater risk of morbidity and mortality relative to the general
population due to both disease processes and treatments.74,76
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1.1.3.1 Clinical presentation and diagnosis
Clinical manifestations of AAV are broad and vary between type and location of inflamed
vessels. All three sub-types commonly present with generalised constitutional symptoms
such as fever, fatigue, and weight loss in addition to evidence of end organ involvement.77
Although almost all patients with EGPA will have asthma,77 each AAV subtype can affect
almost any organ.74 Common manifestations include nasal crusting and ulceration and
bleeding, chronic sinusitis, lower airway disease including bronchial stenosis, pulmonary
infiltrates or nodules and glomerular nephritis but with differing frequencies between subtypes.74 Diagnosis of AAV can be challenging due to the diverse spectrum of symptoms and
lack of validated diagnostic guidelines. Diagnosis is made clinically, with support of
serological, histological and radiological evidence of vasculitis.74 To classify AAV based on
type, the European Medicines Agency (EMA) algorithm was developed and subsequent
validation was published in 2007.77
1.1.3.2 Epidemiology and aetiology
AAV is a rare disease affecting an estimated 3-21 per 100,000.78 There are significant
geographic variations in the prevalence of AAV globally, with a positive gradient seen with
latitude.78 The epidemiology of each AAV sub-type varies, although, unlike many chronic
inflammatory diseases, AAV affect genders more equally and generally has an older age of
onset.74 The aetiology of AAV is unknown; however, environmental exposures including UV
light, infections, smoking and solvents have been proposed.74 It is postulated that an infection
could trigger a loss of tolerance and neutrophil priming through molecular mimicry, where
the microbe has a sufficiently similar sequence to self-proteins.79 Genetic factors, although
more poorly understood, have also been postulated to strongly contribute to susceptibility to
AAV.74,80
1.1.3.3 Immunopathology
AAV is initiated by a loss of tolerance primarily neutrophil primary granules,
myeloperoxidase (MPO) and proteinase 3 antigen (PR3), resulting in production of T- and B
cells and subsequent development of ANCA.74 Priming of resting neutrophils for ANCA
binding can occur through several mechanisms including danger signals and complement
activation, resulting in increased membranous expression of PR3 and MPO. ANCA binding
and crosslinking cell surface PR3 and MPO, subsequently activate primed neutrophils.
Neutrophils adhere to microvasculature and initiate inflammation through degranulation
releasing reactive oxygen species, proteases and ANCA autoantigens.74 Neutrophils form
NET and undergo cell death activating complement and further ANCA production.81 It is
also postulated, similar to SLE, that impaired apoptosis and NET could also increase
exposure to autoantigens driving ANCA production.57 Moreover, ANCA autoantigens are
presented to effector T cells by APC which release pro-inflammatory cytokines.74,82
Collectively, these processes initiate complement activation and drive inflammation, leading
to endothelial and surrounding tissue injury.74 All sub-types are characterised by necrotising
vasculitis however, in GPA and EGPA, extravascular tissue inflammation results in
formation of granulomas.74 Less is known about the immunopathology of EGPA however,
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the presence of eosinophils differentiates EGPA from GPA as primary mediator of disease.74
Although less well explored, mechanisms associated with triggering of a relapse in AAV are
thought to be similar to induction.74
1.1.3.4 Biological therapies
Rituximab is the only biological approved for AAV and most commonly used as a
maintenance therapy.74 Tumour necrosis factor alpha (TNFα) inhibitors (TNFi) are used off
label for treatment of refractory disease.83 A recent randomised control trial was carried out
investigating the use of belimumab as an adjunctive maintenance treatment in AAV however,
was not shown to reduce the rate of relapses.84
1.1.3.5 The Birmingham Vasculitis Activity Score
The Birmingham Vasculitis Activity Score (BVAS) was first validated in 1994, with the
latest validated update in 2008, and is the most widely used disease score among clinical
trials.85 The score accounts for new/worsening or persistent (>4 weeks) disease activity in 66
manifestations. Because of the non-specific nature of some vasculitis signs or symptoms,
only features attributed to vasculitis at the time of assessment are recorded.85,86 The BVAS
is widely used for assessment of disease activity and to define flares and remission in clinical
trials.31 The EULAR define lack of response as <50% reduction in disease activity and
remission as no evidence of disease activity using a validated tool such as the BVAS.87
1.2 BIOLOGICAL THERAPIES
Biological therapies are large, complex therapeutic proteins derived from substances
produced in or from living organisms (prokaryotic or eukaryotic cells).88 Biological therapies
are developed to be either similar or identical to their human counterparts and interact with
specific targets with high affinity, modulating immune, inflammatory and disease pathways,
usually with an inhibitory mechanism. These predominantly include therapeutic proteins
(mAbs, enzymes, cytokines, fusion proteins and growth hormones) and peptides.88 For many
chronic inflammatory diseases, there is no known cure. However, DMTs, many of which are
biological therapies, are now widely used and have revolutionised the treatment and
outcomes for these patients, reducing disease symptoms, severity and disability.
1.2.1 Rituximab
Rituximab (Mabthera®; Roche, Basel, Switzerland and Rituxan®; Biogen, California, USA)
is an unconjugated IgG1k anti-CD20 chimeric mAb. Rituximab has a human IgG1 constant
and mouse variable portion (Figure 2).89 Rituximab was the first mAb to be released to the
market for treatment of cancer, after being approved initially by the United States (US) Food
and Drug Administration (FDA) to treat non-Hodgkin lymphoma (NHL) in 1997 and later
by the EMA in 1998.89 It has since been approved for rheumatoid arthritis (RA) and more
recently for treatment of AAV.89-91

10

Rituximab has also been used indications not in accordance with the authorised product
information, known as off-label use, for treatment of several disease indications including
MS and SLE. Rituximab has been used off-label for treatment of MS both as an escalation
and first-line therapy in Sweden among other countries for several years for both RRMS and
progressive forms of MS.92,93 Despite initial phase II and II/III clinical trials in MS showing
promising clinical effects,94,95 development to obtain regulatory approval for MS was not
pursued by the manufacturer. Since then, several clinical trials and observational studies have
shown high clinical effectiveness, as well as a good safety profile and tolerability to support
its off-label use.96–102
Similarly, rituximab has been used off-label for treatment of active and refractory SLE.103,104
In SLE, rituximab first showed promise as a treatment in 2002 in a small open study,105 and
was supported by a phase I/II dose-escalation trial.106 However, two subsequent phase II/III
studies failed to meet primary efficacy end points for treatment of active SLE or lupus
nephritis, despite rituximab being generally well tolerated.107,108 Failure of these trials has
been postulated to be due to use of more stringent primary end points, short follow-up and
high use of immunosuppressants in both placebo and rituximab treated arms.109 Despite this,
several studies have been carried out prior to and following, supporting clinical effectiveness
and safety of rituximab in patients with active SLE.110–117
Treatment schedules vary significantly between diseases and have been adjusted over time
since the first approved dose used in NHL, which was an induction of four weekly cycles of
357 mg/m2 body surface area as an intravenous infusion.89 This was translated into the
rheumatology clinical practice, and cycles of 6-monthly infusions were introduced.
Rituximab was approved for AAV using a similar induction dose as NHL, followed by a
maintenance dose of 500 mg on days 0 and 14, while the schedule for RA was approved as a
1 g infusion on days 0 and 14. In Sweden, although there are varying regimes for patients
with SLE, MS patients are commonly administered a single infusion of 500–1000 mg
intravenously, followed by 500 mg approximately every 6 months, with increasing intervals
over time.
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Figure 2. The structure and B cell depletion mechanisms of rituximab. Rituximab is a chimeric
anti-CD20 monoclonal antibody which depletes CD20+ cells via complement dependent cytotoxicity
(CDC); ADCC (antibody dependent cellular cytotoxicity); antibody dependent cellular phagocytosis
(ADCP); and direct killing inducing apoptosis.89 VH, variable heavy; VL, variable light; CH,
constant heavy; FCγR, Fc-gamma receptor; NK, Natural killer, C1q, complement component Iq;
MAC, membrane attack complex. Created in Biorender.com

1.2.1.1 Mechanism of action
CD20 is a cell transmembrane protein that is specific to and widely expressed on all B cell
lineages except pro-B, as well as plasmablasts and plasma cells where it is lost on
differentiation.22 In addition to expression on normal B cells, CD20 is variably expressed on
pathological B cells in neoplasms, and evidence it is also present on a small subset of T cells.
118,119
In MS, CD20+ T cells were shown to be enriched in MS patients compared with healthy
controls; however the role of these in disease activity is not well understood.120 The biological
function of CD20 is not completely understood but it has been postulated to act as a calcium
channel, and to play a role in B cell receptor (BCR) signalling and B cell differentiation and
activation.121,122
The direct and indirect effects of rituximab treatment on immune cells have been explored in
different disease cohorts. The contribution of each to the effectiveness of the treatment may
differ based on the immunopathology of the underlying disease. In MS, rapid depletion of
CD20+ cells are believed to have an effect on disease activity by reducing APC capacity and
depleting proinflammatory memory B cells.22 In addition rituximab treatment has been
shown to have a relative change in inflammatory response of both myeloid and T cells, with
long-lasting reduction in CD4+ and CD8+ effector functions.123 Following rituximab
treatment, B cell depletion in peripheral blood for approximately 6-9 months however this
has significant variation between individuals.124 Reconstituting B cells have been shown to
be primarily naïve cells,22 whereas pre-treatment levels of memory B cells can be slower to
return.123,125 In SLE, depletion of B cells results in regeneration of the B cell pool, which was
associated with improvements in B cell homeostasis and tolerance which has been suggested
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to contribute to rituximab effectiveness.126 In addition rituximab treatment was associated
with downregulation of T cell CD40 costimulatory molecules and reduce Th cell
activation.127
1.2.1.2 Pharmacokinetics and pharmacodynamics
Monoclonal antibodies have poor oral bioavailability, and as a result, rituximab is
predominantly administered by intravenous infusion, with bioavailability of 100% and
immediate central distribution.128 The elimination half-life of rituximab was shown to be
approximately 20 days in RA patients but varied by sex and body mass index.128 It has found
to be similar in MS, AAV and SLE with a half-life between 18 to 23 days.129–131 The longer
half of rituximab, similar to mAbs occurs by IgG recycling mediated through interaction with
the neonatal Fc receptor (FcRn), which is also known as the Brambell receptor, protecting
IgG from intracellular catabolism. Rituximab rapidly depletes CD20+ cells through several
mechanisms as illustrated in Figure 2. Fc binding of the antibody to Fc gamma receptor
(FcγR) on effector immune cells such as macrophages or neutrophils results in phagocytosis
of rituximab bound cells (antibody-dependent cellular phagocytosis (ADCP)), or lysis
induced by NK cells in antibody-dependent cellular cytotoxicity (ADCC).89 More
prevalently, Fc binding to complement component 1q activates the classical complement
pathway and causes cell lysis via the membrane attack complex (MAC) in CDC.89 To a lesser
extent, rituximab has been shown to cause direct killing (induction of apoptosis) of B cells
by direct binding via intracellular signalling.132 There are several factors which can influence
the degree of CD20+ cell depletion in an individual including recruitment and efficiency of
effector immune cell functions. Polymorphisms of the FcγR have been shown to influence
effectiveness of B cell depletion in SLE.133 Studies have also shown with increasing dose a
reduction in clearance and increased half-life, partially due to the reduced target availability
following depletion.130,134
1.2.2 Interferon-β
Endogenous IFNβ is a pleiotropic cytokine protein belonging to the type 1 IFN family, and
is involved in stimulating and upregulating innate and adaptive immune responses with antiviral, -tumour and -inflammatory effects.135,136 IFNβ-1a (Avonex®; Rebif®), peg-IFNβ-1a
(Plegridy®) and IFNβ-1b (Betaseron®/Betaferon®/Extavia®) are injectable recombinant IFNβ
preparations, the first of which were approved for treatment of RRMS in 1993, followed most
recently by peg-IFNβ-1a in 2014.136 The structure of recombinant IFNβ is highly similar to
endogenous IFNβ; however, IFNβ-1a and -1b differ by their protein sequence. IFNβ-1b is
produced in Escherichia coli and is thus unglycosylated, with replacement of the cystine with
serine at position 17, and lacks one amino acid.135,136 In contrast, IFNβ-1a has an identical
sequence as human IFNβ and a glycosylation structure as it is produced in mammalian
cells.135 IFNβ-1a is administered either as a subcutaneous injection at 22 μg or 44 μg three
times a week (Rebif®) or an intramuscular injection at 30 μg once weekly (Avonex®). IFNβ1b is administered at 250 μg subcutaneously every second day (Betaferon®/Extavia®). In
contrast, peg-IFNβ-1a is a pegylated IFN-1a with a longer half-life and, therefore, is
administered at 125 μg SC every 2 weeks.137
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1.2.2.1 Mechanism of action
In clinical trials, treatment with IFNβ has been shown to reduce ARR by one-third in patients
with RRMS, but with limited effect on disease progression or conversion to SPMS.138
However, the exact role of IFNβ in MS is not well understood. It is believed IFNβ modulates
through its anti-inflammatory effects. Binding of IFNβ to specific cell-surface receptors leads
to downregulation of proinflammatory cytokine expression (TNFα, IL-17) and upregulation
of anti-inflammatory cytokine release (IL-10, IL-4), as well as, indirect suppression of T cell
stimulation by APCs.139 IFNβ is also believed to reduce CNS inflammation by preventing
migration of immune cells, including T cells, through the BBB.136,140
1.2.2.2 Pharmacodynamics and pharmacokinetics
The pharmacokinetics of cytokines including IFNβ-1a and -1b are difficult to ascertain
because of the short half-life and low drug concentrations after subcutaneous administration
of standard doses.140 However, studies have shown that in health volunteers, the
bioavailability of IFNβ is approximately 30% and peak serum concentration occurs some
hours following administration.141 It is assumed that IFNβ undergoes renal and hepatic
elimination similar to IFN and other proteins.141 Pharmacodynamic analyses are measured
using biological response markers such as human myxovirus resistance protein 1 (MxA) and
neopterin, which peak around 24 hours and are sustained for up to 4 days.136,140
1.3 IMMUNOGENICITY OF BIOLOGICAL THERAPIES
Immunogenicity of biological therapies is the propensity of a product to elicit an immune
response to either itself or related proteins, or trigger immune-mediated adverse events.142
Unlike chemically synthesised small-molecule drugs, biologicals are larger and are produced
using complex processes in or from living organisms, resulting in a propensity to stimulate
an unwanted immune response. The first insulin agents, developed in the 1920s, had porcine
and bovine origins, and despite only differing by one and two amino acids to endogenous
insulin, respectively, were highly immunogenic.143 Since then, progression towards
humanisation of biologicals, incorporation of prediction approaches to identify less
immunogenic agents in pre-clinical development, and advancements in manufacturing
processes have aimed to minimise this issue of immunogenicity.142,144 A key example is the
development of mAbs, which have progressed from murine antibodies to chimeric, and to
the production of fully human sequence-derived antibodies, substituting murine constant and
variable framework regions in chimeric antibodies for human sequences.144 However, despite
these developments and their improvements to efficacy and tolerability, immunogenicity has
not been mitigated and, in some cases, has worsened.145 Notable examples are alemtuzumab,
a humanised anti-CD52 mAb, which induced high rates of neutralising antibodies (NAb) in
patients with MS,146 and adalimumab, a fully human TNFi mAb, where ADA developed in
up to half of treated patients with rheumatoid arthritis.147 Adalimumab was also shown to
stimulate CD4+ T cell responses in a cohort of 100 healthy individuals and was hypothesised
to be due to residual immunogenicity residing in the complementarity-determining regions
(CDR).144
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Recommendations for standardised terminology and definitions related to immunogenicity
of biological therapies were made by the Anti-Biopharmaceutical Immunisation: prediction
and analysis of clinical relevance to minimise the RISK (ABIRISK) consortium in 2015.148
ADA is the standardised term for specific host antibodies to a target biological, irrespective
of functional activity, and include pre-existing naturally occurring or cross-reacting
antibodies present prior to treatment, as well as treatment-induced or -boosted antibodies. A
portion of ADAs are NAbs, differentiated by their functional activity binding to the
biologically active epitope and, as a result, abrogating drug binding to target antigen.148
Immunogenicity analyses are a required safety component of clinical trials investigating
biopharmaceuticals, and relevant information is reported in parts of the regulatory dossier
and drug package inserts.149 However, the data obtained in clinical trials are not always
reflective of the real-world scale of the issue because of narrower included populations,
shorter follow-up periods and historically the use of less sensitive assays for ADA detection.
Moreover, where a treatment is used off-label, there may be limited or no immunogenicity
data for that specific indication prior to use. This can be mitigated with the use of phase IV
or real-world surveillance and long-term observational studies. Further, the use of registries
for recording treatment data enables observational studies to elucidate the rarer side effects
and long-term implications.
1.3.1 Immune recognition and development of anti-drug antibodies
Immune recognition leading to the formation of antibodies can occur through T cell
dependent, or T cell independent pathways.148,150
In the T cell dependent pathway, biological agents are recognised as foreign by APCs such
as immature DCs and are internalised and processed. Mature DC migrate to lymph nodes
where they can present processed antigenic peptides via their HLA class II molecules to naïve
helper T (CD4+) cells via their antigen specific T cell receptor (TCR).150 Binding of DC
costimulatory molecules such as CD80/86 to CD28 on T helper cells stimulates costimulatory
signalling further activating T helper cells through cytokine release, inducing proliferation
and clonal expansion.151 Meanwhile, naïve B cells recognise antigen via specific B cell
receptors, IgM and IgD and also process and present antigens on HLA class II molecule to
TCR on activated T helper T cells. Activated T cells also interact with antigen primed B cells
via CD40 ligand to CD40 on B cells and secrete cytokines. This results in completion of the
B cell maturation process, which subsequently with support of follicular dendritic and T
follicular helper cells in the germinal centres, undergo somatic hypermutation, affinity
maturation, and isotype switching to high affinity antigen-specific antibody secreting plasma
cells and memory B cells.148,150 In contrast, in the T cell independent pathways, biological
aggregates (polysaccharide antigen/non protein) stimulate naïve B cells by directly binding
on membrane IgM and IgD receptors, which can induce clustering and crosslinking strong
enough to induce B cell proliferation and differentiation to primarily IgM-producing shortlived plasma cells.148,150
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ADAs are generally IgG isotype, indicating ADAs are primarily developed via T cell
dependent pathways to enable isotype switching.151 IgG4 ADA have been observed after long
term exposure to biologicals, such as factor IIIV and TNFi.152 IgG4 is unusually dynamic and
has the ability to undergo Fab arm exchange. They lack Fc functionality and therefore are
associated with a tolerogenic phenotype however, have been associated with reduced
circulating drug levels and treatment response.153,154 Less commonly, ADAs have been
shown be of IgE isotype, which have associated with hypersensitivity reactions.155

Figure 3. T-cell dependent pathway for anti-drug antibody development. Biological agents are
internalised by APCs such as immature dendritic cells processed and presented as peptides via their
HLA class II molecules to naïve helper T (CD4+) cells with TCR which are antigen specific, as well
as costimulatory molecules. T helper cells release cytokines, induce proliferation and clonal
expansion.151 Primed naïve B cells also present biologic antigens on HLA class II molecule to TCR
on activated T helper T cells. B- and T- cell interaction stimulates T-cells secrete cytokines which
complete the process of B cell maturation, which subsequently undergo somatic hypermutation,
affinity maturation, and isotype switching to high affinity antigen-specific antibody secreting plasma
cells.150 Adapted from Sethu et al., (2012).150 HLA II, Human leukocyte antigen class II; TCR, T cell
receptor; ADA, anti-drug antibody. Created using Biorender.com
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1.3.2 Risk factors for anti-drug antibody development
The development of ADA to a biological therapy can be influenced by product- and
treatment- and patient-related factors. Product-related which can influence its immunogenic
potential include the molecule structure and function such as type, size, and degree of
humanisation.143,156 The risk of immunogenicity is greater with non-human sequences and
increase epitope provision.156 Moreover, post-translational modifications, which are
enzymatic modifications including glycosylation (addition of glycans to the protein surface),
among others, can contribute to altering immunogenicity.143 Other factors which can affect
the product include physical modification or degradation such as aggregation or oxidisation
which can occurring during production, transport or storage of biological agents can increase
immunogenicity by enhancing antigen uptake.143 Treatment-related factors including the
dose, route of administration, treatment schedule and duration can alter the degree of
immunogneicity.150 Although conflicting data, some studies have shown subcutaneous route
of administration to have greater immunogenic potential than other routes such as
intramuscular or intravenous infusion.157,158 The subcutaneous routes has been postulated to
be more immunogenic due to the prolonged presence and concentration of the biological
agent localised in proximity to APCs such as skin resident DC.150 Once ADAs have
developed, the size and formation of immune complexes formed by the treatment and target
protein can enhance uptake by APCs and accelerate clearance.156
Patient-related factors including underlying disease type and activity, and age have been
shown to influence immunogenicity.150,159 The presence of pre-existing and cross-reactive
antibodies can potentially facilitate uptake by FCγR on immune cells.150 Environmental risk
factors including smoking have also been associated with development of ADAs in a number
of treatments including natalizumab, IFNβ and infliximab.140,141,160,161 Several HLA types
have also been implicated with risk of ADA development to treatments such as IFNβ and
factor VIII.150,162,163 Interestingly, a recent GWAS identified a range of treatment- and
population-specific HLA-associated genetic risk factors for development of ADAs to IFNβ,
including HLA DRB1*15:01, which is enriched among patients with MS. The authors were
able to establish genetic risk models using this data, which could ascertain at-risk patients
with high degree of accuracy.163 The use of concomitant treatment such as methotrexate has
also been shown to reduce the immunogenicity of some treatments such as TNFi in patients
treated for rheumatic diseases.164
When considering risk of ADA detection in a patient, it is also important to consider the
detection method and factors which may led to a false positive or negative test. Sampling- or
assay-related factors that can influence ADA detection include timing of sampling, sample
handling and the immunoassay used. The detection of ADA is highly reliant on the sensitivity
and specificity of the assay used, and as a result, ADA data have been difficult to compare
because of the large heterogenicity in immunoassays used and the absence of gold standard
reference assays and controls.147,165 A 2017 systematic review identified a total of 394 studies
that reported immunogenicity data on a total of 11 different biological therapies including
infliximab, and showed a large variation in methods used, including ELISA,
electrochemiluminescence (ECL), radioimmunoassay (RIA) and other immunoassays.147
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Further to this, a portion of the studies failed to report the ADA detection method used, which
limits interpretation of reported results.147
1.3.3 Clinical implications of anti-drug antibodies
Possible implications of ADAs can vary widely between biologicals and diseases, ranging
from none, or clinically insignificance to causing severe and life-threatening conditions.147,159
ADAs, irrespective of the binding site, can alter drug pharmacokinetics by either sustaining
the presence of the drug (known as sustaining antibodies) or accelerating clearance (clearing
antibodies). Clearing antibodies, through the formation of immune complexes that can
accelerate FcgR-mediated clearance, are considered to reduce the half-life and
bioavailability.148 The presence of neutralising and non-neutralising antibodies can therefore
have an effect on the pharmacodynamics of a biological therapy, and subsequently impair
the clinical effect. Moreover, formation of drug-ADA immune complexes, particularly large
complexes, can compromise safety by stimulating hypersensitivity reactions, including
infusion reactions, serum sickness or, less commonly, anaphylaxis.156 Another severe, and
potentially life-threatening implication of ADA is cross-reactivity with endogenous proteins
which has been observed in treatments such as recombinant human epoetin alpha166 and
IFNβ.167
To date, the clinical relevance of ADAs have been extensively studied in several biological
therapies, such as natalizumab and IFNβ for MS, as well as TNF inhibitor (TNFi) in RA and
inflammatory bowel disease (IBD).137,147,168–170 The implications of inadequately managed
ADAs in the clinical setting are most notable in patients with IBD, particularly in children,
where ADA has been associated with subsequent need for bowel resections due to inadequate
treatment effect.171 A 2017 systematic review reviewed the evidence around immunogenicity
of biological therapies in chronic inflammatory diseases and its implications on safety and
efficacy of the treatments in a total of 443 studies.147 Development of ADA was associated
with reduced treatment effect and increased risk of adverse events in many biologicals;
however, significant variation existed in reported ADA frequencies and clinical implications
among biologicals and disease indications. This heterogeneity among studies limits the
comparability and pooling of ADA data, and indicates that each disease and indication have
to be investigated separately.147
1.3.4 Immunogenicity of rituximab
In many earlier studies that report on the development of ADA to rituximab, the term human
anti-chimeric antibody (HACA) rather than ADA was used. This term can cause confusion
as it can imply that ADA may be cross-reactive with other chimeric antibodies rather than
only the chimeric mAb being discussed and, therefore, could raise concern about treating
patients with other chimeric mAbs. In a white paper by Shankar and colleagues, it was
therefore suggested that HACA was not used when this had not been confirmed.149 Instead,
ADA to/against the specific chimeric mAb is used.
For off-label indications and, more recently, approved indications such as AAV, data
surrounding the immunogenicity of rituximab and clinical relevance are limited. For
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approved indications, rates of ADA to rituximab have been reported to be very low, 1–2%
for NHL and 4.2–11% for RA.172–175 Only one study was found that investigated the
neutralising capacity of ADA to rituximab. In a cohort of patients treated off-label for
membranous nephropathy, 23% (10/23) developed ADA to rituximab, and 80% had
neutralising capacity.176 At the time of initiating paper I, clinical testing for ADA to rituximab
was not available in Sweden.
1.3.4.1 ANCA-associated vasculitis
In patients with GPA/MPA subtypes of AAV, clinical trials reported rates of ADA of 19–23% at 18 months’ follow-up, although no correlation with clinical outcomes was observed.90
In a small long-term prospective study with 11 AAV patients, two patients (23%) developed
ADA. Although these two patients subsequently relapsed, the study was underpowered to
draw a conclusion regarding the clinical relevance of ADA.177
1.3.4.2 Multiple sclerosis
In patients with MS, the implications of ADA against rituximab in treated patients are poorly
understood. The reported frequency of ADA to rituximab in phase I and II clinical trials106 is
13–29% in RRMS94,102,129 and 7.5% in progressive forms of MS.95 No link was observed
between ADA to rituximab and clinical outcomes or safety. However, in two recent case
reports/series, development of serum sickness following rituximab treatment was reported in
patients with high ADA titres.178,179
1.3.4.3 Systemic lupus erythematous
Data from clinical trials mostly showed high rates of immunogenicity in patients with SLE
but with variable implications on clinical outcomes. In the phase I/II dose-escalation study,
ADAs to rituximab were detected in 65% of participants with SLE, just over half of which
had high titres (>100 ng/mL).106 Higher rates of high-titre ADA development were observed
in patients of Afro-American ethnicity, and who had higher disease activity at baseline.
Patients with higher titres were also observed to have higher B cell counts and lower
rituximab drug levels from two months following first rituximab.106 ADAs persisted for the
12 months of follow up however, were not associated with infusion reactions in this trial. In
regard to clinical relevance, a small open-label phase I/II trial showed ADA development in
41% of SLE patients, which correlated with poorer B cell depletion and variability in clinical
response.131 It was suggested the lower doses might be a contributing factor in some ADApositive patients. In a phase II trial, 26% of the rituximab arm and 3.4% of the placebo arm
tested ADA-positive during follow-up after two treatment cycles 6 months apart. However,
in contrast, no association was observed with efficacy outcomes.107 In a phase III trial
including patients with lupus nephritis, ADAs were detected in 15% of the rituximab treated,
and 8.5% of the placebo treated group during the study period.108 However, ADA-positive
patients in the placebo group had lower ADA titres compared to ADA-positive rituximab
treated patients. Higher rates of infusion reactions were observed among patients with ADA,
compared to those without in both groups.108
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Post-marketing real-world studies have also been carried out. A recent real-world study
investigated the frequency of ADA development in a cross-sectional cohort (n = 57), and
found a correlation of ADA with subsequent infusion reactions and a failure for dsDNA titre
to normalise following treatment.180 In a 12-year prospective study, rates of ADA were higher
among SLE patients with a secondary loss of response following re-treatment in contrast to
patients who continued to respond (100% vs 56%, respectively). Patients who developed a
secondary loss of response also had higher median titres and lower B cell counts than
responders.182
1.3.5 Immunogenicity of interferon-β in multiple sclerosis
In contrast to rituximab, NAbs to IFNβ development and clinical relevance has been
extensively studied in MS patients treated with IFNβ, and have been associated with poor
clinical and radiological outcomes.140,141,183 The frequency of NAb-positive patients varies
among IFNβ preparations, with 1–22% for intramuscular IFNβ-1a (Avonex®), 5–24% for
subcutaneous IFNβ-1a (Rebif®), and 38–47% for subcutaneous IFNβ-1b
(Betaferon®/Extavia®).184 The differences have been attributed to several factors, including
formulation, amino acid sequence, frequency and dose of treatment, and route of
administration.185 Moreover, as outlined, several patient-related risk factors have been
identified for development of NAbs or ADAs to IFNβ, including specific HLA haplotypes
and smoking160,162
NAbs to IFNβ generally develops in the first 6 months of treatment, and when NAbs are
confirmed to be of higher titre and neutralising, treated patients are considered to have lost
the effect of the treatment.186 In the clinical setting, it is advised that treatment is switched
after two positive NAb test results.137 Clinical testing for NAbs to IFNβ has been available
in Sweden since 2003 and is incorporated as clinical routine to monitor patients treated with
IFNβ.137 In paper IV, NAbs to IFNβ was measured at the routine NAb lab at Karolinska
Institutet, Stockholm, using the MxA protein assay, MxA gene expression assay, and the
commercial iLiteTM anti-human IFNβ-1a bioassay (Biomonitor/Euro Diagnostica).137
Assays were changed over the years depending on the availability of critical reagents;
however, the bioassays included in paper IV have been shown to be comparable, with a 95%
correlation in titres between methods.137,183 For each method, NAb titres were calculated by
adjusting the neutralising capacity according to the Kawade method, and the cut-point for
NAb-negative was defined as <10 (ten-fold reduction neutralising Unit)/mL (TRU/mL) and
for NAb positive as ≥ 10 TRU/mL.137 However, it has been shown that the biologically
functional threshold at which NAbs reduces the effect of IFNβ is >150 TRU/mL, while titres
greater than 600 TRU/mL were shown to abrogate the effect of IFNβ.183,187 In terms of longterm implications of NAbs to IFNβ, there is limited data. However, a 2010 study including
71 MS patients, showed patients with persisting NAbs to IFNβ after treatment cessation had
higher disease activity and disease progression compared to those negative for NAbs.188
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1.4. ASSESSMENT OF IMMUNOGENICITY
Various methods are available to evaluate immunogenicity, each with different benefits and
limitations, and the preferred method differs according to the aim, biological drug, and, if the
purpose is for preclinical studies, post-marketing research or clinical routine. Detection and
assessment of ADA can be carried out using several immunoassays, such as ELISA, ECL
and RIA, among others, each with different formats, including bridging, competitive, direct
and indirect.194 These methods can detect both neutralising and non-neutralising ADA but
are unable to differentiate between the two. For characterisation of the neutralising capacity
of ADA or quantification of neutralising antibodies, in vitro cell-based or non-cell-based
competitive ligand binding assays can be used.194
Immunoassays should be sufficiently sensitive, specific and selective for the biological
agent.142,189 The FDA recommends a multitiered testing approach for ADA,142 initially with
a screening assay, sufficiently sensitive to detect lower levels of low and high affinity and all
isotypes. Samples above the screening cut-point are then confirmed in a competitive
inhibition assay to confirm specificity of ADA to the biological agent. For samples that are
confirmed positive, further steps can be taken to characterise ADA, including titration,
neutralisation, isotype and, where relevant, assessment of cross-reactivity with endogenous
proteins.142,194 Assay cut-points should be disease-specific, utilising samples from treatment
naïve patients to account for potential differences in interfering and matrix components,
which may be present in higher quantities than the healthy population.149,190
An important consideration is the drug tolerance of the assay. Circulating free drug can bind
to ADA present in the sera, forming immune complexes that interfere with the assay by
inhibiting detection of ADA.149 The significance of this issue varies depending on the
treatment half-life, dosing regime and clinical indication for testing. It is for this reason that
sampling is usually carried out at drug trough, prior to re-treatment, when drug concentrations
are lowest.
Validation of assays is required for quality assurance and reliability of results. The rapid
production of biological therapies over recent decades has seen a parallel improvement in
ADA assays; however, a lack of consistency still exists between assays and laboratories.
Recommendations for immunoassay development and validation were made by the LigandBinding Assay Bioanalytical Focus Group (LBABFG) of the American Association of
Pharmaceutical Scientists (AAPS) in 2008189 and several scientific papers to minimise the
risk of false positive and negative test results.190–193 Pharmaceutical companies are required
to develop a new immunoassay for testing of each new drug, and as a result, regulatory
agencies, including the EMA and FDA, also developed guidelines on immunoassay
development and validation for detection of ADA.142,194 Essential parameters for
consideration in the validation process of ADA methods include use of appropriate cut-points
and analysis of sensitivity of the assay, including drug tolerance, specificity and
selectivity.142,149,195
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1.4.1. Enzyme-linked immunosorbent assay
ELISA is historically one of the more commonly used assays for ADA detection.147 It is a
low-cost, easy method to perform, allowing for high throughput, and uses generic instruments
and reagents. ELISA can have a direct, indirect or bridging format; however, a bridging
ELISA is the preferred format for detection of ADA because of greater specificity and
selectivity (Figure 4).192,195 Signal is only emitted when ADA (given its multivalency) is
captured between both a solid-phase bound and enzyme-labelled biological agent as a
reporter. However, as with all bridging formats, IgG4 ADAs are not appropriately detected
because of being bivalent, and therefore, total ADA could be potentially
underestimated.142,196 ELISA is susceptible to interference caused by serum components,
including disease-specific antibodies such as rheumatoid factor, resulting in false-positive
results. ELISA is also sensitive to circulating drug interference and only detects free ADA.
Lower sensitivity of ELISA, partially attributed to washing steps, means that it is more prone
to miss detection of low titres and low-affinity antibodies, particularly IgM.192,195,197
However, the clinical relevance of these lower titres is unclear.
1.4.2 ECL assays using the Meso Scale Discovery platform
1.4.2.1 Bridging ECL assay
Another increasingly common method used for ADA detection is a bridging ECL
immunoassay on the Meso Scale Discovery™ (MSD) platform. This method involves
simultaneous solution–phase binding of ADA in a bridging format between biotinylated and
ruthenylated drug (SULFO-tag conjugated to the drug) as capture and reporter molecules,
respectively.194 Immune complexes are captured to a blocked streptavidin-coated MSD™
plate (Figure 4). The ruthenylated drug emits a chemiluminescent signal proportional to the
total bound ADA. Bridging ECL assays are becoming more widely used for ADA research
and clinical trials because of its greater sensitivity, linearity, high throughput and dynamic
range.159 In contrast to ELISA, this method is less affected by serum factors and has better
free drug tolerance, increasing the sensitivity.159 In addition, reduced washing steps further
improves sensitivity, increasing detection of lower titres and affinity antibodies.198
1.4.2.2 Precipitation and Acid dissociation ECL assay
More recently, a novel Precipitation and Acid dissociation (PandA) drug-tolerant ECL
immunoassay using the MSD™ platform, which overcomes drug interferences, was
described by Zoghbi et al.199 A drug-tolerant assay is of particular importance in cases where
sampling is required prior to drug trough. This method circumvents the issue of drug
interference by addition of excess unlabelled drug to saturate ADA present forming ADA–
drug immune complexes. These complexes are then precipitated using polyethylene glycol
(PEG) and brought down by centrifugation. The precipitate is then acid-treated to dissociate
complexes and inhibit immune complex reformation. Finally, total ADA is detected with
ruthenylated drug as reporter molecule. An ECL signal is emitted that is proportional to the
ADA present in the serum sample (Figure 4).
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Figure 4. Anti-drug antibody assays. A simplified illustration of a bridging format of an
enzyme-linked immunosorbent assay (ELISA) and electrochemiluminescence (ECL) assays, as
well as the Precipitation and Acid dissociation (PandA) assay. Created using Biorender.com

1.4.3 Neutralising antibody analysis
Neutralising antibody assessment determines the ability of the ADA to antagonise the
biological drug and inhibit its mechanism of action and is carried out with either a cell-based
bioassay or a non-cell-based competitive ligand binding assay. Cell-based assays are
recommended by the FDA and are designed to determine cellular responses relevant to the
mechanism of the respective biological agent.142 However, compared to the ADA assays
described, cell-based assays can be more challenging to develop with a higher degree of
variability. In addition, they can be drug sensitive, and tend to have a lower sensitivity than
immunoassays to detect ADA.193
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2

RESEARCH AIMS

The overarching aim of this PhD thesis was to contribute to the understanding of the
biological and clinical relevance of ADAs to biological therapies used to treat chronic
inflammatory diseases in a real-world setting.
The specific aims of each study were:
Paper I: To compare the sensitivity of an in-house validated bridging ECL immunoassay
with a commercially available ELISA; and using the most sensitive method, to determine the
frequency of ADAs to rituximab in patients with MS and associations with B cell count, as
well as clinical and safety outcomes.
Paper II: To investigate the frequency and predictability of ADAs to rituximab in patients
with SLE and AAV; and to explore effects of ADAs on clinical and laboratory outcomes
after re-treatment.
Paper III: To evaluate the dynamics of ADAs to rituximab over time in patients with SLE,
and impact on circulating drug levels; to determine whether ADAs are capable of neutralising
rituximab in vitro; and as in paper II, explore the impact of ADAs on clinical and
immunological outcomes after re-treatment.
Paper IV: To evaluate the long-term implications of developing high-titre NAbs to IFNβ in
patients with MS.
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3

MATERIALS AND METHODS

The following section includes a summary of the key methods included in this thesis. Further
detailed description regarding the methodology can be found in the respective papers.
3.1 THE SWEDISH MS REGISTRY
The Swedish MS registry (SMSreg) is a national quality healthcare register launched in 2000
and now includes demographic and clinical data from approximately 80% of the Swedish
MS population.200 The SMSreg requires minimum core dataset for data upload including
patient demographics, MS diagnosis (fulfilment of McDonald’s Criteria), clinical visit
details, treatments, MRI and relapse parameters. A recent large-scale validation demonstrated
that for the majority of included parameters, the SMSreg has a high degree of quality and
consistency in relation to patient medical records.201
3.2 STUDY DESIGN AND PATIENT COHORT
3.2.1 Paper 1
Paper I was a prospective cross-sectional study, with a longitudinal component in a small
subgroup, including patients with either relapsing–remitting or progressive forms of MS
treated with rituximab (Mabthera®) at the Department of Neurology at Karolinska University
Hospital, Stockholm, Sweden, from November 2015 to November 2016.
Serum samples (n = 453) were collected from patients (n = 355) immediately prior to
rituximab treatment, and if not treatment-naïve, at least 5 months after the last infusion.
Rituximab treatment was administered as a single 500 mg (n = 322) or 1000 mg (n = 33)
infusion at 6-month intervals. To minimise potential bias, and reflect a real-world population,
there was no active selection process, and at times when sample collection was possible, all
MS patients presenting for rituximab treatment were invited to participate. Treatment-naïve
samples were used for assay validation but excluded from the study cohort. Additionally,
patients were also excluded where it was not possible to confirm MS diagnosis, if they had
another diagnosis, or if their sample was taken following treatment. After application of the
exclusion criteria, a total of 238 patients with RRMS and 101 patients with progressive forms
of MS treated off-label with rituximab were included in the study (total patients = 339,
samples = 387).
Patient demographics and clinical data were obtained from the SMSreg and medical records.
Baseline disease activity and progression were evaluated using contrast-enhancing lesions,
relapses and the EDSS. MSSS and ARMSS were also calculated using the EDSS. Clinic
nurses actively collected data regarding infusion reactions and adverse events related to the
infusion after sampling in a structured format which were graded in accordance with the
Common Terminology Criteria for Adverse Events (CTCAE) v. 4.03. For confirmation that
all documented relapses were captured in the SMSreg, medical records were further reviewed
by a single assessor who was blinded to ADA groups. Baseline was defined as the date of the
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patient’s first rituximab infusion. Patients were followed up until date of rituximab
discontinuation or, if still on treatment, date of data censure (November 2016).
3.2.2 Paper II
Paper II was an observational study with a mixed prospective and retrospective design,
including SLE and AAV patients treated with rituximab (Mabthera®).
Patients who fulfilled the 1982 ACR criteria for SLE,38 presenting for their first rituximab
treatment at the Rheumatology clinic at Karolinska University Hospital, Stockholm, Sweden,
were invited to participate. Serum samples were collected just prior to rituximab initiation
(baseline) (n = 62), and at approximately 6 months following the first infusion (n = 66).
Patients with AAV, diagnosed and classified according to the EMA algorithm,77 were
retrospectively extracted from a larger cohort study.202 All rituximab-treated AAV patients
from this study with a pre-treatment (n = 19) and 6-month follow-up serum sample (n = 22)
were included. An additional 22 treatment naïve samples were collected from AAV patients
to establish the disease specific cut point and to evaluate for pre-existing antibodies.
Demographic, clinical and laboratory data at baseline and at 6 months’ follow-up were
retrieved from medical records and cohort databases. Baseline and 6-month follow-up
disease activity was measured for SLE patients using the SLEDAI-2K, and for AAV patients
using the BVAS. To investigate the effect of ADA on safety after re-treatment, medical
records were reviewed for adverse events and infusion reactions, and classified according to
the CTCAE v.5. Serum sickness was defined by the occurrence of fever, cutaneous rash
and/or arthritis/arthralgia within approximately 5–10 days following rituximab treatment.
3.2.3 Paper III
Paper III was a retrospective observational study including all SLE patients treated with
rituximab (Mabthera) at the University College London Hospital, London, United Kingdom,
from 2002 to 2016, with post-treatment serum samples available for at least one of the study
time points. All SLE patients fulfilled the revised 1997 ARC classification criteria39 and were
treated with rituximab for active disease according to BILAG 1A or 2B score.203 Rituximab
was routinely administered as two single 1000 mg infusions on days 0 and 14.
Serum samples, single or longitudinal, were collected at five different time points following
rituximab treatment: 1–3 months (grouped as early) and 6, 12, 24 and 36 months following
treatment. A total of 35 patients with 114 serum samples were included. Longitudinal
samples were available for 28 patients (n = 107). Study baseline was defined as the most
recent clinic appointment within 1 month of rituximab treatment prior to the first available
serum sample. Patient demographic, clinical and laboratory data collected according to
clinical routine were obtained from medical records. Disease activity was measured using the
SLEDAI-2K and BILAG (BILAG-2004) scores, while BILAG response was used to
determine treatment response. Where patients were re-treated with rituximab during the
follow-up period, and samples were available, the patients were followed for an additional
36-month period.
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3.2.4 Paper IV
Paper IV was a retrospective observational study including all RRMS patients (aged 18 or
older) from the SMSreg with sufficient NAb to IFNβ test results to be classified at time of
data extraction to one of the two following ADA groups: the confirmed high-titre group,
which was defined as patients with a minimum of two consecutive tests with an NAb titre of
≥600 TRU/mL, and the persistent-negative group, defined as patients with at least two
negative NAb tests (<10 TRU/mL) at least 2 years apart between the first and last test, with
no recorded positive test. A total of 5880 patients with 10,107 NAb test results were extracted
for initial screening and classification. Demographics and clinical data were extracted from
the SMSreg.
3.3 ANTI-DRUG ANTIBODY DETECTION METHODS
For determination of ADA to rituximab in serum, several methods were used. Initially, the
sensitivity of methods, including an in-house bridging ECL immunoassay and a
commercially available ELISA kit (Promonitor® anti-rituximab antibody ELISA kit,
Bizkaia, Spain), was compared in paper I to determine the most suitable method to evaluate
clinical and biological effects of ADA for papers I–III in this thesis. A third method, the drugtolerant PandA ECL immunoassay using the MSD™ platform, was more recently developed
to use as a complementary assay to confirm bridging ECL results with detectable circulating
drug levels in paper III. Neutralising capacity of ADA to rituximab was further examined in
paper III using an in vitro CDC assay. Samples and controls in all ADA detection methods
were analysed in duplicate, and a coefficient of variation of £ 25% was accepted.
3.3.1 Enzyme-linked immunosorbent assay
A commercial bridging ELISA assay (Promonitor® anti-rituximab antibody ELISA kit,
Bizkaia, Spain) was used for quantitative detection of free ADA to rituximab in human
serum. The plate was precoated with rituximab, and immobilised rituximab captured free
ADA present in the samples and controls. HRP-labelled rituximab was added as a detection
antibody which bound to ADA if present. A chromogenic substrate was added to measure
enzymatic activity, and colour absorbance was read in a spectrophotometer. The colour
intensity is proportional to free ADA in the sample. A standard curve was used to determine
ADA titre (arbitrary units/mL (AU/mL)).
3.3.2 Bridging ECL immunoassay
The bridging ECL immunoassay using the MSD™ platform was developed and validated by
GlaxoSmithKline according to the current guidelines and recommendations at the time of
development,204 and was transferred, optimised and re-validated from healthy donor controls
in-house as part of an European ABIRISK consortium project. The cut-point for normal
healthy sera (NHS) was established using sera from 40 treatment-naïve healthy donors.
Samples were analysed in six independent assay runs (three analyses on two separate days),
and data were used for statistical determination of the cut-points according to current
recommendations, allowing for a 5% false-positive rate after screening and 1% after
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confirmation.189,190 Twenty MS, SLE and AAV treatment-naïve patient samples were used
to determine the suitability of the NHS cut-point for each disease, and where this was not
appropriate, the cut-point process was repeated to establish a disease-specific cut-point using
forty treatment-naïve samples. For determination of ADA, a three-tiered testing approach
was applied, including a screening, confirmatory and titration assay. In brief, samples and
controls were pre-treated with acid to dissociate ADA–drug complexes and minimise drug
interference. Simultaneous solution–phase binding of ADA in a bridging format between
biotinylated and ruthenylated rituximab (Mabthera®) were used as capture and reporter
molecules, respectively. Immune complexes formed between ADA and labelled drug were
captured using a blocked streptavidin-coated MSD™ plate and read using an MSD™ Sector
Imager 6000®. ECL signal readout was normalised to the respective plate’s mean negative
control to obtain a relative ECL (RECL) value for each sample and control. Patient samples
were initially screened in the first tier, and if above the disease-specific cut-point, were
considered reactive. In a second tier, reactive samples were analysed in a competitive assay,
where excess unlabelled rituximab was added to confirm specificity of ADA to rituximab. A
percentage inhibition greater than the confirmation cut-point confirmed ADA positivity. In a
third tier, titration was performed on confirmed positive samples to quasi-quantitate the level
of ADA to rituximab in the sample. The titre given was the reciprocal of the maximum
dilution still yielding a value above the assay cut point. A low-positive titre was defined as
≤4 AU/mL for paper I and II, which is equivalent or lower than the assay’s low-positive
control (3 ng/mL).
3.3.3 PandA ECL assay
To confirm ADA status of samples taken prior to drug trough level, particularly at early (1–
3 months) time points in paper III, ADA-negative samples with detectable drug level were
further analysed with in-house drug-tolerant PandA ECL assay on the MSD™ platform.
Because of limited treatment-naïve samples from disease cohorts, cut-points for this assay
were established using healthy donor serum, as previously described for the bridging ECL.
In brief, excess rituximab was added to each sample to saturate ADA present and form ADA–
rituximab complexes. Complexes were then precipitated using PEG and reconstituted before
a final acid treatment step to prevent reformation of complexes. Presence of ADA to
rituximab was then detected by adding ruthenylated rituximab as a reporter bound to a high
bind carbon plate, using the MSD™ platform. This was a complementary assay to support
the bridging ECL assay result in samples with detectable drug level. Samples were screened,
and if positive, were confirmed to determine a binary positive or negative result.
3.3.4 Neutralising antibodies to rituximab
To evaluate the neutralising capacity of ADA to rituximab, an in vitro CDC assay was used,
as previously described,176 at the Immunology Unit, University Cote d’Azur Hospital, Nice.
In brief, ADA-positive samples were incubated with different concentrations of rituximab
before the addition of purified B cells and rabbit complement. Samples were determined to
have neutralising capacity if the B cell cytotoxicity could be reduced to <40% in the presence
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of 50 ng/mL rituximab. ADA was reported as non-neutralising if >80% B cell cytotoxicity
was detected in the presence of 50 ng/mL rituximab.
3.3.5 Method comparison
To determine the most sensitive method for detection of ADA to rituximab, the sensitivities
of the in-house validated bridging ECL immunoassay and Promonitor® ELISA kit were
compared in paper I. The sensitivity of each assay was first analysed using three newly
generated human anti-rituximab mAb clones, each with different affinities, which were
isolated, selected and validated. These three human anti-rituximab mAb clones, in addition
to the rat anti-rituximab antibody-positive control, were titrated from 50 ng/mL to
0.0064 ng/mL. Immunoassays were further compared by analysing a subgroup of the MS
cohort (n = 321).
3.3.6 Rituximab drug level
Rituximab concentration was measured using an in-house validated indirect ELISA at the
Karolinska University Hospital Immunology Laboratory, Stockholm. This ELISA uses an
anti-idiotype monoclonal rat antibody against rituximab as the capture reagent and APconjugated goat anti-human IgG (Fc specific) as the reporter molecule. A standard curve was
used to determine the rituximab concentration of each sample. The limit of detection for this
assay is 0.5–100 μg/mL.
3.4 STATISTICAL ANALYSES
In all papers, descriptive statistics for continuous variables were reported as mean ± standard
deviation (SD) or median (interquartile range (IQR)), while absolute numbers and
percentages were reported for categorical variables. Distribution of continuous data was
generally assessed using the Kolmogorov–Smirnov test. When data were normally
distributed, two sample t-tests were used to compare differences in means between unpaired
groups, while paired t-tests were used for comparisons of paired data. Pearson’s correlation
coefficients were used to determine the association between two continuous variables. Where
data were not normally distributed and outliers could affect the mean, non-parametric tests
were used, including the Mann–Whitney U (also known as Wilcoxon rank-sum) test to
compare differences in medians between unpaired groups, Wilcoxon signed-rank test for
comparisons of paired data, and Spearman’s correlation test to analyse the relationship
between two continuous variables. For analyses of categorical variables, chi-squared or
Fisher’s exact tests (when expected count was <5) were used.
In paper I, linear regression models were used to analyse if change in disease activity scores
(continuous variables) following treatment differed between ADA groups, while logistic
regression models were used to compare differences in binary variables, including MS type,
and in 6-month post-treatment B cell depletion (incomplete/complete) status between ADA
groups. Regression models were adjusted for confounding effects of age, sex, disease
duration, treatment index (duration divided by total infusions) and MS type (except when
comparing MS type). For linear regression models, assumptions of normality were assessed
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by visualisation, using residual versus predicted values plots. For logistic regression models,
assumption of linearity was assessed using deviance residuals. Of note, where longitudinal
samples were collected in paper I, only the most recent samples were included in analyses,
with the exception of analyses of infusion reactions and adverse events where each sample
was analysed individually to determine the association between these variables.
In paper III, logistic regression model was used to explore demographic risk factors
associated with development of persistent ADA, adjusted for cofounding effects of baseline
disease score and total previous rituximab infusions at study entry. A mixed-effects linear
model with the Geisser–Greenhouse correction was used to evaluate C3 levels over time and
between ADA groups. In this model, fixed effects were time and persistent ADA, while the
random effect was subjects. The interaction term was not statistically significant in the full
model, demonstrating differences in C3 between ADA groups were constant over time. The
interaction term was therefore dropped, and a main-effects model was fitted. For correction
for multiple comparisons between and within groups over time in this study, the Bonferroni
adjustment was used.
In paper IV, ARR was determined using Poisson likelihood calculated confidence intervals
(CIs) and compared between groups. ARR adjusted for age, sex, baseline EDSS, pre-baseline
ARR and pre-baseline DMT exposure was analysed using generalised estimating equations
defined on a Poisson family distribution. Kaplan–Meier estimates were used to compare time
to first relapse and EDSS milestone-confirmed disability progression. Overdispersion of
relapses was assessed via the analysis of residuals. Multivariate Cox proportional hazards
regression models were used to investigate risk of reaching outcomes adjusted for the
outlined cofounding factors. Scaled Schoenfeld residuals analysis was used to assess hazards
proportionality. A sensitivity analysis was performed by adjusting the original baseline for
each group to the date of the next DMT switch for analyses of ARR.
In all papers, patients or samples with incomplete data were excluded from the relevant
analysis. A p-value of <0.05 was considered statistically significant.
Statistical analyses were completed using Stata versions 15 and 14 (StataCorp, College
Station, TX, USA) for papers I and IV, respectively; SPSS software (27, 2020) and GraphPad
Prism 8 (8, 2018) for paper II; and R (4.1.0, 2021), and GraphPad Prism 9 (9.1.0, 2021) for
paper III.
3.5 ETHICAL CONSIDERATIONS
This research aims to contribute towards ensuring patients treated with biological therapies
are optimally treated, minimising disease and economic burden due to ineffective treatment,
adverse events and disease progression owing to ADA. Therefore, there should be individual,
group level and societal benefits of this research. However, the studies are not without risk
to participants as studies required the collection and use of blood samples and sensitive data.
All papers involved the collection of blood samples—a common clinical test that is routinely
carried out—and although it has associated risks, they are rare. Sample collection was carried
out for clinical routine purposes in paper IV or at the time of routine clinic appointments
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(papers I–III). Research on human subjects is regulated by different laws and regulations in
Sweden, and those of key relevance to the included studies are as follows: The Swedish
Biobanks in Medical Care Act (2002:297), which regulates collection, storage and use of
serum samples and data; the Act containing supplementary provisions to the EU General
Data Protection Regulation (2018:218) regulating data use; and the Act concerning Ethical
Review of Research Involving Humans (2003:460), which stipulates ethical approval is
required. In addition, another important policy, is the Declaration of Helsinki which outlines
key ethical principles for research involving human subjects (including data or biological
material).205-207 This was first written in 1964 by the World Medical Association and updated
in 2013.208 Principals outlined in this policy include informed consent, confidentiality and
anonymity. In the constituent studies, all patients and healthy donors gave either verbal
(SMSreg) or written (serum samples) informed consent prior to data collection or sampling.
At this time, participations were also advised of how they could opt out at any time if they
wished. Material transfer agreements were established prior to initiation of paper III.
Anonymised patient data were encrypted and stored in a secure server to prevent
unauthorised access. With processes and procedures to protect included participants, the
benefits of these studies were deemed to greatly outweigh the risks. All studies (I-IV) were
approved regional ethical committees, including Stockholm Regional Ethical Committee
(paper I-IV) and London-Harrow Research Ethics Committee and South Central – Hampshire
B Research Committee B (paper III).
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4

RESULTS AND DISCUSSION

4.1 PAPER I
4.1.1 In-house bridging ECL assay is more sensitive than commercial ELISA kit
First, in paper I, we sought to compare the sensitivity of the in-house bridging ECL
immunoassay with the commercial ELISA kit. This was initially analysed by titrating the
three human monoclonal ADA clones to rituximab which were shown to have high-affinity
binding to rituximab and neutralising capacity. Human ADAs to rituximab are polyclonal
and different sensitivities can be attributed to differing affinity of each human mAb isolated
from the IgG+ memory B cells.56 Despite this, the bridging ECL assay showed a lower limit
of detection of 0.8, 0.16 and 0.16 ng/mL for the three antibodies than the commercial ELISA
kit, with 4, 0.8 and 4 ng/mL, respectively. The bridging ECL assay also demonstrated greater
sensitivity when analysing a subgroup of 321 MS patients’ samples on both assays, detecting
ADA in 32.7% of the sub-cohort compared with 5.6% with the ELISA. While all samples
detected as positive with the ELISA were also positive in the bridging ECL assay, the ELISA
had a false-negative rate of 27%. Titres of positive samples were only moderately correlated
between the two assays (r = 0.4, p < 0.001). Although ELISA is generally considered less
sensitive, it is cost effective and easy to perform. However, these results demonstrated that
the ECL method was the more appropriate method for detection of ADAs to rituximab
compared with the ELISA. On the basis of these findings, the bridging ECL assay was
subsequently used for analyses of samples in papers I–III.
4.1.2 Patients with RRMS have a higher risk of ADAs to rituximab
Using the ECL assay, we then explored the frequency of ADA to rituximab development in
the study cohort of 238 patients with RRMS and 101 patients with progressive forms of MS
treated off-label with rituximab. A total of 34% of the MS cohort were ADA-positive, and
18% were positive with a titre of >5 AU/mL. A higher rate of ADAs were observed in RRMS
than in progressive forms, with 37% and 26% of patients ADA-positive, respectively. With
adjustment for confounding effects, patients with RRMS had twice the risk of developing
ADA compared with patients with progressive forms (odds ratio (OR) 1.9, 95% confidence
interval (CI): 1.04–3.5; p = 0.038). The observed higher rate in RRMS compared with
progressive disease is consistent with prior clinical trials,94,95,102,129 and could be attributed to
the more inflammatory phenotype of relapsing–remitting in contrast to progressive forms of
MS. Interestingly, we observed higher rates of ADA compared with clinical trials, indicating
rituximab may be more immunogenic in MS than once thought, which could be attributed to
the predominant use of ELISA in these studies.
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4.1.3 ADAs are associated with incomplete B cell depletion in MS
Seventy percent of the cohort had available B cell counts within 1 month of ADA sampling
(n = 236). The presence of ADAs were significantly associated with higher rates of
incomplete B cell depletion at approximately six months post infusion compared with ADA
negative (45.5% vs 25.6%, OR 3.8; p < 0.001), and more notably with higher titres of ADAs
(> 5 AU/mL), with 67% observed to have incomplete B cell depletion at this time point (OR
5.8, p < 0.001). These results indicate an effect of ADA on the pharmacodynamics of
rituximab detectable at approximately 6 months post infusion. Clinical trials have shown that
despite substantial variation in time to B cell repopulation on an individual level, B cell
depletion is maintained 48 weeks following rituximab treatment in the majority of MS
patients.94,129 This further supports an effect of ADA on the pharmacodynamics given the
significant difference observed at earlier time points in this study. Interestingly, we also
showed patients with low titres of ADA had a significantly lower rate of incomplete B cell
depletion compared to the high titre patients, but rates were not significantly different to ADA
negative. This indicated a clinical threshold of 5 AU/mL may be suitable for differentiating
clinically relevant levels of ADAs.
4.1.4 No association of ADA with treatment effectiveness or safety, but with a higher
rate of treatment discontinuation
Despite differences indicating a pharmacodynamic effect of ADA, there was no difference
in treatment response or safety in this cohort when adjusting for cofounding factors. Both
ADA-positive and ADA-negative groups showed suppression of disease activity, with a
reduction in mean contrast-enhancing lesions on MRI (-0.92 vs -1.2, respectively) and
improvement in ARMSS and global MSSS scores. No difference was observed in rate of
relapses between groups; however, the low total relapses observed in this cohort during the
study period limited the power of this study to detect a difference. Interestingly, this is in
contrast to a recent study including 153 patients treated with rituximab for MS or
neuromyelitis optica disorders, which showed an association between complete or near
complete B cell depletion and improved clinical outcomes.209 In terms of safety, while a total
of 19% of the cohort had a recorded grade 1 or 2 infusion reaction, and 7% had a recorded
grade 1–3 adverse event, no differences in rate of total infusion reactions or adverse events
or severity were observed between ADA groups.
Finally, we analysed drug survival between ADA groups. Rituximab has been associated
with a very low rate of discontinuation relative to other treatments for MS,97 consistent with
what was observed in this cohort (1.5%, 5/339). However, we observed a higher rate of
discontinuation in ADA-positive than ADA-negative patients (3.5% vs 0.4%, p < 0.033),
with four of the five patients who discontinued rituximab were shown to have ADA (titres 4160 AU/mL). All four patients discontinued because of lack of effect, of which three had
incomplete B cell depletion at 6 months post treatment. Interestingly, we observed, on a
cohort level, a negative relationship between ADA frequency and total infusions, suggesting
the risk of detecting ADAs decrease with repeated exposures (p < 0.001). Although the cause
for this cannot be inferred from the data, this could be attributed to several reasons, such as
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development of IgG4 antibodies with chronic exposure, which are not detected by the
bridging format of the included assays; possible poorer survival of rituximab treatment in
ADA-positive patients and therefore a bias towards inclusion of ADA-negative patients at
subsequent infusions in this cross-sectional study design; or a less inflammatory disease
phenotype reducing risk of ADA development at later time points on rituximab treatment.
Further studies with longitudinal design are required to investigate this, and to ascertain the
clinical relevance of ADAs to rituximab in MS.
4.1.5 Limitations
This was a large prospective cross-sectional study, which was able to utilise data from the
SMSreg together with data from medical records. However, it also had several limitations.
Documented relapses were reliant on reporting and therefore may be underreported. In
addition, although information about adverse events and infusion reactions was actively
collected by staff at time of next infusion, this mode of collection at later points is subject to
recall bias. As outlined, this study did not have sufficient power to assess for differences in
relapses, and ARR was not analysed.
4.1.6 Conclusion
In conclusion, the results from paper I show a high rate of ADA to rituximab in MS,
particularly RRMS, which was associated with incomplete B cell depletion 6 months
following treatment. However, further longitudinal studies are required to ascertain the
clinical relevance of ADAs to rituximab in MS.
4.2 PAPER II
In paper II, we then investigated the frequency of ADAs to rituximab following first exposure
to rituximab in patients treated for AAV (n = 22), or off-label for active SLE (n = 66), as well
as risk factors for ADA development in these disease cohorts. In addition, this study aimed
to evaluate associations of ADAs with adverse events following rituximab re-treatment.
4.2.1 First exposure to rituximab is associated with a high rate of ADAs in SLE but not
AAV
Prior to rituximab initiation, pre-existing antibodies were detected in 2.4% of AAV (1/41)
and 4.8% of SLE (3/62) treatment-naïve patients, but all had low titres (<2 AU/mL) and there
was no association with positivity or titre post treatment, with two patients converting to
negativity, one patient being treatment-unaffected and remaining low positive, and one
patient showing treatment-boosted ADAs with development of high titres (64 AU/mL). Preexisting antibodies were also reported in clinical trials investigating rituximab treatment for
SLE.106,108 Although not characterised in this study, studies have shown pre-existing
antibodies and cross-reactive antibodies are generally non-neutralising and of minimal
clinical relevance for most biological therapies similar to our observation.210 However,
despite this, it is important to consider the assay and risk of these findings reflecting falsepositive results. To address this, steps were taken during the bridging ECL assay development
to ensure the specificity and selectivity of ADAs detected, including the use of a confirmation
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step to confirm the specificity of detected ADAs to rituximab. Moreover, disease-specific
cut-points were used to reduce false positives albiet, with a conservative 1% false-positive
rate to conversely minimise false negatives.142 The assay was also shown to not be affected
by the presence of rheumatoid factor—an IgM autoantibody against IgG Fc, which has been
shown to interfere with immunoassays.142
Following rituximab initiation, 37.8% (25/66) of the SLE cohort were confirmed positive for
ADA, the majority of which were highly positive (76%, 19/25), with titres of 8–
4000 AU/mL. Interestingly, in contrast, no AAV patient was detected ADA-positive
following rituximab initiation.
4.2.2 ADA-positive patients are younger with more active disease at baseline
Given ADAs were not detected at follow-up in the AAV cohort, further evaluation was only
carried out in the SLE cohort. With comparison of baseline characteristics of SLE by ADA
group, patients in the ADA-positive group were significantly younger than the ADA-negative
patients (median 34 vs 44.3 years, p = 0.002) and had shorter disease duration (median 4.14
vs 9.19 years, p = 0.0097). Rituximab is primarily used in patients with more active disease,
and particularly for flares of lupus nephritis. Despite the more dominant use for this
indication, higher rates of ADA were detected in patients treated with rituximab for lupus
nephritis (52.4%, 22/42) compared with other indications (15.5%, 3/24) (p = 0.001). Higher
rates of anti-dsDNA positivity were also observed among ADA-positive patients; however,
this may be attributed to the association between anti-dsDNA and lupus nephritis.211-212
ADA-positive patients also had significantly higher disease activity at baseline than ADAnegative patients (median SLEDIA-2K 14 vs 8, p = 0.017). Taken together, these findings
support a more clinically and immunologically active disease as increasing susceptibility of
ADA development in patients with SLE.
However, unlike previous studies on rheumatic diseases using treatments such as TNFi,147
this study found no difference in ADA development with concomitant treatment including
cyclophosphamide or corticosteroids. Moreover, ADA groups were similar regarding
rituximab dose and cumulative exposure.
4.2.3 ADAs are associated with higher B cell counts after first exposure to rituximab
Baseline and 6-month follow-up B cell counts were available for 37 patients. On a group
level, no difference in CD19+ cell count was observed at baseline. Interestingly, 6 months
following first rituximab exposure, a significant difference in B cell count could be observed,
with a higher count in ADA-positive patients than ADA-negative patients (median count 0.03
vs 0.01, p = 0.003). Similar differences were observed when comparing percentage CD19+
cell count relative to total lymphocytes (median 4.0 vs 0.5, p = 0.002). Interestingly, these
results indicate ADA development and rituximab-induced B cell depletion occur in parallel
following the first infusion, and that subsequent immune recognition and formation of ADAs
can interfere with rituximab B cell depletion as long as drug is still present. Similar results
were seen in a phase I/II study as early as 2 months after first rituximab infusion in SLE
patients.106 However, in contrast, we did not observe differences between CD19+ cell
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depletion (defined as percentage CD19+ in peripheral blood of <0.5%) and ADA, or B cell
count and ADA titre.
4.2.4 Higher baseline disease activity persists following treatment in ADA positive in
patients with lupus nephritis
Following initiation of rituximab treatment, both ADA groups showed an improvement in
disease activity, with a significant reduction in SLEDIA-2K score at 6 months compared with
baseline (median SLEDAI-2K baseline 12 (95% CI 7-16) vs follow up 4 (2-6.7))
(p < 0.0001). However, the significantly higher disease activity observed at baseline in ADApositive compared to ADA-negative patients persisted at 6 months’ follow-up.
When stratifying patients by indication for rituximab treatment (lupus nephritis vs other
indications), an overall improvement in SLEDAI-2K score after first rituximab treatment was
observed in both subgroups. However, ADA-positive patients with lupus nephritis had
persistently higher disease activity 6 months’ following rituximab treatment than ADAnegative patients (p = 0.02). In contrast, disease activity was similar at follow-up between
ADA groups when only comparing patients treated with rituximab for other indications
(p = 0.37). We explored clinical outcomes in four ADA-positive patients initially treated for
lupus nephritis who required early rituximab re-treatment (within 18 months of first
rituximab treatment) because of disease flare, of which one had a low titre (<2 AU/mL) and
three had high titres (48, 64 and 4000 AU/mL). Of these patients, three did not respond to retreatment within 12 months, and one had a partial response. Although it is not possible to
draw conclusions from these cases due to no comparative data, further larger studies are
warranted to investigate the clinical implications of ADAs to rituximab, specifically in
patients with lupus nephritis.
4.2.5 ADAs are associated with immediate infusion reactions in SLE
Of the 31 SLE patients who were re-treated with rituximab following the first cycle, including
12 ADA-positive and 19 ADA-negative patients after a median of 17.5 months and 19
months, respectively, after re-treatment with rituximab, a higher proportion of ADA-positive
than ADA-negative patients experienced immediate infusion reactions (25% (3/12) vs 0%
(0/19); p = 0.049, Fisher exact test). Meanwhile, no difference was observed in rate of serum
sickness (late-onset reaction) between groups (16.7% (2/12) vs 5.2% (1/19)). All three ADApositive patients who developed immediate infusion reactions had high ADA titres (8–
80 AU/mL) and were re-treated after 10–115 months. In addition, the two ADA-positive
patients who developed serum sickness had titres of 4 and 4000 AU/mL after rituximab retreatment 8 and 23 months, respectively, after the first treatment cycle.
4.2.6 Limitations
In this study, univariate analyses were used, and therefore, potential cofounding factors are
not considered. As with study I, the retrospective collection of late-onset reactions leads to
potential for recall bias and reporting bias possibly underestimating the occurrence of these.
Moreover, given that only a small portion of the cohort was re-treated with rituximab, this
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study did not have sufficient power to determine the clinical effect after re-treatment, which
was a secondary aim of the study.
4.2.7 Conclusions
In paper II, rituximab was associated with a high rate of ADAs in SLE already after the first
infusion, but not in AAV. Patients with SLE who developed ADAs were younger at treatment
initiation and had more active disease clinically and serologically. Following rituximab retreatment, the presence of ADAs to rituximab were associated with higher B cell counts, as
well as higher rates of immediate infusion reactions. These results support the use of routine
testing prior to re-treatment with rituximab.
4.3 PAPER III
Paper III built on the results of paper II, investigating the immunogenicity of rituximab in
patients with SLE with the inclusion of rituximab drug level and analyses for neutralising
capacity, as well as exploring persistence and dynamics of ADA-positive titres over time in
a cohort of 35 SLE patients.
4.3.1 SLE is associated with a high rate of persistent ADAs, particularly in patients who
were younger at diagnosis
This study confirmed previous findings that ADAs are highly prevalent in SLE patients.
When focusing on patients with at least two analysed serum samples, persistent ADA was
detected in 64.3% of included patients. Interestingly, a high proportion of these (66.7%,
12/18) had persistently high titres, defined for this cohort as >16 AU/mL, after a median of
0 (IQR 0–1, range 0–2) previous rituximab treatment cycles. We were able to confirm our
previous findings that younger age at diagnosis is a risk factor for persistent ADAs. After
adjustment for cofounders, we showed that for each year older at diagnosis, the risk of a
patient developing persistent ADAs when treated with rituximab was reduced by 22%.
Given the earlier sampling time points prior to drug trough included in this study, we also
utilised a drug-tolerant PandA immunoassay to confirm all negative samples with detectable
drug level; however, no false-negative samples due to drug interference were detected in this
cohort. All samples with detectable rituximab level (median 3.05 μg/mL) were confirmed
negative.
4.3.2 ADAs titres appear to be higher earlier following rituximab re-treatment
We then analysed the dynamics of ADA-positive titres over the 36-month period, including
all positive samples stratified by previous exposure to rituximab (following first rituximab
treatment or re-treatment(s)). Although no statistically significant difference was observed
between groups at any time point, patients who were retreated with rituximab reached peak
median ADA titres earlier, with the highest median ADA titre over the follow up period
observed at 1-3 months post-treatment (132 AU/mL (IQR 2–2200)). In contrast, following
first rituximab exposure, the peak median ADA titre was lower and observed at 6-months
(24 AU/mL (IQR 2-328)). For both groups, ADA titres declined over the follow up, but
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median ADA-titres appeared to remain higher in patients re-treated with rituximab until the
final 36-month time point post-infusion compared to patients following their first rituximab
treatment. Although differences were not significant, a tendency toward of earlier and higher
titres in patients who were re-treated with rituximab, compared with first exposure could
reflect immunological memory with a secondary immune response. The lack of significant
difference between groups could be attributed a lack of power due to limited samples
available at each time point however, larger cohorts are required to confirm this.
4.3.3 ADAs are associated with lower circulating rituximab levels
Following rituximab treatment, circulating rituximab decreased to an undetectable level after
6-months in all except six SLE patients who still had detectable levels at 12-months following
treatment. However, these were all low levels between 0.5 - 1.2 ug/mL. ADA-positive
patients had a significantly lower median drug level compared with ADA-negative patients
at both 1–3 months (0 vs 18 μg/mL, p < 0.0001) and 6-months post-infusion (0 vs
0.65 μg/mL, p = 0.018), respectively. Moreover, at 1-3 months following rituximab
treatment, lower median ADA titres were observed in patients with detectable drug level than
to those with undetectable drug level (1 vs 23 AU/mL, p = 0.03). Therapeutic drug monitoring
is commonly used in the gastroenterology and, to a lesser degree, rheumatology fields for
monitoring of treatment and screening for ADA to TNFi.159,213 However, it is not routinely
for monitoring of rituximab, particularly given re-treatment or blood sampling for ADA is
usually carried out after rituximab is expected to be largely eliminated (> 5 half-lives). As
with most ELISAs used for therapeutic drug monitoring for mAbs, ADA could also
potentially be an interfering factor for detection of drug level due to ADA-drug complexes.
Nevertheless, given this association observed between rituximab drug level and ADApositivity using this method, it could potentially be a cheaper and more accessible method to
screen for ADA at earlier time points, particularly in patients at risk of ADA development or
to investigate cause for infusion-related reactions.
Interestingly, in contrast to our previous findings in paper I and II, no significant difference
was observed in B cell count between groups at any time point. Moreover, no significant
difference in rates of B cell depletion between persistent ADA groups was observed, despite
a higher proportion of persistently positive patients with incomplete depletion at 1–3 and 6
months post infusion.
4.3.4 ADAs to rituximab can have neutralising capacity
Neutralising capacity of ADAs to rituximab were assessed in a subgroup of 38 ADA-positive
samples (18 patients). Only samples which had undetectable drug levels were analysed due
to the drug sensitivity of this assay. Twenty-four samples (10 patients) were confirmed to
have neutralising capacity and inhibited the B cell cytotoxicity of rituximab in vitro,
indicating these patients may not have an effect of rituximab treatment. However, the
remaining samples were observed to be cytotoxic, even when rituximab had not been added.
Therefore, the neutralising status of these samples could not be confirmed. These samples
were not cytotoxic when heat inactivated and no rabbit complement was added, indicating
this was complement-dependent cytotoxicity of the B cells. However, the cause of this in
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these patients was not determined. Interestingly, this was not observed in a cohort of patients
with membranous nephropathy using this bioassay, as previously published, where 80% of
ADA positive samples shown to have capacity to neutralise rituximab.19 Neutralising
antibody assays are generally less sensitive, and more susceptible to drug interference. This
data provides valuable information as to the functional capacity of ADA to rituximab.
However, given non-neutralising antibodies also can also play a role in impairing efficacy
and safety, it is likely using an ADA assay is more beneficial for clinical analyses and routine
testing where required.
4.3.5 Persistent ADA-positive patients have a longer time to improvement in disease
activity after re-treatment with rituximab
In terms of clinical outcomes after re-treatment with rituximab (n = 14), both ADA groups
showed an overall improvement in disease activity in terms of SLEDAI-2K scores. However,
time to significant reduction in SLEDAI-2K following treatment was achieved earlier (1-3
months) in the persistent negative group compared to persistent positive group (6 months).
Statistical analyses were not carried out using the BILAG response due to limited patients in
each response category. Patients in the persistent ADA group had a higher rate of relapses
over the three-year period compared to ADA negative (44% vs 20%), however this did not
reach statistical significance.
When comparing complement C3 levels, patients with persistent ADA had significantly
lower complement levels prior to re-treatment compared with ADA negative patients, which
remained persistently lower for 3 years following treatment. This is of interest given the
dominant role of CDC in depletion of B cells by rituximab. It could be postulated that low
complement at baseline could result in earlier complement consumption thereby reducing
efficacy of B cell depletion and increasing rituximab half-life, potentially prolong antigenic
exposure to naïve B cells not yet depleted by rituximab. Although it is not possible to infer
from these results, there have been studies in the haematology field showing less effective
depletion in patients with complement deficiencies.214-215
4.3.6 Limitations
In addition to limitations surrounding the neutralising antibody assay, total number of
samples available at each time point was low because of the retrospective study design,
limiting power of the study. This was particularly relevant in analyses of clinical outcomes
following retreatment. Moreover, this study did not account for total rituximab exposure in
analyses.
4.3.7 Conclusion
In conclusion, SLE is associated to a high rate of persistent ADA development. Both
persistence and titre of ADA were associated with lower drug levels, and in a sub-group, we
were able to confirm in vitro that these antibodies can have neutralising capacity. Together
with results from paper II, these results also support the use of routine testing in SLE patients,
particularly prior to re-treatment with rituximab. ADA positive patients had a longer time to
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treatment response according to the SLEDAI-2K however, studies are required to confirm
the clinical implications of ADAs to rituximab in larger cohorts of SLE patients. Moreover,
further studies should investigate the usefulness and cost-effectiveness of therapeutic drug
monitoring in addition to ADA testing to establish a clinical algorithm for routine
management.
4.4 PAPER IV
With almost three decades of use for treatment of MS, IFNβ has proved to be a safe treatment
with low risk of severe adverse events.216 Despite its moderate clinical effectiveness, it has
been commonly used as a first-line treatment.2 In contrast to rituximab, the immunogenicity
of IFNβ in MS has been extensively studied over the recent decades and high-titre NAbs to
IFNβ have been shown to abrogate the biological activity of the treatment.137 However, the
long-term implications of NAbs to IFNβ on disease activity and progression had not been
clearly elucidated. The aim of paper IV was to evaluate the long-term implications of hightitre NAbs to IFNβ in a large cohort of patients with MS.
A total of 3104 patients met the inclusion criteria and were included in the study, classified
as confirmed high-titre patients (n = 197) or persistent-negative patients (n = 2907). At
baseline, defined as the first positive or negative test result for the respective group, patients
in the high-titre group were older and had fewer DMT starts prior to baseline. The most
frequently administered IFNβ at baseline was subcutaneous IFNβ-1a (Avonex®) (65%) in the
high-titre group and intramuscular IFNβ-1a (Betaferon®/Extavia®) (52.4%) in the persistentnegative patients. No difference was observed in sex or duration of therapy prior to baseline.
4.4.1 High-titres NAbs are associated with higher disease activity at baseline and for the
remainder of time on index IFNβ treatment
Over the entire study period, patients in the high-titre group were observed to have higher
disease activity, with higher ARR compared with the persistent-negative group (ARR 0.055
vs 0.037, p < 0.0001) when adjusting for cofounders. When disaggregated by index IFNβ at
baseline, this difference between groups was only observed in the more highly immunogenic
subcutaneous IFNβ-1b (Rebif®) but not in other IFNβ-1a preparations. In addition, it was
noted that patients with high-titre NAbs had higher ARR at baseline. However, even when
this was taken into account, high-titre NAbs were also associated with a higher ARR during
the remainder of IFNβ treatment compared with persistently negative patients (ARR 0.074
vs 0.045, p < 0.01).
In addition to higher ARR, higher disease activity was evident with a higher proportion of
first post-baseline relapses was recorded in the high-titre group than persistent-negative
(16.8% vs 11.7%, p = 0.033). Moreover, a greater proportion of these relapses were while on
the index IFNβ treatment for the high-titre group compared with the persistent-negative
(81.8% vs 56.3%, p =0.005). When adjusting for cofounding factors, we showed that patients
with high-titre NAbs had almost 1.5 times greater risk of having a first post-baseline relapse
compared with those who were persistently negative (adjusted hazard ratio 1.48, 95% CI
1.03-2.11; p = 0.033).
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4.4.2 High-titre NAbs are associated to higher risk of reaching EDSS 6 milestone, but
not confirmed disability progression within the first 12 months
When analysing disease progression, patients with high titres were shown to have 1.51 times
the risk of reaching EDSS 6 milestone when adjusting for cofounders (adjusted hazard ratio
1.51, 95% CI, 1.01-2.27; p = 0.046). However, groups were similar in terms of risk of
reaching EDSS 4 milestone or confirmed disability progression at 3-, 6-, or 12-months
following the first confirmed high or negative test result respectively.
4.4.3 High-titre NAbs are associated higher disease activity after switching DMT
Moreover, in a sensitivity analysis, the baseline was adjusted from date of first positive or
negative titre to the date of the next DMT switch following this. Although reduced, the strong
association between high-titre NAbs and ARR persisted, with a significantly higher ARR in
patients with high-titres than persistent-negative patients (ARR 0.050 vs 0.032, p < 0.01).
However, differences observed between groups in time to first relapse were not observed in
the sensitivity analysis.
4.4.4 Discussion and conclusion
High-titre NAbs to IFNβ were associated with more active disease at the time of the first test
result. However, when accounting for this and baseline level of disability, patients with hightitre NAbs still had more active disease while on IFNβ treatment, and this difference persisted
following treatment switch. It has been previously shown that high titres (>600 TRU/mL)
can abrogate the effect of IFNβ, supporting a lack of treatment effect in the high-titre
group.183,187 However, these results suggest the impact of high-titre NAbs on IFNβ treatment
effectiveness may result in persistently higher disease activity, which is not sufficiently
mitigated by subsequent treatments. Taken together, in patients who are more susceptible to
developing high-titre NAbs, these results may support the use of a more efficacious treatment
earlier to prevent this potential long-term impact on disease activity if NAbs are developed.
These results were similar to a smaller study published in 2010, which found that patients
with NAbs to IFNβ had poorer clinical outcomes following IFNβ treatment
discontinuation.188 However, in contrast to this study, our findings did not translate to
disability progression following IFNβ treatment. This may reflect the limited effect of IFNβ
treatment on disability progression.138 Interestingly, results from a recent observational study
indicated earlier use of highly efficacious treatments in MS may beneficial to prevent
disability progression.217 In this study, they showed the use of highly efficacious treatment
within the first two years of disease onset was associated with reduced long-term disability
for several years compared with propensity-score matched controls only treated with highly
efficacious treatments later in their disease course.217 However, further research, particularly
prospective randomised controls trials are needed to confirm this.
However, our study does have limitations. A common issue among real-world studies is the
issue of missing data which could cause potential bias. The exclusion of missing data from
the analyses assumes that missing data occurred at random, implying there are no differences
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between missing and observed data. Moreover, there may be potential cofounding effects
that were not have been considered in the models. One important exclusion was MRI data
which was not included due to the higher number of missing baseline MRI scans for included
patients.
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5

CONCLUSIONS AND FUTURE PERSPECTIVES

5.1 SUMMARY OF MAIN FINDINGS
In papers I–III, the frequency of ADA to rituximab was analysed in patients with MS, SLE
and AAV, using the same in-house validated sensitive immunoassay with disease-specific
cut-points in real-world cohorts. Here, we showed the frequency of ADA to rituximab varied
significantly between diseases: 0% in AAV, 26% in progressive forms of MS, 37% in RRMS,
and 37.8% in SLE. Persistent ADA development occurred in 64.3% of patients with SLE in
paper III. Interestingly, patients with SLE appear to be susceptible to high rates of ADA to
rituximab, which despite being detectable in a portion of patients already after the first
infusion, appear to continue to increase and persist following re-treatment. This is consistent
with the different frequencies observed in ADA development across rheumatological
diseases treated with TNFi.218 Further supporting this hypothesis is the substantially lower
rates of ADA to rituximab observed in haematological conditions such as NHL.172 In contrast
to NHL, chronic immune-mediated inflammatory diseases exhibit a broader spectrum of
immune dysfunction. The increased susceptibility to develop ADA could reflect underlying
disease and/or current inflammatory disease states of immune-mediated diseases, including
B- and T- cell repertoire at time of treatment. Moreover, formation of immune complex which
further enhancing APC responses on re-treatment.150,156 Indeed, this seems likely in
conditions such as SLE which are associated with a wide spectrum of autoantibody
production, B cell hyperreactivity and defective T regulatory cells that could underlie their
susceptibility to ADA development.151,219
Interestingly baseline demographic, clinical and serological factors that were associated with
increased risk of developing ADAs to rituximab in these studies could be related to the
disease activity and inflammation. Younger age, more inflammatory disease type (RRMS vs
progressive forms of MS), and higher baseline disease activity were all observed to be risk
factors for ADA development at time of first rituximab exposure. The results indicate patients
who are more likely to need a more efficient treatment for active disease may be most prone
to ADA development. In addition, concomitant treatment use in SLE was not shown to be
associated with lower rates of ADA in paper II, as could be hypothesised from the TNFi
field.218 However, a large degree of variability in rituximab treatment doses, schedules and
concomitant treatment use may result in limited power to observe a difference if in fact there
is one.
On a group level, we showed an association of ADAs to rituximab with lower circulating
drug level up until 6 months post rituximab treatment, including after the first and subsequent
infusions in SLE patients. Further studies are needed to determine the utility of drug
screening at earlier time points, particularly where clinically indicated with infusion-related
reactions such as serum sickness. Implications of ADA on rituximab pharmacokinetics were
supported, with observed differences in the pharmacodynamic effect of rituximab, such as
higher B cell count or lower rates of B cell depletion, observed in paper I and II, six months
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following rituximab treatment. A clinical threshold value of >5 AU/mL was proposed based
on the association with impaired depletion above this point in MS patients. The term B cell
depletion was used in all studies to describe individual time points. Without repeated testing
patients B cell count over time, it is unclear if a finding of incomplete B cell depletion at a
given time point reflects a failure to achieve B cell depletion or earlier repopulation; however,
it is possible that for as long as circulating rituximab is present, ADA to rituximab could
continue to inhibit binding, which could account for the prolonged depletion observed in
ADA-negative patients compared with ADA-positive patients. The pharmacological efficacy
of rituximab will be dependent on the balance of ADA levels and drug concentrations
present.176
In terms of safety, ADA to rituximab was associated with immediate infusion reactions in
patients with SLE following rituximab re-treatment in paper II, which was consistent with
findings from a recent report from the United Kingdom.180 Despite recent case reports of
serum sickness in MS patients with high-titre ADAs to rituximab, no cases were observed in
paper I’s MS cohort, possibly due to insufficient power given the rarity of these events in MS
patients.179,220 In contrast, higher rates of infusion reactions observed in SLE could be
mediated by immune complex formation and deposition, characteristic of the disease.35,156
The results of papers II and III supported the use of routine testing in patients with SLE prior
to re-treatment and active monitoring for infusion-related reactions following treatment.
However, in contrast, the clinical effect of ADA to rituximab on disease activity or
progression was not clearly elucidated in the included studies in patients with SLE or MS. A
limitation of paper I-III was insufficient power owing to lower total patients or samples for
some analyses. This is further challenged by the heterogeneous patient cohorts which
potentially limits the ability to detect a significant change, as seen in clinical trials with
SLE.109 Although taken together, findings from these studies in addition to the evidence of
neutralising capacity of ADA in a portion of samples indicate this issue warrants further
investigation, notably in patients with lupus nephritis. Prospective longitudinal studies are
required to clearly ascertain the implications of ADA to rituximab on clinical outcomes.
Moreover, according to the findings, cost–benefit analyses need to be undertaken and clinical
algorithms established to guide best practice for routine monitoring of ADA and where
appropriate, drug monitoring to minimise risk of ineffective treatment or adverse events.
In paper IV, we were able to utilise the well-established SMSreg to determine the long-term
implications of high-titre NAbs to IFNβ in a large cohort of patients with almost 20,000
collective years of follow up. Using these data, we showed that patients with confirmed hightitre NAbs during IFNβ treatment had higher disease activity while on IFNβ treatment, which
persisted even after switching to another treatment. This suggests high-titre NAbs have longterm implications on disease activity, which could potentially be avoided with the use of
more efficacious treatment earlier in patients at high risk of developing NAbs.
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5.2 FUTURE PERSPECTIVES
In terms of monitoring for ADA post-marketing, the FDA recommends a risk-based approach
that considers the likelihood and severity of immunogenicity implications specific to the
treatment to evaluate the need for immunogenicity testing.142 However, as observed, realworld data are often needed to elucidate less overt short- and long-term implications of ADA.
Given the variability in frequency and implications of ADA observed between diseases, the
immunogenicity of each biological therapy needs to be evaluated for each disease indication
using a sensitive, and if required, drug-tolerant assay. As outlined, this can be utilised to
determine the need for clinical routine testing. In papers I to III, we could evaluate disease
cohorts using a single assay which allowed for more direct comparability. However, in
addition to the use of different assays, a lack of standardisation and reference controls has
led to variability in assays between laboratories. Efforts to improve, standardise and
harmonise ADA assays are ongoing. This has been a focus of the European ABIRISK
consortium who are currently in the process of developing and characterising human mAb
ADA reference antibodies. The aim is to make these freely available to provide a benchmark
for laboratories to align their internal positive controls.151 This will have substantial benefits
by enabling more direct comparison of ADA results across laboratories for research and
clinical purposes.
Moreover, another important consideration is the immunogenicity of biosimilars, biological
therapies which are produced to be highly similar to a reference biologic. Since the first was
approved by the EMA in 2006, biosimilars have been rapidly released to the market.221 The
patent for rituximab expired in Europe in 2013, and in recent years, biosimilars have been
available for use in Sweden. Rigorous analyses are required to prove biosimilars are highly
similar to the reference biological therapy, including immunogenicity prior to approval.
However, an esse next step will be to complete comparative immunogenicity studies between
rituximab originator and its biosimilars to confirm this in the real-world setting. Studies to
date have shown that immunogenicity between reference biologicals and biosimilars appears
to be equivalent; however, further studies are required to confirm the safety of multiple
switches.221 If differences in immunogenicity are confirmed to be negligible, this will reduce
the economic burden of biological therapies on healthcare systems owing to the substantially
lower cost of biosimilars.
Finally, the focus of the included papers was on immunogenicity management in the clinical
setting. In particular, we aimed to understand the extent of the issue and elucidate the risk of
patient-related risk factors for ADA development using clinical data and lab tests routinely
collected. As highlighted during the COVID-19 pandemic, T cell immunity can be an
important component of immunogenicity in relation to prevention, prediction and monitoring
of immune response. Moreover, in addition to baseline immune status, treatment and genetic
risk factors such as HLA haplotype can also influence an individual’s immune response to a
biological agent.151,222 It is likely these risk factors are closely intertwined, as observed with
other treatments such as IFNβ.163 Development of validated models that can account for these
45

diverse variables of ADA development would guide treatment decisions at initiation and
substantially reduce the burden of immunogenicity-related disease progression or adverse
events on individuals and healthcare systems.
5.3 CONCLUSION
In conclusion, biological therapies have revolutionised the treatment of chronic inflammatory
diseases; however, despite advancements, all biological therapies can stimulate an unwanted
immune response. The formation of ADA can inhibit treatment effect and impair safety,
potentially rending patients ineffectively treated for long periods. When required, routine
testing for ADA to enable early detection and management can ensure patients are optimally
treated by minimising disease and economic burden due to ineffective treatment, adverse
events and disease progression owing to ADA. With the rapid development of biological
therapies and biosimilars and their increasingly widespread use to treat a range of diseases,
future research is required to investigate the immunogenicity of each biological therapy for
each new indication in a real-world setting using appropriate and standardised detection
methods.
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