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Zusammenfassung

Tumor-Nekrose-Faktor(TNF)-Antagonisten, eine Klasse therapeutischer Proteine, haben
die Behandlung chronisch-entziindlicher Darmerkrankungen (CED), wie Morbus Crohn
und Colitis ulcerosa, mafigeblich verbessert. Das pro-inflammatorische Zytokin TNF ist
ein Hauptakteur der gastrointestinalen Entziindungsprozesse bei CED. Die pharmakolo-
gische Blockierung von TNF mittels TNF-Antagonisten bei CED hat sich als sehr wirk-
sam und teilweise sicherer im Vergleich zur Therapie mit traditionellen small molecule-
Medikamenten erwiesen. Der chimére therapeutische Antikorper Infliximab (IFX) erhielt
als erster TNF-Antagonist die Arzneimittelzulassung und ist noch heute weit verbreitet
im Einsatz. Allerdings entwickeln bis zu 65 % der mit IFX behandelten Patienten Anti-
Drug-Antikorper. Anti-Drug-Antikérper treten bei parenteraler Applikation von Biologika
auf. Sie kénnen die Medikamentenwirkung beeintrichtigen und zu einer beschleunigten
Eliminierung des Wirkstoffs aus dem Blutkreislauf beitragen, was zu Therapieversagen

fithren kann.

Die Messung der Serumspiegel von Biologika und der zugehérigen Anti-Drug-Antikérper
wird als therapeutisches Drug Monitoring (TDM) bezeichnet und ist ein Werkzeug zur
Optimierung der Wirksamkeit und Sicherheit biologischer Therapien. Jedoch beeintréchti-
gen analytische Herausforderungen und die fehlende Harmonisierung der verfiigbaren Me-
thoden die Aussagekraft aktueller TDM-Assays. Diese Problematik erschwert auch die
Etablierung evidenzbasierter Strategien fiir das Management von Anti-Drug-Antikérpern.
Wéhrend die meisten Assays zur Bestimmung von Anti-Drug-Antikérpern rein (semi-)
quantitative Ergebnisse liefern, spielt moglicherweise auch die Qualitdt der individuellen
Anti-Drug-Antikérper eine Rolle fiir die therapeutische Entscheidungsfindung. Zur quali-
tativen Analyse von Anti-Drug-Antikérpern sind aktuell jedoch nur wenige Studien pub-

liziert.

Ziele dieser Dissertation waren die Entwicklung Oberflichenplasmonenresonanz(SPR)-
spektroskopiebasierter Biosensor-Assays fiir das TDM von IFX als exemplarischen TNF-
Antagonisten und die Bewertung der Eignung von SPR-Biosensoren fiir routineméfiges
TDM. Mittels SPR kénnen Analyten sowohl quantifiziert als auch hinsichtlich ihrer Bin-
dungseigenschaften charakterisiert werden. In der vorliegenden Arbeit wurde daher auch
untersucht, ob Kenntnisse iiber die Stabilitdat von Anti-Infliximab-Antikérper(ADA):IFX-
Komplexen von Bedeutung fiir die Steuerung der IFX-Therapie sein kénnten. Unter
Verwendung eines Biacore X100 SPR-Systems wurden zwei Biosensor-Assays entwickelt:
“TFXmon” zur Quantifizierung von IFX und “ADAmon” zur Quantifizierung und Charak-
terisierung von ADA. ITFXmon und ADAmon wurden anschliefend zur Analyse von Seren
IFX-behandelter CED-Patienten eingesetzt. Die Biosensor-Daten wurden mit Ergebnissen
der Analyse derselben Seren mittels In Vitro Diagnostic Regulation-konformer Enzymim-

munoassays (ELISA) verglichen.



Die Methodenvalidierung zeigte, dass IFXmon akzeptable Biosensorstabilitit, analytische
Sensitivitdt, Prazision und Richtigkeit aufwies. Die Analyse von 84 Serumproben mittels
IFXmon und ELISA ergab, dass die Methoden in hohem Mafle iibereinstimmten. Wéahrend
IFXmon verdinntes Serum als Probenmaterial verwendete, wurde fiir den ADAmon-
Assay eine praanalytische Affinitatsreinigung unter Einsatz magnetischer Beads entwickelt.
Dieser zusétzliche Schritt war notwendig, um eine IFX-tolerante ADA-Quantifizierung zu
ermoglichen, das heifit auch in Anwesenheit typischer TFX-Serumkonzentrationen. Ins-
gesamt erzielte ADAmon vergleichbare Leistungsparameter wie der ELISA in Bezug auf
Biosensorstabilitét, analytische Sensitivitdt, Prézision und Richtigkeit. Die Resultate der
ADA-Quantifizierung mittels ADAmon und ELISA in Patientenseren unterschieden sich
jedoch deutlich und korrelierten nicht miteinander. Dies lasst darauf schlieflen, dass ADA-
mon und ELISA moglicherweise unterschiedliche, potenziell von der ADA-Qualitat ab-
hingige ADA-Populationen erfassen.

Um die ADA:IFX-Bindungsstabilitit einzelner Patienten zu untersuchen, wurde der Dis-
soziationquotient “DissR” eingefiihrt. DissR ist ein simpler Index, welcher ein Maf fiir die
Dissoziationsgeschwindigkeit von ADA:Wirkstoff-Komplexen darstellt. Nach der erfolgre-
ichen Validierung seiner Robustheit wurde DissR retrospektiv fiir ADAmon-positive Pa-
tienten berechnet. Diese Studie stellt die bisher umfangreichste Arbeit zur Untersuchung
der ADA:IFX-Bindungsstabilitdt dar. Hierbei konnte gezeigt werden, dass eine hohe
ADA:IFX-Bindungsstabilitit signifikant mit zukiinftigem Therapieversagen und nicht de-
tektierbaren IFX-Spiegeln korrelierte, was auf einen prognostischen Wert der ADA:TFX-
Bindungsstabilitdt hindeutet. Die Assay-Prinzipien von IFXmon und ADAmon, ins-
besondere auch DissR, wurden mit minimalen Anpassungen erfolgreich auf Adalimumab
als einen weiteren weit verbreiteten TNF-Antagonisten iibertragen. Dies ldsst darauf
schliefen, dass die hierin entwickelten Biosensormethoden schnell adaptiert werden kon-

nermn.

Zusammenfassend legen die vorgestellten Ergebnisse nahe, dass SPR-basierte Biosensor-
Assays den erforderlichen bioanalytischen Anforderungen fiir die routineméfiige TDM-
Analytik geniigen. Insbesondere die Beurteilung der ADA-Bindungsstabilitat konnte eine
frithzeitigere therapeutische Entscheidungsfindung bei der Behandlung von CED ermégli-
chen. Diese Dissertation untermauert die praktische und wirtschaftliche Eignung von
SPR fiir die labormedizinische Analytik und hebt ihr Potenzial fiir das proaktive TDM im

Rahmen der personalisierten Medizin hervor.



Summary

Tumor necrosis factor (TNF) antagonists, a class of therapeutic proteins, have significantly
improved the treatment of inflammatory bowel diseases (IBD), such as Crohn’s disease
and ulcerative colitis. The pro-inflammatory cytokine TNF is a key player in IBD-related
intestinal inflammation. Pharmacological blockade of TNF using TNF antagonists in IBD
has been shown to be very effective and in some cases safer compared with application of
traditional small-molecule drugs. The chimeric therapeutic antibody infliximab (IFX) was
the first TNF antagonist to receive drug approval and remains widely prescribed. Yet, up
to 65 % of IFX-treated patients develop anti-drug antibodies. Anti-drug antibodies can
emerge with parenteral application of biologics. They can neutralize drug function and

enhance its clearance from the blood stream, which may lead to treatment failure.

Measuring serum levels of biologic drug and corresponding anti-drug antibodies, termed
therapeutic drug monitoring (TDM), is an essential tool to optimize effectiveness and
safety of biologic therapies. However, current TDM assays suffer from the analytic com-
plexity of anti-drug antibody assessment and poor harmonization of available assays. This
hampers the establishment of evidence-based consensus strategies for anti-drug antibody
management. In addition to the mainly (semi-)quantitative data provided by state of the
art TDM assays, qualitative data on patient-individual anti-drug antibodies may be of
importance for therapeutic decision-making. Though, the research literature regarding

qualitative analysis of anti-drug antibodies is very limited.

The aim of this dissertation was to develop surface plasmon resonance (SPR) spectroscopy-
based biosensor assays for the TDM of the exemplary TNF antagonist IFX and to eval-
uate the feasibility of SPR biosensors for routine TDM. With SPR, analytes can both
be quantified and characterized regarding their binding properties. Thus, it was ad-
ditionally investigated whether knowledge about the binding stability of anti-infliximab
antibody(ADA):IFX complexes adds diagnostic value in IFX therapy management. Us-
ing a Biacore X100 SPR instrument, two biosensor assays were developed: “IFXmon”
for the quantification of IFX and “ADAmon” for the quantification and characterization
of ADA. Both IFXmon and ADAmon were compared to in vitro diagnostics-approved
enzyme-linked immunosorbent assays (ELISA) by analysis of sera from IFX-treated IBD

patients.

Method validation showed that IFXmon comprised acceptable biosensor stability, ana-
lytic sensitivity, precision and accuracy. Analysis of 84 patient sera by IFXmon and
ELISA demonstrated method interchangeability. While IFXmon utilized diluted serum as
sample material, a pre-analytic affinity purification protocol with magnetic beads was de-
veloped for the ADAmon assay. This additional step was necessary to allow IFX-tolerant
ADA quantification, that is, even in the presence of typical IFX serum concentrations.
Overall, ADAmon achieved similar performance parameters as ELISA with respect to

biosensor stability, analytic sensitivity, precision and accuracy. However, the results of



ADA quantification by ADAmon and ELISA in patient sera differed substantially and did
not correlate. This suggests that ADAmon and ELISA assess different, potentially ADA
quality-dependent ADA populations.

In order to characterize patient-individual ADA:IFX binding stabilities, the dissociation
ratio “DissR” was introduced. DissR is an easily accessible index that describes the dissoci-
ation velocity of ADA:drug complexes. After successful validation of its robustness, DissR
was retrospectively calculated for ADAmon-positive patients in the so far largest study to
analyze ADA:IFX binding stability. It was shown that high ADA:IFX binding stability
was significantly correlated with the development of therapy failure and undetectable IFX
concentrations in the future, suggesting a prognostic value of ADA:IFX binding prop-
erties. The assay principles of IFXmon and ADAmon, in particular also DissR, were
successfully transferred with minimal adaptations to adalimumab as another widely used

TNF antagonist. This implies that the established assays can be rapidly adapted.

In conclusion, the presented findings suggest that SPR-based biosensor assays suffice the
bioanalytic requirements for routine TDM. Particularly the assessment of ADA binding
stability may enable earlier therapeutic decision-making in IBD treatment. This disser-
tation substantiates the practical and economic suitability of SPR for laboratory medical
analysis and highlights its potential for proactive TDM in the context of personalized

medicine.
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1. Introduction

1.1. Inflammatory bowel disease

Inflammation is a physiological process encompassing both cellular and non-cellular play-
ers, with which the organism defends itself against exogenous noxa, clears endogenous
tissue damage or reacts to tissue malfunction. Controlled inflammatory reactions aim at
restoring host homeostasis by eliminating the pathogens or initiating tissue repair and
adaptation ™. A healthy inflammatory response is characterized by a balance between
pro-inflammatory processes and processes involved in inflammation resolution. However,
a complex interplay between endogenous and exogenous factors can cause this process to
derail towards excessive and persisting inflammation, resulting in a pathological failure to

establish homeostasis.

The umbrella term immune-mediated inflammatory disease (IMID) describes a heteroge-
neous group of diseases with overactive and chronic inflammatory activity associated with
tissue destruction and organ damageB#. While all IMID share some alterations in com-
mon immunologic pathways, their clinical phenotype and tissue localization are defined
by disease-specific pathomechanisms®. As summarized in a comprehensive review by
Schett et al., IMID have classically been categorized by the respectively affected tissues,
whereby it is noteworthy that many IMID subtypes involve the outer and inner surfaces
of the body, i.e., the gastrointestinal tract, skin, bones or joints. These surfaces exhibit
barrier functions and are particularly exposed to external influences, such as pathogens
or mechanical stressi. This exposure explains their increased need for immunological
protection and repair activities, which goes along with increased harm in the case of
immunological dysfunction®. All IMID are characterized by a progressive course and
currently, no causal cures are available for their treatment 4. Conditions belonging to
the IMID family encompass rheumatic disorders, connective tissue disorders, neurological
autoimmune conditions, like multiple sclerosis, asthma and inflammatory bowel disease
(IBD). Since the present project involved a study with IBD patients, the state of the art
of regarding IBD epidemiology, pathophysiology and therapy will be summarized in the

following subsections.

1.1.1. Epidemiology and economic impact

IBD, majorly represented by the two disorders Crohn’s disease (CD) and ulcerative colitis
(UC), is characterized by progressive and chronic inflammation of the gastrointestinal
tract and unpredictable clinical course ™. Ethnicity, geographic factors and lifestyle
play central roles in IBD epidemiology ™. For IBD, a rising incidence has been observed
worldwide in the past decades, with large regional differences . While traditionally, IBD
was understood as a disease of the western world, the disease has followed the geographical

patterns of industrialization: In recent decades, emerging countries — including large-
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population countries, such as India and China — have reported increasing cases owed

B0 The prevalence of IBD in Europe is about

[

to the adoption of Westernized lifestyle
0.3 %, equivalent to 2.5-3.0 million affected patients®. Given its high prevalence, chronic
nature and high therapy cost, IBD has become a growing socioeconomic burden in the
industrialized world. A systematic review by van Linschoten et al. from 2021 reported
a global increase in healthcare cost of IBD, which has been mainly driven by increased
use of expensive biologic medication, while inpatient and outpatient cost have remained
stable M. Furthermore, the authors provided an in-depth evaluation of healthcare cost for
prevalent IBD cases in different geographic regions: In Europe, for example, the annual
per-patient cost from the last ten years amounted to $ 12,439 and $ 7,224 for CD and UC

2

treatment, respectively Only about one third of all IBD patients experience a mild

disease, whereas aggressive disease courses are often associated with numerous exhaustive

treatment cycles 613-16]

1.1.2. Diagnostic criteria

The initial diagnosis of IBD is mainly based on patient history and physical examination,

together with findings from endoscopy, laboratory parameters, radiologic and histologic

results 17

sig I8ITI

In this process, endoscopy constitutes the gold standard for definitive diagno-
In order to exclude other pathologies, patients should be examined for gastroin-
testinal infections, irritable bowel syndrome, chronic granulomatous disease and specific
food intolerance to name just some examples for differential diagnoses that need to be
excluded 2% Tn most cases, the initial diagnosis of IBD is made in adolescence or young

adulthood; however, the disease can theoretically arise at any age20.

1.1.2.1. Clinical manifestation

The symptoms of IBD include abdominal pain, non-bloody or bloody diarrhea, fever, in-
testinal obstruction, weight loss, fatigue and rectal discharge of blood and mucus (see
Figure [1.1). However, the patient-individual clinical presentation depends on disease

localization and diverges between CD and UCH.

In this paragraph, the clinical pictures
of CD and UC will be summarized in reference to the comprehensive overview article by
Daniel Baumgart (2009)@. CD patients suffer from transmural mucosal inflammation,
which may be located at any part of the gastrointestinal tract between mouth and anus
and may present a discontinuous inflammatory pattern, also known as skip lesions (see
Figure —I—B). Disease progression is episodic and symptoms predominantly include
abdominal pain, non-bloody diarrhea and nonspecific abdominal symptoms. In compar-
ison to UC, CD is understood to be associated with more frequent complications, such
as penetrating and stricturing disease behavior, and overall higher negative impact on

HO2021 - Approximately 20-25 % of all CD patients develop perianal

the quality of life
fistulae 1022l UC is characterized by non-transmural, continuous inflammation restricted

to the colon and sub-classified into proctitis, left colitis or pancolitis/extensive colitis, de-
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pending on disease localization (see Figure —I—B). Frequent stools, bloody diarrhea

and perianal bleeding are observed more frequently in UC than CD P23 UC-associated

complications include severe bleeding, toxic megacolon or epithelial displasia 23,

[ ] - ‘ é é
Abdominal pain Fatigue Diarrhea Rectal discharge of Intestinal Weight loss

blood and/or mucus obstruction

Figure 1.1.: IBD symptoms.

Unfortunately, many IBD patients develop extra-intestinal manifestation that can affect
nearly every organ of the body and often further decrease life quality. Reported frequencies
vary considerable between studies and have been reported to amount for 6-47 % 2428 Cu-
taneous, ophthalmological and rheumatologic extra-intestinal manifestations are observed
most commonly, but the cardiovascular system, lungs and the hepatobiliary system may
be affected, as well 28], Both CD and UC are linked to an increased risk for gastrointestinal

neoplasms 2930

In approximately 25 % of both CD and UC patients, the disease progresses to an ex-

[

tensive, complicated condition™*. Major surgery as a consequence of disease progression

or complications at diagnosis is required in 5-10 % of UC and 10-30 % of CD patients

0]

within the first five years after diagnosis In a follow-up evaluation of the inflammatory

bowel disease in South-Eastern Norway (IBSEN) study, a large, population-based incep-
tion cohort, it was found that 10 years after IBD diagnosis, 18.8 % of patients received
disability pensionBH. This rate equaled to a 2.0-fold and 1.8-fold relative risk for CD

B A similar study

B2

and UC patients, respectively, as compared to background population

from Hungary found an overall disability pension rate of 32.3 % in IBD patients

1.1.2.2. Tools for diagnosis and disease monitoring

Currently, no causal cure is available for IBD and both disease course and treatment re-

6]

sponse are poorly predictable®™. Additionally, IBD symptoms often occur disconnected

from active inflammation B335 This means that a patient may temporarily feel well

while inflammatory foci in the gastrointestinal tract flare up, which at worst can lead
to irreversible damage. In order to achieve sustainable remission, objective indicators of
inflammation are not only utilized to diagnose but also to monitor IBD disease activity,
including endoscopic and histologic examinations, radiologic imaging techniques and lab-

I6136]  Modern treatment options have enabled a paradigm shift in IBD

treatment targets from damage control towards mucosal healing and deep remission B7H0

oratory parameters

Within these new strategies, early resolution of inflammation plays a crucial role, under-

lining the significance of effective disease monitoring tools #3%40]
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Crohn's disease (CD) Ulcerative colitis (UC)

A
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inflammation
Inflammation can
affect any part of Inflammation
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tract colon
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Figure 1.2.: Gastrointestinal manifestation of CD and UC. (A) Macroscopic in-
flammatory pattern. (B) Endoscopic characteristics of CD and UC. (C) Mucosal structure
deficits in IBD.

For diagnosis, colonoscopic evaluation of the mucosa with intubation of the terminal ileum
is the gold standard method 41 Common scoring systems to classify disease severity are
the simple endoscopic score for CD and the Mayo endoscopic subscore for UC FH#42H3]
These systems are frequently applied in both standard patient care and in clinical stud-
ies. The simple endoscopic score assesses ulcers, percentage of ulcerated surface, affected
surface and narrowings#2. The Mayo score differentiates between normal mucosa, mild,

moderate and severe UC and assigns a score between 0 and 3, respectively #3l

To estimate disease extension, areas with macroscopically active disease and healthy mu-
cosa are biopsied for subsequent histologic analysis. Nevertheless, endoscopy does not
permit to examine the entire bowel. This gap can be filled by non-invasive, cross-sectional
imaging techniques, which are therefore less stressful for patients®®. The importance of
additional imaging has been demonstrated for example by Samuel et al®¥. In this study,

53.7 % of CD patients with inconspicuous ileo-colonoscopy had active disease in the small
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B 1y mag-

bowel, which was detected by additional computer tomography enterography
netic resonance enterography and computer tomography enterography, the patients are in-
structed to drink large volumes of neutral contrast liquid in order to distend the intestines
and visualize possible macroscopic abnormalities and complications, e.g., strictures, ul-
cers, inflammation and fistulae 4. Magnetic resonance enterography is considered the
best method to detect perianal disease™. Since disease monitoring via cross-sectional
imaging techniques is required throughout the patients’ lifetime after diagnosis, the cu-
mulative radiation exposure of computer tomography enterography has to be considered.
Ultrasonography is another suitable imaging method and capable, e.g., to differentiate in-
flammation from fibrotic intestinal wall thickening, but has a relatively high inter-observer

variability 1741

Owed to their non-specific nature and inability to differentiate between CD and UC, lab-
oratory parameters are utilized rather for disease monitoring than initial diagnosis®U.
C-reactive protein (CRP) is the most sensitive serum marker for inflammation, which
is secreted by the liver in response to inflammation-related tissue injury, but also in re-
sponse to other influences, such as smoking, overweight and particular drugs™*5  The
CRP signaling pathway is initiated by macrophages and potent enough to generate a

6]

500-1000-fold increase in CRP serum concentration within hours The relatively short

415 Never-

half-life of 19 hours makes CRP an attractive biomarker for inflammation
theless, up to 30 % of endoscopy-confirmed CD cases with active inflammation are tested
CRP-negative . Another biomarker with higher specificity for intestinal tissue is fecal
calprotectin (FC). Calprotectin in stool is stable for approximately one week and orig-
inates from the degranulation of neutrophils recruited to the intestinal mucosa, where
calprotectin exerts antimicrobial functions #4849 FC is capable to distinguish between
active and quiescent disease, whereby levels exceeding 250 pg/g are considered indicative

41150

of active inflammationt . In addition to CRP and FC analysis, anemia, thrombocy-

tosis, hypoalbuminemia and vitamin deficiencies may be detected in the laboratory as a

consequence from chronic inflammation and malabsorption ¥

1.1.3. Pathogenesis

Although the exact causes for IBD remain subject to research, it is undoubted that IBD
pathogenesis is multifactorial 9751 IBD is a complex disease, in which genetic sus-
ceptibility and environmental variables cause an imbalance of the immune—microbiome

5253)

axis| This imbalance manifests as loss of tolerance for the host commensal micro-

biota, a dysbalanced microbibiota ecosystem and barrier malfunction of the intestinal

mucosa (see Figure ) 53],
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1.1.3.1. Genetic susceptibility

Genetic studies suggest that IBD is a polygenic disease and more than 250 genetic loci are

B4 80-90 % of these loci are in noncoding

known to be associated with IBD susceptibility
sequences and are therefore linked to epigenetic, microRNA-related and noncoding RNA-
related processes . Studies have demonstrated that the genetic component is stronger
in the etiology of CD compared to UCBS5T  In identical twins, 58 % concordance for
CD has been reported 58, As reviewed by Graham et al., IBD-related susceptibility genes
are involved in gut-microbe interaction and thereby exert functions in microbe sensing,
intestinal barrier integrity, adaptive immunity, cell stress pathways, inflammation, fibrosis
and cytokine networks, whereby single susceptibility genes may be involved in multiple
functions ¥ Susceptibility gene variants, such as for nucleotide-binding oligomerization
domain-containing protein 2 (NODZ2), vary across geographic regions and ethnicity 160]
However, the previously mentioned twin studies prove that IBD cannot be fully explained

[5657]

by genetic predisposition . Some exemplary genes and the impact of their IBD-related

variants are highlighted in the following.

NOD2 was the first identified IBD suceptibility gene. IBD-related polymorphisms of
NOD2, whose product NOD2 functions as an intracellular sensor of bacterial cell wall
components, result in an unproductive antibacterial response, which leads to inadequate
inflammation 536162 Other susceptibility genes, such as immaunity-related GTPase M
(IRGM) and autophagy-related protein 16 like protein 1 (ATG16L1), are involved in au-
tophagy as part of the cellular stress response B363H65] Iy CD patients, the ATG16L 173004
polymorphism is associated with compromised antibacterial autophagy and resulting ex-
cess endoplasmatic reticulum stress in Paneth cells, an intestinal cell type that resides
in the small bowel crypts and secretes antimicrobial and immune system-modulating
molecules 867 This contributes to a malfunctional epithelial barrier . In addition,
genome-wide association studies have identified the genes encoding interleukin (IL)-23R
and -12B to be linked to IBD pathogenesis T Both genes are involved in the dif-
ferentiation and expansion of type 17 T helper (Th) cells that initiate pro-inflammatory
responses, e.g., by secretion of IL-17ABZ . TL-17A activates various cellular targets, such
as epithelium, macrophages and neutrophils, which leads to the secretion of tumor necro-
sis factor (TNF), IL-1B, chemokines and metaloproteases ™™ Elevated IL-17A levels
and an increase in Th17 cells have been observed in IBD patients’ intestinal mucosa and

lamina propria 70

1.1.3.2. Microbiome

The human bowel is colonized by four major phyla of commensal bacteria, namely Bac-
teroidetes, Firmicutes, Actinobacteria, and Proteobacteria, that comprise thousands of in-

8 The human microbiome comprises

dividual species and live in symbiosis with the host
impressive inter-individual variability and its composition depends on genetics, acquired

microbiome at birth, medication, diet and other environmental factors 9 A highly so-
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phisticated relationship exists between the gut microbiota, intestinal cells and the immune

system 52,

Microbiome studies have shown that IBD is associated with a decrease in the diversity of
the commensal microbiota, particularly within the Firmicutes phyla B982  Another study
reported that the microbiome in IBD was less stable as compared to healthy individuals &3
The healthy colon epithelium is continuously covered by two layers of mucus: The outer
layer is of loose constitution and allows for bacterial colonization, while the dense inner

81  In IBD, especially CD, a characteristic increase in bacterial

185l

layer is usually sterilel

colonization of the inner mucus layer is observed . An adherent and invasive Escherichia

coli (AIEC) phenotype has been identified as a relatively new pathogenic group with

BEST - ATEC mainly reside in the ileal mucosa, where

[79u88|

higher abundance in IBD patients

they stimulate inflammation, invade epithelial cells and infect macrophages

In a healthy host, the microbiome produces a diverse set of metabolites, such as short chain
fatty acids (SCFA), tryptophan derivatives and secondary bile acids®). SCFA, mainly
encompassing acetate, propionate and butyrate, are produced from commensal bacteria
in the gut from accessible dietary carbohydrates passing the bowel 8% They modu-
late protective intestinal immune responses and execute anti-inflammatory functions [B12)
Studies have shown that fecal SCFA is reduced in IBD patients #3953 In IBD, tryptophan
metabolites and secondary bile acids have been observed to be decreased, as well 2897
Commensal bacteria can convert tryptophan into indol-containing molecules, while pri-

[96/97]

mary bile acids are converted into secondary bile acids . Both products possess anti-

inflammatory functions 2897

The bacterial product indoleacrylic acid also stimulates
mucus production and thereby contributes to a healthy intestinal flora®8l. Overall, the
disturbance of microbial metabolism in IBD impairs the barrier function of the intestinal

mucosa.

1.1.3.3. Immunologic dysfunction

Immunological dysregulation is involved in the initiation and perpetuation of IBD. As the
innate and adaptive immune systems are intimately connected with the intestinal mucosa
and directly exposed to environmental influences, IBD-specific immunologic dysfunctions
can only be understood in a mutual context. Research into IBD-related pathoimmunologic
processes has been focusing for a long time on the adaptive immune system, in particular
on the T cell response within the lamina propria®®. In CD, excess Thl and Th17 responses
trigger a vicious cycle of inflammation via secretion of pro-inflammatory cytokines, such as
IL-17, interferon (IFN)-y and TNF B399 UC has been understood to be mediated by an
atypical dominance of the Th2 pathway, which results in the secretion of IL-5, IL-13 and

B5100] - However, more recent research

the activation of B cells and natural killer T cells
findings cast doubt on this strict separation ™. Furthermore, the activity of regulatory
T cells, which suppress excessive immune responses against the commensal microbiota, is

reduced in IBD H021103]
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More recently, also innate immunologic dysfunction in IBD has been subject to investiga-

g5

tions! Innate immunity processes involved in IBD particularly concern the intestinal

barrier function®. Cell types involved therein and contributing to IBD pathogenesis
encompass intestinal epithelial cells, i.e., enterocytes, Paneth cells, goblet cells, M cells

and neuroendocrine cells, and immune cells, i.e., macrophages, dendritic cells and neu-

i85

trophils Epithelial cell dysfunctions contribute to a leaky barrier that allows closer

contact between the epithelium and luminal antigens or microbes and triggers inflamma-

G814 A mouse model of mucin production deficiency, for example, developed an

[105]

tion
IBD phenotype As previously mentioned, Paneth cell defects causing inefficient an-
tibacterial responses and reduced defensin secretion are linked to CD B36162 1) addition,
CD patients have been observed to exhibit impaired macrophage activity and dendritic
cell trafficking that cause insufficient antigen sampling and inappropriate inflammatory

reactions H1/55/106]

. In conclusion, alterations in the complex cross-talk between epithelial
barrier, innate and adaptive immunity contribute to the immunopathogenesis of IBD and

the perpetuation of inflammation towards chronicity.

1.1.3.4. Environmental influences

Multiple environmental influences have been reported to contribute to IBD etiology. Geo-
graphical gradients in IBD prevalence from north to south, west to east and urban to rural
regions have been well-known for decades™. However, lifestyle rather than geographical
influences explain this observation, since the incidence rates in traditionally less affected
Hispanic and Asian population have been rising recently 193, A westernized diet high
in saturated fat and sugar is linked to increased risk to develop IBD, while a high-fiber

108]

diet is protectivel Furthermore, the effect of smoking on the risk for IBD has been

109

studied extensively| Controversially, heavy smoking is inversely correlated with UC

27110117

risk and relapse rate, while positively correlated with CD risk! Intake of drugs

known to perturb the gut microbiome, e.g., aspirin, non-steroidal anti-inflammatory drugs
and contraceptives, has also been found to increase the risk for IBD development 53112
Exposure to pathogens can also increase the individual risk for IBD, such as infectious
gastroenteritis 113/, Recent studies have reported that air pollution may contribute to IBD

pathogenesis.

1.1.4. Therapy options

Both in the therapeutic armamentarium and treatment perspectives for IBD, paradigms
have shifted within the past 20 years: Standard treatment largely relied on relatively
low specific immunosuppressants and anti-inflammatory drugs that were borrowed from
other clinical disciplinest. Today, targeted biologic and small molecule drugs are avail-
able that have not only transformed the drug landscape but also treatment perspectives:
Long-term disability is no longer the norm for IBD patients and more ambitious treat-

ment goals, including mucosal healing, can be achieved B840 Therapeutic strategies are
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established depending on disease subtype, location and severity 2U. By repetitive assess-
ment of patient-individual therapy responsiveness, beginning sub-clinical relapse may be
recognized early and therapeutic interventions and decisions can be rationalized ¥, Stan-
dard IBD treatment begins with well-tolerated drugs and may be escalated towards more

aggressive immunosuppression, as shown by the treatment algorithm scheme in Figure

[L.3J201,
r— IBD DISEASE ACTIVITY —j

—— MiD ] r MODERATE OR SEVERE —
z
g Aminosalicylates No response or intolerance Corticosteroids
(8] * Mesalazine > E.g., Prednisolone
8 ¢ Sulfasalazine (CD) I
z
- No response,
Remission relapse or intolerance
I I
v v v  'f indicated
Drug holiday (CD) Mesalazine (UC) Calcineurin inhibitors (UC) Surgery
| * Cyclosporin A
e Tacrolimus
. |
> Relapse or | | No response,
§ intolerance AZA relapse or intolerance
Z
<
2 v v
3 Methotrexate JAK inhibitors
g (CD) * Tofacitinib
= +/- AZA ¢ Upadacitinib
w
(4

Figure 1.3.: IBD therapy algorithm. Different therapeutic tools are applied for remis-
sion induction therapy (gray area) as compared to remission maintenance (blue area) and
in the treatment of mild disease (left) as compared to moderate or severe disease (right).
Particular drugs, including azathioprine (AZA), methotrexate and biologics may be chosen
for both remission induction in severe disease as well as for maintenance of remission. Prior
to immunosuppressive therapy escalation, surgery should be considered, if indicated. Janus
kinase (JAK) inhibitors are indicated for moderate or severe disease after other therapies
have [%iledm. Selective usage of drugs in either CD or UC is denoted. Figure adapted
from =Y.

Traditionally, mild or moderate IBD therapy is initiated with aminosalicylates, e.g., mesa-
lazine or sulfasalazine, which have been used in IBD treatment for more than 80 years 119,
The mechanism of action of aminosalicylates is not fully understood, but likely acts on the
prostaglandin metabolism and exerts anti-inflammatory and antibacterial effects F3116]

In moderate to severe IBD and in the case of aminosalicylate failure, corticosteroids (CS),
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such as prednisone, may be applied¥. As agonists of the glucocorticosteroid recep-
tor, they suppress the immune system and reduce inflammation ™7, However, CS have
only been proven efficient in the induction of remission, but not in remission mainte-
nance 119 Immunomodulatory agents like azathioprine, 6-mercaptopurine, methotrexate
or calcineurin inhibitors (cyclosporine A and tacrolimus) are applied in further therapy es-
calation, whereby azathioprine and mesalazine are suitable for remission maintenance 20,
All drugs mentioned in this paragraph belong to the traditional therapeutic armamentar-
ium for IBD treatment and are associated with relatively high risk for adverse effects due

to their unspecific action .

In the case of CS resistance, frequent recurrences under immunomodulator-based main-
tenance therapy or adverse effects, a therapy with newer biologic drugs or targeted small
molecules can be induced and maintained P58 Thege therapeutics have been developed
based on the accumulated knowledge about IBD pathogenesis to specifically interfere in
pro-inflammatory cytokine networks and immunologic processes. IBD with its complex
and overlapping cytokine networks has been an ideal model disease for showcasing of the

SI9) - As such, therapeutic

potency of rational drug development for targeted therapies!
proteins — mostly, antibodies — directed against TNF, I1-12/23 signaling and integrins
have been approved within the past three decadesM5H8I  TNF antagonists will be
discussed in detail in section Nevertheless, it should be mentioned at this point
that recent evidence suggests a therapeutic benefit for the first-line use of TNF antago-

nists [120H123] .

IL-12 and IL-23 play a crucial role in IBD-related mucosal inflammation and are involved in
the differentiation of Thl cells and activation of Th17 cells, which results in their secretion
of pro-inflammatory cytokines including IL-6, IFN-y, TNF, IL-17, among others (15T
Ustekinumab is a human monoclonal antibody (mAb) directed against the p40 subunit
common to both IL-12 and IL-23 and thereby prevents these molecules from binding to

125] A drug class more specifically targeting immunologic dys-

their receptors on T cells!
function in the gut are integrin antagonists. Integrins are membrane-bound glycoprotein
receptors on leukocytes that are involved in tissue-specific homing 1281 Gut-selective leuko-
cytes express the o437 integrin, which specifically interacts with the intestinal mucosal
addressin cell adhesion molecule(MAdCAM)-1827 | a4 37+ intestinal leukocyte infiltration
into the intestinal mucosa is enhanced in IBD and associated with mucosal leukocyte accu-

L5018 - Vedolizumab

mulation and enhanced leukocyte-mediated intestinal inflammation
is a human anti-a4 37 integrin antibody and efficiently prevents this gut-specific leukocyte

homing and its pathology in IBD patients 128130

In addition to modern biopharmaceuticals, novel small molecules inhibiting tyrosine ki-
nases of the JAK family have been developed. JAK inhibitors, e.g. tofacitinib, interrupt
multiple converging pro-inflammatory intracellular signaling cascades with good specificity

o MTAT31IT32]

and impressive effectivenes Another advantage of these drugs is that they can

be administered orally, which facilitates therapy compliance®. It must not be neglected
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that also surgery, i.e. intestinal resection, ostomy, and restorative procedures to reconnect
the intestine and fistula surgery, presents a therapeutic measure to address uncontrollable
inflammation or complications 215 Beside the so far discussed therapy options, pain
management, nutritional support and psychological support can improve the life quality
of affected patients ™3,

1.2. TNF antagonists in IBD therapy

Even though no causal cure is available for IBD, TNF represents a key molecular interface
in the overlapping processes of innate and adaptive immunity involved in IMID pathogen-
esis 133134 Tt potential as a therapeutic target has been exploited by TNF antagonists,

the first biopharmaceutical drug class to be successfully used in IBD treatment.

1.2.1. History of TNF antagonists

The history of TNF antagonists is best described by the history of infliximab (IFX), the
first-in-class TNF antagonist (see Figure . Its approval by the Food and Drug Ad-
ministration (FDA) 1998 represented the fruitful convergence of two initially independent
research paths, which both began in 1975: The first publication of hybridoma-based mAb
production by Kéhler and Milstein and the first description of a novel cytokine later termed
TNF by Carswell et a] 133135

1998 | Approval of 2018 2023
Remicade®, EU us
1975 | Identification of 1990 | Development approval of 2009 | Approval of Patent
TNF, of cA2 Enbrel® Simponi® L expiry
mAb hybridoma (Remicade®) [158,162] [174] of
technology [141] Humira®
[133,135] [167,169]
[136,137] [150] [166] [119,163] [169]
Chimeric First Approval | Millionth Patent
mAb experimental of Remicade® | expiry -
1984 | technology use of 2002 | Humira® | patient, of
Remicade® approval of Remicade®
1993 | in CD patients 2007 | Cimzia® Us
2015| 2018

Figure 1.4.: Landmarks in TNF antagonist history. Figure adapted from 19

1.2.1.1. Immunological and biotechnological research base for IFX development

The groundbreaking potential of the hybridoma technique to engineer therapeutic proteins
was quickly recognized and further evolved through the generation of chimeric mAb E36137
Chimeric mAb are composed of approximately 75 % human sequence and 25 % murine
sequence restricted to the antigen-binding variable domain®38. TNF obtained its name
owed to the finding that the administration of bacterial endotoxin caused tumor regression

o [133]

in mic This regression could be attributed to the appearance of a tumor-necrotizing
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substance in murine serum following exposure™3. In the 1980s and 1990s, researchers
found that several diseases were linked to increased TNEF levels. In particular, mortality
in sepsis patients was found to be positively correlated with TNF elevation. Furthermore,
septic shock in animal models induced by lethal doses of endotoxin or FEscherichia coli
(E. coli) could be prevented by immunization against TNF 1340l Thege findings led
to the question whether inflammatory conditions could be treated by addressing TNF

pharmacologically.

1.2.1.2. Clinical trials

Based on these intriguing findings and questions, Janssen (a Johnson & Johnson daughter)
developed cA2, a chimeric mAb directed against TNF, for sepsis therapy 2. Clinical
trials, however, failed to demonstrate its efficacy in sepsis treatment 2142 Elevated
TNF levels were also found in non-infectious conditions, e.g., in the mucosa and stool
of IBD patients and in the synovial fluid of patients affected by rheumatoid arthritis
(RA) M43H149]  When in 1993, a therapy-resistant pediatric CD patient in Amsterdam was
administered cA2 as compassionate-use medication, she responded immediately to the
first infusion ™9, This first positive clinical experience encouraged successful trials that
could confirm the long-term effectiveness of regularly repeated infusions in both CD and
RA B50457 - On August 24 of 1998, cA2 renamed to infliximab received FDA approval for
its first indication CD, initially for single use and later for repeated administration, and
entered the drug market under its trade name Remicade® 119158
of Remicade® by the European Medicines Agency (EMA) followed. Over the years, the
approval was extended by the additional indications pediatric CD, (pediatric) UC, RA

The next year, approval

and other rheumatic conditions including ankylosing spondylitis, psoriatic arthritis and

plaque psoriasis 158159

1.2.1.3. Contribution of IFX to modernizing medicine

In their review article on Melsheimer et al. comprehensively summarize the main lessons
from the development and first 20 years of Remicade® usage after approval m9: First,
Remicade® demonstrated that targeted therapies can be successfully utilized for IMID
therapy. Second, as the first mAb indicated for long-time treatment in chronic conditions,
Remicade® development initiated the efforts to establish adequate dosing strategies for
repeated administration of therapeutic mAbs. Third, IFX approval required the estab-
lishment of new methods to characterize therapeutic mAbs and to conduct post-marketing
safety trials, which later facilitated these processes in similar drugs. Fourth, the research
leading to the development of Remicade® and the findings obtained from studies after ap-
proval broadened the knowledge on immunologic processes in IMID. Fifth, the remarkable
treatment efficacy of IFX and other TNF antagonists has allowed to shift treatment goals
from merely halting disease progression towards remission. Treat-to-target approaches

combining patient-reported outcomes and objective markers of inflammation have replaced
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symptom-based therapy approaches and promise higher success rates 160161

1.2.1.4. Currently approved TNF antagonists

Inspired by the groundbreaking success of IFX and in line with recent biotechnological
advances, four other originator TNF antagonists and various biosimilars have been devel-
oped (see Figure and Table [1.1). In the same year as Remicade®, Enbrel® with

11162]

the active ingredient etanercept obtained FDA approva Etanercept is probably the

most exotic among all TNF antagonists, as it is composed of TNF receptor (TNFR) 2
fused to a human immunoglobulin G (IgG) 1 Fc part. Another TNF antagonist, Cimzia®,
contains certolizumab-pegol, a humanized Fab’ fragment linked to a polyethylene glycol
(PEG) moiety 163165 The two human mAb adalimumab (ADM; Humira®) and goli-
mumab (Simponi®) were approved in 2002 and 2009, respectively L6168 A]] TNF an-
tagonists except for Remicade® and Simponi® Aria, which are administered intravenously,
are administered subcutaneously. In 2015, Remicade® lost its market exclusiveness, which
paved the way for their biosimilar alternatives?%¥. 7, 15 and 4 biosimilars of IFX, ADM
and etanercept have so far been approved by EMA and FDA. TNF antagonists are not only
a clinical, but also commercial success: In 2022, AbbVie achieved 21.6 billion $ of sales
with Humira®, which made it the drug with the third-highest worldwide sales, following

Pfizer’s Comirnaty and Moderna’s Spikevax COVID-19 vaccines 170

1.2.2. Pharmacology of TNF antagonists

The cytokine TNF plays a central role in the IBD-related chronic inflammation of the

T52I7II72)

gastrointestinal tract! . During inflammation, infection and tissue injury, elevated

TNF levels can be measured in serum and affected tissues, whereas TNF is undetectable

M9 As engaged in first-line, rapid immunologic reactions, TNF

in healthy individuals
appears in the bloodstream only within minutes after the initial tissue insult VA B
is expressed by macrophages, monocytes, neutrophils, T cells, natural killer cells and

190134 TNF belongs to the TNF superfamily and is produced as a

non-immune cells!
homotrimeric 26 kDa type II transmembrane protein denoted as tmTNF I tmTNF
can be cleaved by the metalloprotease TNF-a converting enzyme (TACE), also known
as ADAM17, into a 17 kDa soluble portion, sSTNF. sTNF' is released into extracellular
space to exert its functions via autocrine and paracrine signaling 134175 Both tmTNF

and sTNF are biologically active 134
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Table 1.1.: Approved TNF antagonists.

Infliximab Etanercept Adalimumab Certolizumab-pegol Golimumab
(Remicade®) 58176 (Enbrel®) 62177 (Humira®) 16607] (Cimzia®) 161165] (Simponi®) FTIE)
Structure Chimeric IgGlk  Human fusion pro- Human [gGlk mAb  Humanized Fab’ frag- Human IgGlk mAb
mAb (human con- tein consisting of ment conjugated to a
stant regions, murine  dimeric TNFR2 and 40 kDa PEG moiety
variable regions) IgG1 Fe part
Indications* CD, pCD, UC, pUC, RA, JIA, PsA, AS, RA, JIA, PsA, AS, RA, PsA, SpA, Ps, , RA, PsA, AS, UC,
RA, AS, PsA, Ps Ps, SpA CD, UC, Ps, HS, JIA
UV, SpA
Administration intravenous subcutaneous subcutaneous subcutaneous subcutaneous
route infusion injection injection injection injection
Approval year 1998 1998 2002 2007 2009
Applicant Centocor Inc Immunex AbbVie Inc. Celltrion Centocor Inc
(now Janssen) (acquired by Amgen) (acquired by UCB) (now Janssen)
Biosimilars* Inflectra™, Flixabi®, Erelzi®, Benepali®, Hulio®, Idacio®, None H6518]) None L91E]]
Remsima®, Zessly®, Nepexto®, Amgevita",
[T771181]

9
[1591181]

Amsparity ",

Halimatoz™, Hefiya®,

Hukyndra®, Imraldi®,

Libmyris®, ,
) )

) )

)
[T7RII8T]

*Indications and biosimilars written in teal or

are approved by the European Medicines Agency (EMA) or the United States Food and Drug Administration
( ) only, respectively. AS, ankylosing spondylitis; HS, hidradenitis suppurativa; IgG, immunoglobulin G; JIA, juvenile idiopathic arthritis; pCD, pediatric CD; PEG,
polyethylene glycol; Ps, plaque psoriasis; PsA, psoriatic arthritis; pUC, pediatric UC; SpA, spondyloarthritis; TNFR, TNF receptor; UV, uveitis.



1.2.2.1. TNF at the molecular crossroads of cellular fate

The target structures of TNF are the two TNF receptors, TNFR1 and TNFR2 182185
TNFRI1 is expressed ubiquitously and is activated by both tmTNF and sTNF 183 TNFR2,
however, can only be fully activated by tmTNF and is found on selected cell types only,
which among others include certain T cell subtypes, endothelial cells and neurons188.
Via binding to its receptors, TNF (co-)regulates pleiotropic cellular functions and fates,
including inflammation, proliferation, survival and death by apoptosis or necroptosis,

also known as inflammatory cell death 134185

Some of these processes are opposed to
each other, which is due to the fact that the cellular interpretation of TINF signaling
strongly depends on the respective cellular context and environment H85  TNFRI1, but
not TNFR2 contains a death domain, which means that only TNFR1 can directly stimu-

late cell death 183187

The main molecular effector pathways initiated by TNF-TNFR binding are depicted in
Figure The interaction between TNF and TNFR1 leads to recruitment of the adaptor
protein TNFR1-associated death domain protein (TRADD) that can initiate the assem-
bly of the signaling complexes I, Ila, IIb and Ilc, all of which are involved in distinct
downstream signaling pathways (see Figure ) HE588I89]  Complex I is assembled
at the cytoplasmic part of TNFR1 and is composed of TRADD, receptor-interacting ser-
ine/threonine kinase 1 (RIPK1), TNFR-associated factor 2 (TRAF2), cellular inhibitor
of apoptosis protein (cIAP) 1 or cIAP2, and linear ubiquitin chain assembly complex
(LUBAC), as depicted in Figure HSSIISSIT0HI - The step-wise ubiquitin-decoration
of RIPK1 by LUBAC and cIAPs results in complex I stabilization and the activation of
two distinct signaling cascades: The mitogen-activated kinase (MAPK) cascade and the
nuclear factor kB (NFkB) cascade, thereby regulating the transcription of genes involved

in inflammation, host defense, proliferation and survival I8 192193195]

Opposed to complex I, complexes Ila, IIb and Ilc are assembled in the cytoplasm upon
TNFR1 activation B8589 - Complexes ITa and IIb activate a caspase-8-depending cascade

S [T89]

that leads to apoptosi Complex Ilc activates the mixed lineage kinase domain-like

I85II96I197] - Necroptosis involves plasma mem-

protein (MLKL), which leads to necroptosis!
brane destruction and the release of intracellular components into the extra-cellular ma-
trix, which reinforces inflammation ™. TNF binding to TNFR2 recruits TRAF2 to the
plasma membrane and provokes the assembly of complex I, which activate the MAPK,
NFkB or Akt pathways 8919 By this means, TNFR2-mediated signaling can trigger
pro-inflammatory response or host defense mechanisms against pathogens (see Figure
) 85 - Nevertheless, it is primarily understood to mediate homeostatic, immunomod-
ulatory and regenerative bioactivities, which follow the removal of the insult that caused

inflammation in the first place 183,

33



A B

Cytoplasm —e
Plasma membrane -

sTNF TNFR1 tmTNF TNFR2

|
(Compllex Ila) [Compllex IIb] [Compllex IIcJ

¢ Inflammation Apoptosis ¢ Inflammation e Tissue

o Tissue ¢ Necroptosis regeneration
degeneration Proliferation

¢ Proliferation Cell survival

e Cell survival Host defense

¢ Host defense Inflammation

C

Complex |

Nucleus —e

e /A A\ AN/ \Y/\"/4
L.

Transcription of pro-inflammatory
and pro-cell survival genes

Figure 1.5.: Main signaling pathways and cell fates induced by TNF. (A) TNF
signaling via TNFR1. (B) TNF signaling via TNFR2. (C) Molecular details of complex
I-dependent signaling downstream of TNFR1. cIAP1/2-dependent ubiquitination of RIPK1
generates K63-linked Ub chains (depicted as light gray Ub), which recruit adaptor proteins
for downstream MAPK signaling. LUBAC attaches linear M1-linked Ub chains (dark gray
Ub) to RIPK1, which recruit adaptor proteins for further proteins involved in the NF«kB
pathway. Activation of the canonical NFkB pathway requires an interplay between the
protein complexes recruited to both K63-linked and M1-linked Ub chains. Both the MAPK
and the NFkB pathway activate the transcription of pro-inflammatory and pro-cell survival
genes. Ub, ubiquitin. Figure adapted from 185! and 200
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1.2.2.2. Effects and blockage of TNF in IBD

How is TNF implicated in the specific pathobiochemistry of IBD? The disruption of the
intestinal epithelial barrier plays a central role in IBD pathophysiology. Increased levels
of intestinal epithelial cell death occur in the gastrointestinal tract of IBD patients22U.
Epithelial cell death by apoptosis and necroptosis, as well as the intrusion of microbial
pathogens through the damaged barrier represent pro-inflammatory stimuli that lead to
increased TNF expression % As reviewed in section the dysregulation of T
cells in the intestinal lamina propria substantially drive IBD-related autoinflammatory
processes P8 TNF antagonists prevent TNF from interacting with TNFR, thereby inter-
rupting the IBD-characteristic, pathologically enhanced TNF signaling. The efficacy of
TNF antagonists in IBD relies on distinct pharmacological effects. First, the rapid induc-
tion of lamina propria T cell apoptosis, probably through direct or indirect prevention on
anti-apoptotic TNFR2 signaling in these cells, and second, the Fc-dependent induction of

M2-type wound-healing macrophages 202-208]

It has been confirmed that blockage of TNF significantly reduces epithelial cell death asso-
ciated with IBD, whereas sole inhibition of TNFR1 downstream signaling, encompassing
the cell death pathways, fails to restore homeostasis 202209210 - A study reported that the
activation of TNFR2 on intestinal T cells caused disease worsening in a colitis model 212,
In line with these findings, a mouse model of T cell-mediated colitis, antagonizing the
more TNFR2-specific tmTNF, induced disease remission, while sTNF-selective blocking

T3]

alone did not These results also translate to clinical trials: The TNF antagonist

etanercept selectively inhibits sTNF, but not tmTNF and has been found to be ineffective

02214l A recent study with CD-patient derived intestinal organoids re-

in CD patients
vealed that TNF synergizes with IFN-y to induce non-canonical cell death via JAK/STAT
dependent signaling 21 Altogether, these findings underscore the particular importance
of the tmTNF:TNFR2 interaction in the IBD pathomechanism, the redundance of the

TNFRI1-associated pathways and their complex cross-talk with other cytokines.

TNF antagonists are associated with several adverse effects, including accute infusion

215 Never-

reactions, neutropenia, increased risk of microbial infection and malignancies
theless, TNF antagonists have a better safety profile compared to the traditional therapy
with small molecule immunomodulators. On one hand, the high target specificity of TNF
antagonists is associated with reduced off-target effects and on the other hand, the ther-
apeutic proteins are cleared via the same pathways as endogeneous proteins, namely pro-
teolysis 216l Owed to their high molecular weight (MW), which prohibits renal clearance,
and neonatal Fc receptor (FcRn)-mediated IgG recycling, mAbs exhibit relatively long

MT6ATSITIIG6 - The similar longevity of certolizumab-

half-lives of approximately two weeks
pegol, which lacks an Fc region, is compensated by increased apparent MW conveyed by
PEGylation 163 Etanercept is the only TNF antagonist with a shorter half-live of ap-

proximately 70 h17d,
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1.2.3. Immunogenicity

Even though many patients with moderate or severe disease activity respond well to TNF
antagonists, more than one third does not meet primary endpoints in clinical trials and
another 50 % experience loss of response after successful treatment induction 17220
This compromise in treatment efficiency is attributable to a considerable extent to the
immunogenicity of biologic drugs: The repeated parenteral administration of therapeutic
proteins can elicit a humoral immunogenic response against the drug, which manifests

221l Thus, also TNF antagonists exhibit immunogenic potential

in anti-drug antibodies
that affects both drug safety and efficacy P21221 " Reported rates of immunogenicity vary
not only between different drugs, but also between studies with the same drug, whereby
this variability is in part attributed to heterogeneity of anti-drug antibody assays and the
duration of availability on the market 222, In IBD patient studies, the highest immuno-
genicity rates have been observed with IFX and were 0.0-65.3 %, followed by 0.3-38.0 %

for ADM, 3.3-25.3 % for certolizumab-pegol and 0.4-2.9 % for golimumab 222

1.2.3.1. Factors influencing anti-drug antibody emergence

The emergence of anti-drug antibodies is influenced by several drug-related and patient-
related factors?23. Drug-related contributors include structure, dose and co-medication.
Genetic predisposition and disease type present important patient-related factors. Re-
garding drug structure, the immunogenic potential increases with the proportion of non-
human sequences. However, also fully human mAb comprise immunogenicity, even though
at lower rates than chimeric mAb. Low TNF antagonist serum concentrations are asso-
ciated with higher immunogenicity, while immunosuppressive co-medication reduces anti-

[224H226] * Several genetic polymorphisms of the human leukocyte

drug antibody emergence
antigen (HLA), are associated with an increased risk to develop anti-TNF antagonist
antibodies 227231 Fyurthermore, individual or disease-specific immunologic pathways,
such as variability in IL-10 levels, are understood to modulate anti-drug antibody lev-

ol [2231232-236]

1.2.3.2. Impact of TNF antagonist immunogenicity

Anti-drug antibodies can reduce drug efficacy by affecting both TNF antagonist phar-
macodynamics and pharmacokinetics. Neutralizing anti-drug antibodies bind the drug’s
TNF-binding region and thereby directly interfere with its mechanism of action 221237
Non-neutralizing anti-drug antibodies bind TNF antagonists in a manner that does not
inhibit drug function2¥237  However, non-neutralizing anti-drug antibodies can result
in immune complex formation and accelerated drug elimination 237238 Ag the TNF-
binding region is characterized by higher “foreignness” and thus higher immunogenicity,

237

the vast majority of anti-drug antibodies is estimated to be neutralizing! Clinically,

anti-drug antibodies are associated with shortened response to therapy, lower TNF an-

 [2221239-241]

tagonists serum concentrations and higher risk for infusion reaction Infusion
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reactions constitute the main adverse reaction associated with biologic immunogenicity
and manifest as rash, dizziness, fever, bronchospasms or cardiovascular collapse 242, The
prevalence of infusion reactions in IFX treatment has been reported as 4-15 %243, 1In
conclusion, immunogenicity poses the risk for treatment failure, is associated with adverse
effects and can thus require the necessity to discontinue the TNF antagonist and switch

to alternative medication.

1.2.4. TDM

Therapy failure in TNF antagonist therapy is described by absent or insufficient response to
the drug. Primary non-response is defined as the absence of response during the induction
of drug#¥. Secondary loss of response (LOR) is understood to be the loss of response
to therapy after successful drug induction?*!. Both primary non-response and LOR
can occur with or without immunogenicity involvement. As anti-drug antibodies can

[245,246]

cause therapy failure, they need to be considered in its management Beside anti-

drug antibody status, serum drug concentration is a well-known determinant of therapy
success, whereby low drug concentrations are associated with anti-TNF failure 2442451247
Thus, therapeutic drug monitoring (TDM) is recommended for TNF antagonists in IBD
treatment in order to optimize drug concentrations, identify reasons of therapy failure
and rationalize therapeutic decisions43. In the present work, TDM refers to assessment
of both the biologic drug and anti-drug antibody levels. In routine diagnostics, these

parameters are measured in serum.

1.2.4.1. Goals and strategies

Based on anti-drug antibody status and serum drug concentrations, TNF antagonist failure
can be classified into different subtypes, each of which requires different therapeutic in-
tervention (see Figure [1.6)) 2%]: Mechanistic or pharmacodynamic failure describes LOR
at drug levels within the therapeutic target concentration range. For mechanistic failure,
switching out of drug class (i.e., to a biologic outside the TNF antagonist class) is rec-
ommended. If anti-drug antibodies are detectable, combination with immunosuppression
should be considered. LOR at subtherapeutic drug concentrations is classified as phar-
macokinetic failure. In absence of anti-drug antibodies, TNF antagonist dose escalation
is recommended, either by increased dosing or shortened dosing intervals. LOR patients
with immunogenicity-mediated pharmacokinetic failure benefit more from switching within

drug class (i.e., to a different TNF antagonist) and concomitant immunosuppression.

Recent expert consensus statements by Cheifetz et al. and Vande Casteele et al. report
the serum concentration targets for maintenance therapy with IFX (5-10 pg/mL), ADM
(8-12 pg/mL) and certolizumab-pegol (> 20 ug/mL)R20248  Recent research has sug-
gested, however, that these goals should be revised or further individualized, since certain

disease subtypes or complications (e.g. fistulizing CD) may require higher drug levels to
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achieve clinical response29. Defining a therapeutic goal for anti-drug antibody serum
levels is even more complicated: Due to the lack of a gold standard method for anti-
drug antibody quantification and the resulting assay heterogeneity, including differences
in calibrators and reported units, anti-drug antibody concentrations cannot be compared
between assays 242252 Tmmunogenicity is highly prevalent among TNF antagonists, but
low or transient anti-drug antibodies do likely not impair clinical remission. Hence, a mere
discrimination between positive and negative immunogenicity status would result in un-
necessary drug switches and uneconomic drug use 240253254 - Reference ranges for TDM
assays are commonly established at the discretion of the individual medical laboratories.
Of note, the medical reports available to us indicated therapeutic windows of 3-8 pg/mL
for IFX and 5-12 ug/mL for ADM, which are in line with a consensus statement published
by Mitrev et al. 2551 Thus, these reference ranges were applied in the present work (see
Figure . In spite of the variability among TDM assays and practices, studies with
IFX-treated IBD patients have shown that TDM was more cost-efficient as compared to

empiric dose optimization and led to better endoscopic outcomes 256258

LOR to TNF antagonists

SERUM DRUG
CONCENTRATIONS
Therapeutic or supratherapeutic Subtherapeutic
IFX 2 3 pg/mL, ADM = 5 pg/mL, CZP = 20 ug/mL IFX < 3 pg/mL, ADM < 5 pyg/mL, CZP < 20 pg/mL
= MECHANISTIC FAILURE = PHARMACOKINETIC FAILURE

SERUM ANTI-DRUG SERUM ANTI-DRUG

ANTIBODY LEVELS

v v v v

ANTIBODY LEVELS

Negative® Positive® Negative® Positive®
» Switch out of class » Switch out of class » Dose escalation » Switch within class
(» Immunosuppression) (» Immunosuppression)

Figure 1.6.: Recommended algorithm for reactive TDM in IBD. #*Anti-drug
antibody-negative or -positive status is replaced by concentration cut-offs in some medi-
cal laboratories depending on the particular assay and the availability of relevant data for
the assay. CZP, certolizumab-pegol. Figure adapted from 246,

1.2.4.2. Assays

For the TDM of TNF antagonists, different methods have been established 221#259-261] * 14
has to be kept in mind that serum samples can potentially contain both TNF antagonist
and anti-drug antibodies. Regarding TNF antagonist quantification, commonly only the
free fraction, which is not bound to TNF, is measured. Anti-drug antibody assays are
classified into drug-sensitive and drug-tolerant assays282 . In drug-sensitive assays, anti-
drug antibodies can only be quantified in absence of free (i.e., detectable) TNF antagonist

levels, since TNF antagonist interferes with anti-drug antibody quantification 2. Drug-

38



tolerance, in contrast, is usually conveyed by a specific pre-analytic sample acidification
step (PA) that enables these assays to assess the total anti-drug antibody fraction, i.e.,

s262:366]  Fyen though drug-tolerant assays for

free plus drug-bound anti-drug antibodie
anti-drug antibody quantification are more sensitive, their utility for routine TDM is still
under debate2. An overview of the different methods is provided in Figures +

L8l

Variants of the enzyme-linked immunosorbent assay (ELISA) are most commonly ap-
plied in routine TDM for analysis of both drug and anti-drug antibodies (see Figures
+ ) 2601 - Antigen capture ELISA formats, for example, are relatively inexpen-

e 2162601 - However, capture ELISA is prone to non-specific binding and false positive

siv
results when analyzing serum 26, The bridging ELISA format exploits the bivalency
of antibody analytes and involves both analyte mAb paratopes in the detection process,
therefore reducing non-specific binding8. Especially for routine anti-drug antibody
measurement, bridging ELISA are frequently applied, which employ TNF antagonists as
capture and detection agent. However, many bridging ELISA are drug-sensitive 2602611
Chemiluminescence immunoassays (CLIA) and electrochemiluminescence immunoassays
(ECLIA) utilize analogous immunoassay formats as compared to ELISA, but different
detection and readout methods 267274 Instead of horseradish peroxidase (HRP)- or al-
kaline phosphatase-catalyzed color changes, CLIA detection involves the emission of light
by luminophores, mostly in the UV or visible spectrum, which is triggered by a chemical

26812691272 274]

reaction! The luminophoric substrates can be directly attached to the de-

tection antibody (e.g., acridinium esters) or added as a substrate (e.g., luminol), which is

268] ECL also relies on

converted by a suitable enzyme attached to the detection antibody
luminophore-dependent light emission 27#2%!  In ECL, an electrogenerated high-energy
electron transfer causes light emission, whereby the luminophore (e.g., ruthenium tris-
bipyridine) is attached to the detection antibody 2™27!  ECL and CLIA exhibit higher
sensitivity, as bioluminescence detection is associated with lower background signals than

275

color change detection | Regardless on the detection technology, bridging immunoas-

says are capable of detecting immunoglobulins across all classes, except for bispecific IgG4,

which however also contribute to anti-TNF antagonist immunogenicity 27,

Fluid-phase techniques, such as the homogeneous mobility shift assay (HMSA) and ra-
dioimmunoassay (RIA), are less drug-sensitive and more sensitive for low-affinity anti-
drug antibodies as compared to solid-phase techniques like ELISA and comparable im-

2601 Tn HMSA, serum samples are incubated with a known, excess amount

munoassays
of fluorescently-labeled (FL) probe (TNF for IFX quantification or drug for anti-drug an-
tibody quantification; see Figures + ) 2641 This incubation step results in
the formation of complexes between analyte and the FL probe, if analyte is present in the
sample. Following incubation, the samples are subjected to size-exclusion chromatogra-
phy (SEC)-high-performance liquid chromatography coupled with fluorescence detection.
During SEC, analyte-bound and free FL probe are separated and the respective peak areas

provide information on analyte concentration. As the HMSA procedure for anti-drug anti-
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body analysis involves a pre-analytic acidification step, it is drug-tolerant P60264271]

In RIA, similar to HMSA, serum samples are incubated with a radioactively labeled probe
of defined activity Z0I2TH2TIRTS] - For drug quantification, complexes of drug, '2°I-labeled
TNF and an anti-human IgG antibody are separated from free 2I-TNF by centrifuga-
tion™. Then, radioactivity in the pellet is measured by a gamma counter (see Figure
). For anti-drug antibody quantification, IgG are captured from serum with protein
A sepharose beads, which are then incubated with ?°I-labeled drug. After separation,
bead-bound radioactivity is quantified (see Figure ) 271 - Of note, other RIA setups

2

have been developed as well, which are not explained herei In spite of superior an-

alytic sensitivity, fluid-phase assays are more labor-intensive as compared to solid-phase

assays 260

In addition to the so far discussed assays, reporter gene assays and cell-based assays
have been developed for both drug and anti-drug antibody assessment 2602792801 - yyith

2601 Furthermore,

these methods, only neutralizing anti-drug antibodies are captured
lateral flow assays and biosensor-based techniques have been developed 281289 Thege
are, however, not commonly utilized in routine TDM so far. Since the approval of IFX
as the first TNF antagonist, methods to analyze drug levels and anti-drug antibodies
have improved substantially. Still, no consensus regarding a gold standard method has
been established and the available assays notoriously lack harmonization. Therefore, the
comparison of both TDM and study data is only meaningful for results obtained with the

2462472521262 ' Degpite the effort already invested in this regard, these obstacles

same tests!
still challenge the generation of robust TDM data and therefore also the development of

TDM-based therapeutic algorithms 252290/ [268] [269]
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Figure 1.7.: Common assays for TNF antagonist quantification. (A) Solid-phase
immunoassay formats and detection principles for ELISA, CLIA and ECLIA. (B) HMSA
principle. (C) RIA principle. ahu, anti-human; «TNF, TNF antagonist; AP, alkaline
phosphatase; bpy, 2,2’-bipyridine; SN, supernatant; TMB, 3,3’,5,5’-tetramethylbenzidine;
TPA, tripropylamine.
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Figure 1.8.: Common assays for anti-drug antibody quantification. (A) Solid-
phase immunoassay formats and detection principles for ELISA, CLIA and ECLIA. (B)
HMSA principle. (C) RIA principle. aDrug, anti-drug antibody; « TNF, TNF antagonist;
AP, alkaline phosphatase; bpy, 2,2’-bipyridine; PA + N, pre-analytic acidification and neu-
tralization; SN, supernatant; TMB, 3,3’,5,5’-tetramethylbenzidine; TPA, tripropylamine.
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1.3. Surface plasmon resonance (SPR) spectroscopy

Surface plasmon resonance (SPR) revolutionized molecular interaction studies, arising
from the convergence of physics, optics and chemistry. SPR exploits optophysical phe-

nomena of photon-electron interactions that occur under defined circumstances at phase

o291

boundaries involving thin metal layer In biosensor setups, SPR can be exploited

for the detection and analysis of biological substances. Biosensors combine a biological

recognition element with a transducer, converting biological responses into measurable

292

signals This biological recognition element, typically a biomolecular interactant at-

tached to the metal surface, interacts with its soluble binding partner, which is passed over

297

the sensor surfacel The solid phase-attached interactant is defined as ligand, whereas

the fluid-phase interactant, which commonly is the interactant to be analyzed, is termed

[292]

analyte . SPR biosensors assess molecular interactions in a label-free environment and

in real-time for manifold biomolecules, such as proteins, DNA, lipids, or small molecules

29T11293H300]

and intra-molecular conformational changes! . Even though commonly used for

binding kinetic analyses, SPR is also applied to detect and quantify analytes of interest

or investigate binding specificity BO14302]

1.3.1. History of SPR: From Wood’s anomalies to modern application

The history of SPR dates back to the early 20th century, when the physicist Robert W.

Wood shone polarized light onto a metal-backed diffraction grating and observed anoma-

[303]

lous reflection patterns that he could not explain Over the subsequent decades,

Woods’ anomalies would remain one of the most intriguing scientific puzzles, engaging
contemporary scientists in their quest for a solutionB¥. Colleagues from the field, such

as Maystre (2012), have claimed that Wood “must be considered as the initiator of plas-

» [304] .

monics Fano et al. and Ritchie et al. contributed important theoretical work sug-

gesting that Wood’s experimental observations were caused by the oscillative excitation of

[30513086]

metal surface electrons . In 1952, Pines and Bohm coined the term “plasmon” for

collective oscillations of electron density in thin metal layers when bombarded with fast
electrons and added theoretical models for this phenomenon BYZE309

In 1968, Kretschmann and Otto first published experimental configurations that applied
attenuated total reflection for the optical excitation of surface plasmons B19512l  Ag gum-

marized by Homola et al., the Kretschmann geometry has evolved to the most commonly

291 Beside the Kretschmann con-

figuration, diffraction grating-based systems for SPR sensing have been developed B3l

employed SPR configuration in biosensor applications!

Breakthrough work was accomplished in the 1980s and 1990s with the development of
practical SPR-based sensing systems 14316l Tn 1983, Liedberg and Nylander demon-
strated the first practical biosensing application of SPR for gas detection 17318l

Intrigued by the simplicity and sensitivity achieved with the non-optimized instrumenta-

tion utilized by Liedberg and Nylander, the Swedish company Pharmacia Biosensor AB
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(later renamed Biacore AB) was founded to develop, produce and market SPR instru-
mentation for the analysis of biomolecular interactions in 1986519 With the BIAcore
SPR system, the first commercial SPR instrument was released in 1990 B183191320] e
potential of SPR for biomolecular analysis application was recognized. As reviewed by
Homola et al., earlier studies on antigen-antibody interactions served to optimize SPR
method development 2. Soon, more complicated interactions were investigated using
SPR, including protein-protein interactions, protein-DNA interactions, protein conforma-

tional changes or small molecule binding 29!,

Over the years, SPR technology has evolved, with advancements in sensor design, instru-
mentation, and data analysis methods. Miniaturization, automation, and improvements
in sensitivity have made SPR a versatile and indispensable tool in various scientific and
industrial applications, expanding its utility in fields ranging from medical diagnostics to

material science.

1.3.2. SPR theory

The following review of SPR theory is based on the comprehensive publications provided
by Homola et al. (1999) and Nguyen et al. (2015) 2900 Total internal reflection occurs
when light is shone onto the interface to a medium with lower refractive index (e.g., from
glass to air) at the so-called critical angle. At this angle, the incident light beam is
reflected completely, i.e., at identical intensity and wavelength as the incident beam B2l
SPR spectroscopy exploits optophysical phenomena at the interface between a conductor

(usually a metal) and a dielectric (typically air or a non-conductive material).

When polarized light is shone onto metal under the conditions of total internal reflection
(e.g., through a glass prism) and at a specific wavelength, photons of the incident light
beam couple resonantly with the free metal electrons. As a consequence of this photon-
electron interaction, the metal electrons are excited to oscillate. These collective electron
oscillations at the metal-dielectric interface are called surface plasmons and propagate
parallel to the metal surface. SPR owes its name to the resonance effects causal for this

phenomenon.

The oscillations of the negatively charged electrons generate a transversal electromagnetic
wave, the evanescent field. The evanescent field penetrates into the medium adjacent to
the metal surface. Exemplary penetration depths of the evanescent field for glass-gold-
water interfaces are 400 nm for 850 nm light wavelength and 162 nm for 630 nm light

Rl The ability of the evanescent wave to interact with molecules in close

wavelength
proximity to the metal surface without the need for labels is a key advantage of SPR-
based biosensors. The incident light beam energy portion absorbed by the evanescent wave

causes a characteristic and measurable intensity dip in the reflected light beam.

The emergence of SPR depends on angle and wavelength of the incident light beam,
whereby a constant wavelength is typically utilized. The incident light angle, at which the
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photons couple resonantly with the electrons and thereby cause surface plasmon excitation,
is called the resonance angle. This angle is highly sensitive to changes in the refractive
index of the material adjacent to the metal surface. Consequently, changes in the refractive
index in vicinity to the metal surface, for example due to the binding of molecules to the
metal surface, alter the resonance condition. By monitoring changes in the resonance
condition, for example by measuring the angle of minimum intensity within the reflected
light beam, interactions occurring at the metal surface can be detected and monitored.
Since the detected changes are proportional to the mass of interactant binding to the

sensor surface, the surface concentration of interactant can be quantified.

1.3.3. Principles of SPR biosensing

In SPR biosensors, the Kretschmann configuration is most commonly applied, which uti-
lizes a radiation source and a high-reflective-index glass prism in the attenuated total
reflection geometry (see Figure 29 The ligand, constituting the biological recog-
nition element, is immobilized onto the metal surface?. Some commercially available
gold sensor chips comprise carboxy-dextrane, protein A/G or streptavidin adherent to the
surface, which facilitates ligand immobilization via common chemical coupling or affinity
capturing techniques. The sample solution is pumped over the ligand-modified metal sur-
face through microfluidic flow channels. If inter-molecular interactions occur at the sensor
surface, the refractive index adjacent to the sensor surface increases and the resulting SPR

changes can be monitored B0,

Ligand  Flow channel
Sample

{\p &) QQ Ca Glass carrier with
| N\

Analyte \ -\ | modified gold surface

>
&=

7]

c

[%]

2

£

Source of

polarized light Glass prism

Figure 1.9.: SPR biosensor in Kretschmann configuration. The sensor surface con-
sists of a gold layer, which is located on a glass carrier. The glass carrier is docked onto the
glass prism and thereby connected to the optical system. The ligand is attached covalently
to the sensor surface. When sample is pumped through the flow cell, an optical detector
monitors the SPR angle () shift, which occurs when analyte binds to the ligand. Angle
shifts are proportional to the amount of analyte binding and are translated to sensorgrams
that depict the interactions in real-time. Adapted from 322

Depending on the light characteristic to be analyzed, SPR setups can be classified into
angular, wavelength- and intensity-modulated systems P23 Most commonly, angular de-
tection systems are utilized, in which monochromatic light is directed in variable incident
angles to the metal surface 23, The intensity dip angle in the reflected angular spectrum

is assessed B24 . In classical SPR, the biomolecular interaction is recorded in real-time as a
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sensorgram showing SPR, angle variation versus time. Typically, SPR signals are reported
as resonance units (RU) proportional to the SPR angle variation. For example, in Biacore
systems combined with the broadly utilized CM5 sensor chip, an SPR signal of 1 RU

corresponds to a protein surface concentration of approximately 1 pg/ mm? B2

The classical application of SPR has been the determination of kinetic parameters for
inter-molecular interactions. However, the development of SPR biosensors intended for
use in medical diagnostics or analytics has gained interest in the scientific community

28813021326-329] . PR comprises several favorable features that can meet

in recent years[
the needs for diagnostic tests, such as high sensitivity, real-time monitoring, label-free
detection, quantitative analysis, small sample volume, and the potential for automation,
multiplexing and high throughput. These attributes collectively contribute to the rising

interest in developing SPR. biosensor assays for medical purposes.

1.4. Aims of this thesis

These days, assays for TDM of TNF antagonists mainly address the quantification of drug
and anti-drug antibodies. However, the lack of a consensus therapeutic algorithm for
and from the TDM of TNF antagonists suggests that the information delivered by state
of the art assays may be insufficient. SPR comprises some significant advantages over
other methods, such as its label-free nature, the capacity for analyte multiplexing and the
potential to simultaneously obtain quantitative and qualitative data on analytes. Thus,
the aim of this dissertation was to develop SPR-based biosensor assays for the TDM of

TNF antagonists and their corresponding anti-drug antibodies.

Proof-of-concept assays should be established for the exemplary TNF antagonist IFX
utilizing a Biacore X100 SPR device. The new biosensor assays should be able to reliably
quantify both IFX and anti-infliximab antibodies (ADA) trough concentrations for the
respectively expectable analyte concentration ranges in patient serum. In particular, ADA
quantification was intended to be drug-tolerant, such that the presence of serum IFX would
not interfere with ADA analytics. The protocols for both assays should be as simple and

short as possible.

Beside quantification, the SPR measurements should be exploited to gain additional qual-
itative information about ADA. As the major application purpose of SPR lies in bio-
molecular interaction analysis, a simple method should be developed to characterize the
binding stability of patient-individual ADA. Of note, this method should circumvent stan-
dard kinetic analysis, as neither patient ADA nor serum as sample matrix fulfill the re-
quirements for meaningful kinetic analysis. Additionally, a biosensor approach for ADA
epitope mapping should be established in order to evaluate the IFX-neutralizing nature
of individual patients’ ADA.

The developed biosensor assays should be validated in terms of biosensor stability, calibra-
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tion, analytic sensitivity, accuracy and precision and - only in the case of ADA quantifica-
tion - analytic drug tolerance. The performance of the biosensors should then be evaluated
by analysis of IBD patient sera. Method comparison with respective diagnostics-approved
ELISA should be conducted in order to estimate the suitability of the new SPR biosensor
assays for routine diagnostic application. Considering the special features of SPR analytics,
the competitiveness of both assay performance and feasibility for the developed biosensor

assays compared with other commercially available assay formats was evaluated.

Additionally, it should be studied how the diagnostic value of TDM results, both from the
developed SPR biosensors and ELISA, can be increased. Therefore, a small observational
study was performed and the data were statistically analyzed in a retrospective fashion.
As unique selling point of SPR, ADA binding properties should be in the focus of these
evaluations. Last, the transferability of the assay principles to other TNF antagonists
should be tested.
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2. Materials and methods

2.1. Materials, equipment and software

2.1.1. Supplier companies

Boldface print indicates the supplier company abbreviations, which are utilized in all

following sections.

Supplier Headquarter
Abcam plc. Cambridge, UK
Andreas Hettich GmbH & Co. KG Tuttlingen, DE
B. Braun SE Melsungen, DE
BANDELIN electronic GmbH & Co. KG Berlin, DE
Bemis Company, Inc. Neenah, US
Bio-Rad Laboratoris, Inc. Hercules, US
BioRender Toronto, CA
BioTek Instruments, Inc. Winooski, US
Brand GmbH & Co. KG Wertheim, DE
Carl Roth GmbH + Co. KG Karlsruhe, DE
Celltrion Healthcare Co., Ltd. Incheon, KR
Cytiva Marlborough, US
Eppendorf, SE Hamburg, DE
GraphPad Software, LLC San Diego, US
Greiner Bio-One International GmbH Kremsmiinster, AT
GSL Biotech, LLC Chicago, US
Heathrow Scientific, LLC Vernon Hills, US
Honeywell International, Inc. Charlotte, US
HP, Inc. Palo Alto, US
IKA-Werke GmbH & Co. KG Staufen, DE
Immundiagnostik AG Bensheim, DE
INTAS Science Imaging Instruments GmbH Gottingen, DE
Jackson ImmunoResearch Laboratories, Inc. West Grove, US
Janssen Biologics B.V. Leiden, NL
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Kottermann GmbH Uetze, DE

LI-COR Biosciences, Inc. Lincoln, US
Macherey-Nagel GmbH & Co. KG Diiren, DE
Memmert GmbH & Co. KG Schwabach, DE
Merck KGaA Darmstadt, DE
Microsoft Corporation Redmond, US
Miltenyi Biotec B.V. & Co. KG Bergisch Gladbach, DE
New England Biolabs, Inc. Ipswich, US
Otto Fischar GmbH & Co. KG Saarbriicken, DE
PerkinElmer, Inc. Waltham, US
Pfizer, Inc. New York, US
R-Biopharm AG Darmstadt, DE
Roche Holding AG Basel, CH
RStudio PBC Boston, US
Sarstedt AG & Co. KG Niimbrecht, DE
Sartorius AG Gottingen, DE
SCHOTT AG Mainz, DE
Scientific Industries, Inc. Bohemia, US
Siemens AG Munich, DE
Sino Biological, Inc. Beijing, CN
Takeda, Ltd. Tokyo, JP

Th. Geyer GmbH & Co. KG Renningen, DE
Thermo Fisher Scientific, Inc. Waltham, US
Viatris, Inc. Canonsburg, US
VWR International, LLC Radnor, US
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2.1.2. Patients and sera

In this thesis, sera from IBD patients under IFX or ADM therapy were used for the
validation of the developed SPR biosensor assays. Inclusion criteria were legal age (18
years or older) and confirmed diagnosis of CD or UC. The IFX cohort comprised patients
treated with the originator drug Remicade® and with the biosimilars Remsima® (Celltrion)
or Inflectra® (Pfizer). ADM patients received the biosimilar Hulio®. In total, 204 sera
from 73 different patients collected at two different clinics between May 2015 and August

2022 were included in the present doctoral thesis project:

e Specialized gastroenterologic outpatient clinic:
Gastroenterologische Gemeinschaftspraxis
Prof. Dr. Peter Langmann and Dr. Monika Weikert
(Karlstadt, DE)

o Tertiary care center:
Clinic and Polyclinic for Internal Medicine II (Gastroenterology)
Klinikum rechts der Isar der Technischen Universitdt Miinchen
(Munich, DE)

Within the patients’ routine TDM, all included sera were sent to the MVZ Medizinis-
ches Labor Oldenburg GmbH (Oldenburg, DE) for the quantification of TNF antagonist
and /or respective anti-drug antibodies (see sections [2.2.4], [2.3.7] and [2.5.3)). Besides

IBD patient material, healthy volunteer sera and leftover sera from IFX- and ADM-naive

patients were used as negative controls. Blank serum matrix pools differed for the different
developed assays, since they depended on the availability of sera. All aliquots were stored
at -80 °C.

The study was approved by the local Ethics Committee (Ethikkommission der Fakultét fiir
Medizin der Technischen Universitédt Miinchen, approval number 289/19 S) and conducted
in accordance with the 1964 Helsinki declaration and its later amendments, or comparable
ethical standards. Written informed consent was obtained from all patients. No financial
compensation was provided. All data from patients and healthy control subjects were
pseudonymized and were not shared with external entities. A comprehensive list of enrolled

patients, sera, collection sites and TDM analytes is included in the appendix.
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2.1.3. Chemically competent E. coli cell strains

Cell strain Genotype

Supplier

Product no.

BL21 (DE3) F~ ompT hsdSg (1™, mp~) gal dem (DE3) Merck

NEB5«x F~ fhuA2 A(argF-lacZ)U169 phoA ginV44

&80 AllacZ)M15 gyrA96 recAl relAtl
endA1 thi-1 hsdR17 (rg , mg™)

NEB

CMC0014
C29871

2.1.4. Cell culture media, supplements and antibiotics

Substance Purpose Supplier Product no.
Agar-agar, Kobe I Lysogeny broth (LB) Roth 5210.3

for microbiology agar plates

Isopropyl -D-1-thiogalacto- Expression induction Roth 2316.4
pyranoside (IPTG), BioScience

Grade, > 99 %, dioxane-free

LB Broth (Luria/Miller) Culture medium Roth X968.2
Kanamycin sulfate from Antibiotic Merck K1377-5G

Streptomyces kanamyceticus,
BioReagent, suitable for cell
culture

2.1.5. DNA plasmids

Plasmid Insert Donator
pET_1b_TrxA_IdeS IdeS Ulrich  von  Pawel-Rammingen (Uppsala,
SE) 3304331]
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2.1.6. Pharmaceutical products

Drug name Supplier PZN
Hulio® (ADM biosimilar) Viatris 14338725
Human® serum albumin Takeda 11128720
(hSA)

Remicade® (IFX) Janssen Biologics 10822631

2.1.7. Antibodies

Primary antibodies.

Antibody Host Supplier Product no.
Anti-ADM Human Bio-Rad HCA203
Anti-goat IgG Donkey Jackson 705-005-147
Anti-hSA Mouse Abcam ab10241
Anti-human IgG Mouse Jackson 209-005-082
Anti-IFX Human Bio-Rad HCA233

Secondary antibodies.

Antibody Host Supplier Product no.
Anti-mouse IgG + HRP Goat Jackson 115-035-062

2.1.8. Other proteins and enzymes

Protein Supplier Product no.
Blocker casein in PBS Thermo 37528

Bovine serum albumin (BSA) Merck A3059

DNase I Roche 4536282001
Human TNF Sino Biological 10602-HNAE
Human transferrin (hTf) Merck T3309
Lysozyme Merck 62971-10G-F
Skim milk powder (SMP) Merck 70166-500G
Tobacco etch virus (TEV) protease NEB P8112S
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2.1.9. Kits, reagents and stains

Material Purpose Supplier Product no.
Acrylamide/bisacrylamide ~ SDS-PAGE Bio-Rad 1610148
solution, 40%, 37.5:1

APEX™ Antibody ADA calibrator Thermo A10468
Labeling Kit Alexa 488 fluorescence labeling

cOmplete™ Mini Protein expression Roche 11836170001
EDTA-free Protease

Inhibitor Cocktail

IDKmonitor® ADM quantification Immundiagnostik K 9657
Adalimumab drug level validation

ELISA

IDKmonitor® anti-ADM quantifi- Immundiagnostik K 9651
Adalimumab total ADA cation validation

ELISA

IDKmonitor® Infliximab IFX quantification Immundiagnostik K 9655
drug level ELISA validation

IDKmonitor® Infliximab ADA quantification  Immundiagnostik K 9654
total ADA ELISA validation

Monarch® Plasmid Purification of NEB T1010S
Miniprep Kit plasmid DNA

PageRuler™ Prestained SDS-PAGE Thermo 26616
Protein Ladder

Pierce™ ECL Western WB Thermo 32109
Blotting Substrate

Quick Start™ Bovine Protein Bio-Rad 5000209
~v-Globulin Standard Set quantification

Quick Start™ Bovine Protein Bio-Rad 5000207
Serum Albumin Standard  quantification

Set

Quick Start™ Bradford 1x Protein Bio-Rad 5000205
Dye Reagent quantification

ROTI®Blue quick Gel staining Roth 4829.2
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2.1.10. Beads, columns and resins

Material Supplier Product no.

Dynabeads™ M-280 Tosylactivated Thermo 14204

His-Trap™ High Performance Cytiva 17524701

Superdex™ 200 Increase 10/300 GL Cytiva 28990944
2.1.11. Chemicals

Substance Supplier Product no.

1-Ethyl-3-(3-dimethyla-minopropyl)- Roth 2156.1

carbodiimide hydrochloride (EDC-HC]),

PEPTIPURE®, >99 %

2-Mercaptoethanol, > 99 %, p.a. Roth 4227.1

2-Propanol, gradient grade for liquid Merck 1.01040.2500

chromatography LiChrosolv®

3-{Dimethyl[3-(3c,7a,12a-trihydroxy- Thermo 28300

53-cholan-24-amido)propyl]azaniumyl }-

propane-1-sulfonate (CHAPS)

3',37.5°,5”-Tetrabromophenol sulfone- Merck 8122

phthalein (bromophenol blue),

indicator ACS, Reag. Ph. Eur

Acetic acid, glacial, EMSURE® ACS, Merck 1.00063.1000

ISO, Reag. Ph. Eur, 100 %

Ammonium persulfate (APS) Merck A3678-25G

for molecular biology, > 98 %

Ammonium sulfate ((NH4)2504), Merck 1.01209.0500

Suprapur® ACS, >99.9999 %
Ethanol (EtOH)
denatured, >80 %
for molecular biology, > 99.8 %
ROTIPURAN®, >99.8%, p.a.

Ethanolamine, > 99 %

Ethylenediaminetetraacetic acid (EDTA),

anhydrous, crystalline, BioReagent
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Formaldehyde solution

16 %, methanol-free Thermo 28906

37 %, ACS, contains 10-15 % methanol Merck 252549-100ML
Glycerol, for analysis EMSURE® ACS, Merck 1.04092.1000
Reag. Ph. Eur
Glycine, for electrophoresis, > 99.7 % Merck 1.04169.1000
Guanidinium chloride (GuHCl) for Roth 0037.1
biochemistry, >99.5 %
Hydrochloric acid (HC1), ROTIPURAN® Roth 4625.1
37 % fuming, p.a., ACS, ISO
Imidazole, >99 % Roth 3899.1
Magnesium chloride hexahydrate Roth 2189.2
(MgCla-6 H20), >99%, p.a.
Methanol (MeOH), ROTTPURAN® HPLC, Roth P717.1
>99.8%
N-hydroxysuccinimide (NHS) for synthesis, Roth 9670.1
>99%
Nickel(II) sulfate hexahydrate Merck 1.06727.0250
(NiSO4-6 H20), for analysis EMSURE®
Oxalic acid, puriss. p.a., anhydrous, >99.0 % Merck 75688-50G
Potassium chloride (KCl), >99.5 %, p.a. Roth 6781.3
Potassium dihydrogen phosphate (KH2POy) Honeywell 60230

for HPLC, >99.5%

Potassium thiocyanate (KSCN), Merck P3011-100G
ReagentPlus®, >99.0 %

Silver nitrate (AgNO3)

Crystalline solid: EMSURE® ACS, Merck 1.01512.0025

ISO, Reag. Ph. Eur, >99.8%

Solution, 5% Roth N053.1
Sodium acetate (NaOAc) ACS reagent, Merck 71180
puriss. p.a., >99.0%

Sodium carbonate (NasCO3), anhydrous, Merck S-2127
>99.0 %
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Sodium chloride (NaCl) for analysis Merck 1.06404.5000
EMSURE® ACS, ISO, Reag. Ph. Eur,
>99.5%
Sodium dodecyl sulfate (SDS) Roth CN30.1
pellets for biochemistry, > 99 %
Sodium hydroxide (NaOH) Merck 1.06498.1000
pellets for analysis EMSURE®, >99.0 %
Sodium phosphate dibasic dihydrate Merck 71643-250G
(NagHPO,4-2 H20), BioUltra, for molcular
biology, > 99.0 %
Sodium phosphate monobasic monohydrate Merck S9638-250G
(NaHoPO4-H20), ACS Reagent, > 98 %
Sodium thiosulfate, plant cell culture tested Merck S7026-250G
Tetramethylethylenediamine (TEMED) Bio-Rad 161-0800
Tris(hydroxymethyl)aminomethane (Tris), Merck 1.08382.1000
ACS, Reag. Ph. Eur
Tris-HCl, PUFFERAN®, >99%, p.a. Roth 9090.3
Tween 20 Merck P1379-500ML
Tween 80 Merck P1754-25ML
Urea, Ph. Eur, cryst., > 99.5% Roth X999.2
Zwittergent® 3-12 Detergent, > 99 % Merck 693015
2.1.12. Consumable materials

Material Supplier
Amicon® Ultra-0.5 centrifugal filter units Merck
(MWCO: 10 kDa, 30 kDa)
Biacore-compatible plastic vials, 11 mm Cytiva
Biacore-compatible, ventilated rubber caps Cytiva
(type 2), for 11 mm plastic vials
Bottle top filters

LABSOLUTE®, PES, 1000 mL, Th. Geyer

0.22 pm pore size

Steritop® PES, 1000 mL, Merck
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0.22 pm pore size

Cellstar® conical bottom tubes

(15 mL, 50 mL, 50 mL with support skirt)

Cryogenic vials
Disposable cuvettes

Disposable syringes, sterile

Inject® Luer Solo, 10 mL
Omnifix®-F Luer Solo, 1.0 mL
Original Perfusor® Luer Lock, 50 mL

D-Tube™ Dialyzer Maxi
(MWCO: 6-8 kDa)

Immobilon®-P PVDF membrane
Mini Trans-Blot® filter paper

Nunc-Immuno™ 96-MicroWell™ plates,

PolySorp™, flat bottom
Parafilm® M
Petri dishes, PS, 90 mm x 14.2 mm,

without vents

pH indicator strips, non-bleeding

MQuant® (pH 0-14, pH 6.5-10.0)

pH-Fix (pH 4.0-7.0, pH 4.5-10.0)
Pipette tips

10 pL, 5000 puL

200 pL, 1000 pL

Combitips advanced® (0.2-10 mL)

Reaction tubes

0.2 mL
1.5 mL, 2.0 mL
Protein LoBind® (0.5 mL, 5.0 mL)

Rotilabo® syringe filters, PVDF, sterile,
0.22 pm pore size

Sensor chip CMb

Serological pipettes, graduated, sterile
(10 mL, 25 mL)
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Greiner

Heathrow Scientific
VWR
B. Braun

Merck

Merck
Bio-Rad

Thermo

Bemis

VWR

Merck

Macherey-Nagel

Eppendorf
Sarstedt

Eppendorf

VWR
Sarstedt
Eppendorf
Roth

Cytiva

Greiner



Vivaspin 20 centrifugal concentrators
(MWCO: 10 kDa)

Sartorius

2.1.13. Equipment and accessories

Analytic instruments, chromatography systems and imagers.

Instrument Supplier
AC 120S analytic balance Sartorius
AKTA FPLC system Cytiva
Frac-900 fraction collector
P-920 pump system
UPC-900 monitor for UV, pH
and conductivity
Basic Meter PB-11 pH meter Sartorius
Biacore X100 system Cytiva
BN ProSpec® system Siemens
ELx80™ microplate reader BioTek
INTAS Advanced Western Blot imager INTAS
LS-50B luminescence spectrometer PerkinElmer
NanoDrop™2000 spectrophotometer Thermo
Centrifuges.
Instrument Supplier
5415R microcentrifuge Eppendorf
with rotor F 45-24-11
MIKRO 200 microcentrifuge Hettich
with rotor 2427
ROTANTA 460 R benchtop centrifuge Hettich
with rotor 5624
ROTINA 420 R benchtop centrifuge Hettich

with rotor 4784-A




Incubators and mixing devices.

Instrument Supplier
CERTOMAT® IS incubation shaker Sartorius
Hotplate stirrers IKA
(COMBIMAG RCH, RCT basic)

IPP 200 refrigerated incubator Memmert
MACSmix™ tube rotator Miltenyi Biotec
MTS 2 microtiter shaker IKA
Thermomixer comfort Eppendorf

Vortex-Genie 2 vortex mixer Scientific Industries

Other equipment.

Instrument Supplier
Accu-jet® pro pipette controller Brand
DynaMag™-2 magnet Thermo
Fume hood Koéttermann
Glass vessels
Beakers (50-500 mL) VWR
Erlenmeyer flasks (250 mL) VWR
Erlenmeyer flasks (500 mL) SCHOTT
Laboratory bottles (250 mL) VWR
Laboratory bottles (500 mL) Merck
Laboratory bottles (500 mL, 1000 mL) SCHOTT
Luminescence spectroscopy cells PerkinElmer
Mini-PROTEAN Tetra 2-gel vertical Bio-Rad
electrophoresis system
(1.0 mm + 0.75 mm)
Officejet 7500A multifunction printer HP



Pipettes

Multipette® E3 multidispenser
pipette

Multipette® stream multidispenser

pipette
Reference® mechanical pipette (10 pL)

Research® mechanical pipettes
(20 pL, 100 pL, 200 pL, 1000 pL)

Research® plus mechanical pipettes
(2.5 ul, 10 puL, 1000 puL, 5 mL)

PowerPac™ HC high-current power supply
SONOPULS HD 2070 homogenizer

Tetra 2-gel blotting module

Eppendorf

Bio-Rad
BANDELIN
Bio-Rad

2.1.14. Databases and Software

Resource (version)

Publisher or developer

Biacore X100 Control Software (2.0.1)
Biacore X100 Evaluation Software (2.0.1)
BioRender

BLAST

ChemoStar

Expasy ProtParam tool

FL WinLab (4.00.03)
Genb (1.01.9)
GenBank®

GraphPad Prism (8.1.0)
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Cytiva
Cytiva
BioRender

https://www.biorender.com

National Center for Biotechnology
Information (NCBI; Bethesda, US),
https://blast.ncbi.nlm.nih.gov/Blast.cgi

INTAS

Swiss Institute of Bioinformatics (Lausanne,

CH), https://web.expasy.org/protparam/
PerkinElmer
BioTek

NCBI (Bethesda, US),
https://www.ncbi.nlm.nih.gov/genbank/

GraphPad


https://www.biorender.com
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://web.expasy.org/protparam/
https://www.ncbi.nlm.nih.gov/genbank/

ImageJ (1.53a)

Image Studio™ Lite (4.0)
Inkscape (1.2.1)
Microsoft Office (16.43)
NanoDrop 2000 (1.6.198)
R (4.0.3)

RStudio (1.3.1093)
SnapGene (5.3.2)
TeX Live (1.34)
Texmaker (4.5)
UNICORN (4.00)

UniProt

Zotero (6.0.13)

Wayne Rasband, U. S. National Institutes of
Health (Bethesda, US)

LI-COR

Inkscape Community
Microsoft

Thermo

R Foundation for Statistical Computing
(Vienna, AT)

RStudio

GSL Biotech

TeX Users Group

Pascal Brachet and Joel Amblard
Cytiva

UniProt Consortium (Marlborough, US),
https://www.uniprot.org

Roy Rosenzweig Center for History and New
Media, George Mason University
(Washington DC, US)
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2.2. Quantification of IFX in diluted serum using the SPR

biosensor assay IFXmon

For IFX quantification, an SPR biosensor assay was developed. In the following, this assay
is denominated “IFXmon” to distinguish it from the other biosensor assays developed
within this doctoral project. For SPR analyses, a Biacore X100 instrument (Cytiva) was
employed. This system comprises two microfluidic flow cells (Fc) that can be controlled
separately or in quasi-parallel fashion by successively directing injections over Fcl and
Fc2. In general, the ligand is immobilized in the active channel Fc2, while in the reference
channel Fcl, a protein similar to the ligand is immobilized, which does not interact with the
target analyte. This dual surface system enables the subtraction of non-specific binding

and is crucial in view of the fact that SPR is a label-free detection method.

2.2.1. Biosensor surface preparation

When preparing the SPR biosensor surface, low ligand densities are targeted for kinetic
analyses. On the contrary, for the specific quantification of analytes by SPR, substantially
higher ligand densities as compared to kinetic applications are required to maximize ana-
lytic sensitivity. Therefore, the sensor chip CM5 (Cytiva) was selected for IFXmon, since
it exhibits high capacity for ligand immobilization. The gold surface of the CM5 sensor
chip carries a flexible, dense carboxymethyl dextrane matrix, with which protein ligands

can be covalently coupled via NHS ester chemistry.

Table 2.1.: Buffers and solutions for biosensor immobilization*.

Solution Composition Volume
PBS 2.6 mM KCl 500 mL
138 mM NaCl

10 mM NaQHPO4-2 HQO
1.8 mM KHQPO4

pH 7.6
NaOH 50 mM NaOH 125 uL
EDC 400 mM EDC 122 uL
NHS 100 mM  NHS 122 ul
Ligand solution 10 mM sodium acetate 175 uL
75 pg/mL hTf or TNF
pH 4.5
Ethanolamine 1 M ethanolamine 270 uL
pH 8.5

* All non protein-containing solutions and buffers were filtrated (0.22 pm),
including sodium acetate buffer before the addition of ligand.
PBS, phosphate-buffered saline.
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— IFXmon biosensor ———

b O

o TNF

hTf
Fc1 Fc2

Figure 2.1.: IFXmon biosensor Fcs. Adapted from 522

For IFXmon surface preparation, the two Fcs were immobilized separately. h'Tf was im-
mobilized on Fcl in a first cycle and TNF on Fc2 in a second cycle (see Figure .
Prior to immobilization, the Biacore X100 was primed three times on phosphate-buffered
saline (PBS) running buffer to equilibrate the system. All buffers and solutions required
for biosensor immobilization are enlisted in Table The procedure was carried out em-
ploying the immobilization wizard with fixed ligand target level (5000 RU) at 25 °C and a
flow rate of 10 uL/min. Samples for immobilization were prepared in Biacore-compatible
reaction vessels with rubber caps. The wizard program controlled the immobilization
reaction in five sequential steps (see Figure :

1. Analysis of ligand adsorption response:
Ligand solution was injected over the unreactive chip surface for approximately 120 s.
The herein recorded signal increase caused by ligand adsorption and different refrac-
tive indices of running buffer and ligand solution is evaluated automatically. If the
signal increase is too abrupt, to flat, or if response is too high from the beginning,
the run is aborted. This test ensures that the response of ligand injection is actually
within the instrument’s detection range. This step was finalized by a 60 s injection

of NaOH for removal of adsorbed ligand.

2. Activation of CM5 matrix with the EDC/NHS mix:
EDC and NHS were mixed automatically in a 1:1 ratio to achieve final concentrations
of 200 mM EDC and 50 mM NHS and injected over the chip surface for 420 s. During
this injection, EDC and NHS react with carboxy moieties of the carboxymethyl

dextrane layer by formation of NHS esters.

3. Covalent attachment of ligand:
Ligand was cumulatively attached to the activated surface by feedback-controlled
pulses of ligand injection. After each injection, the ligand binding response relative to
the EDC/NHS signal baseline is evaluated automatically and the duration of the next
pulse is adjusted accordingly. The acidic buffer below the ligand’s isoelectric point

generates a net positive protein charge. Thus, the actual cross-linking reaction is
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facilitated by the electrostatic interaction between ligand and the negatively charged
carboxymethyl dextrane. Primary amines, i.e., lysine residues and N-termini, react
with the NHS esters on the activated chip surface by formation of stable peptide
bonds.

4. Ligand cross-linking with EDC/NHS:
In order to increase ligand stability, a mix of 200 mM EDC and 50 mM NHS was
injected for 30 s.

5. Surface deactivation with ethanolamine:

Unreacted NHS esters were deactivated by a 420 s injection of ethanolamine.

Importantly, the thawing of EDC and NHS aliquots as well as the preparation of ligand
solutions were performed only about 2 min before the respective immobilization cycle
start. This was considered necessary due to the limited stability of reactants (especially

EDC) and to limit the time of acidic exposure for the ligands.

64



SPR signal

CMS5 sensor surface

Time

E“ NH2 E: i:
00,0 HN<_O HN_O HN O

£85¢ - % S L AT

Figure 2.2.: Ligand immobilization via amine coupling. The top panel shows an
exemplary SPR sensorgram obtained with the described immobilization protocol for TNF
immobilization. Below each immobilization step in the sensorgram, the respective modifi-
cations at the sensor surface are depicted schematically. Step 1 shows the analysis of ligand
adsorption response, during which the carboxymethylated dextrane matrix (shown as wavy
lines with carboxy groups) does not react. In step 2, the carboxy groups are activated by
injection of the EDC/NHS mix, which results in formation of amine-reactive NHS esters.
Step 3 shows the covalent attachment of ligand through formation of peptide bonds. The
sensorgram illustrates the feedback-controlled injection wizard pulses approaching the target
ligand level. In step 4, a second EDC/NHS injection causes cross-linking of carboxy groups
with neighboring terminal amines within (and between) the ligands: Multimeric complexes
can thereby be cross-linked between monomers and ligand denaturation may possibly be
hampered through enhanced conformation stability. Step 5 serves to deactivate unreacted
NHS esters with ethanolamine.
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2.2.2. Biosensor surface stability assessment

The effect of additional cross-linking during immobilization on the complex stability of
TNF trimers at the CM5 sensor chip surface was investigated. For this means, the SPR
method described by Poiesi et al. (1993) was adapted 832, This method allows for calcu-

lation of the TNF monomer dissociation rate kq based on the following equations:

i—f‘ — kqRt (2.1)
1%23 — Ky (b — t1) (2.2)

R is the SPR signal response and t is the time, at which R is measured. Equation
gives the association of the SPR dissociation sensorgram with time. Its linearized form,

equation demonstrates that constant kq represents the slope of the linear relationship
R(t1)

R(tn)

between (t, — t1) and

The experiments were performed with an adapted version of the [IFXmon biosensor surface
(see section . On Fcl, TNF instead of hTf was immobilized, without additional
cross-linking by EDC/NHS. On Fc2, TNF was immobilized following the standard pro-
cedure including the cross-linking step. Immediately after the immobilization procedure,
a manual run program with a three-hour wait command was started to monitor surface
dissociation in PBS running buffer at 25 °C and 10 puL/min flow rate. 16 report points
were distributed within the time interval between 500 s and 1100 s after immobilization.
tn and the respectively recorded absolute SPR response R, at each report point were
utilized to calculate the dissociation constant. The time shift between the independent
immobilization cycles for Fcl and Fc2 immobilization was taken into account for the cal-

culations.

In order to investigate the effect of TNF cross-linking on its capacity to interact with
IFX, IFX spiked in PBS was injected over the two surfaces. IFX binding was enhanced
by injection of 50 pg/mL mouse anti-human IgG (msahu) in PBS. All analyses were
performed at 25 °C and a flow rate of 10 uL/min PBS running buffer.

2.2.3. IFXmon analytic runs
2.2.3.1. Pre-analytic sample preparation and calibration

All buffers and solutions required for IFX quantification via the IFXmon biosensor are
enlisted in Table After preparation of the IFXmon biosensor surface, the sensor chip
and Biacore X100 system were primed on PBS with casein (PBSC), the running buffer for
analytic runs. This was achieved by priming three times with PBSC first and leaving the
system on standby flow overnight or for at least 2 h. IFX quantification was performed at
25 °C with a flow rate of 10 pL/min and all injections were directed quasi-simultaneously
into both Fcl and Fc2.
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Table 2.2.: Buffers and solutions for IFXmon analytic runs.

Buffer Composition
PBSC 0.25 % casein in PBS
IFXmon regeneration 10 mM  glycine
solution 1 10 mM EDTA

0.1 % CHAPS

0.1 % Tween 20
0.1 % Tween 80
0.1 % Zwittergent®

pH 1.5
IFXmon regeneration 30 mM glycine
solution 2 30 mM ethanolamine

150 mM  KSCN
600 mM  MgCl,
600 mM  GuHCI

300 mM  urea
pH 9.0
Washing solution 20 %  2-propanol

40 mM NaOH

All solutions were filtrated (0.22 pm).

Prior to analysis, serum samples were centrifuged (16100 x g, 30 min, room temperature
(RT)) for removal of possible aggregates and the supernatants were diluted in a 1:50 ratio
with PBSC. All IFX concentrations indicated in this thesis, however, refer to undiluted
serum. Analytic cycles generally consisted of three phases: First, the sample was injected
for 300 s and dissociation of specific and non-specific binders was monitored for 300 s.
Second, IFX signals were enhanced by a 300 s injection of mschu followed by 300 s of
dissociation monitoring. Third, the sensor surface was regenerated by exploiting different
chemical properties to ensure complete removal of sample from the ligands: IFXmon
regeneration solution 1 (acidic, detergents, chelating) was injected for 25 s , followed by
a 12 s injection of IFXmon regeneration solution 2 (basic, high ion strength). After each
injection of serum samples, the sample loop was flushed with washing solution. In total,

one IFXmon analytic cycle required 29 min.

For IFX quantification, a seven-point calibration curve was recorded in each run (0, 0.5,
1.0, 3.0, 5.0, 15.0, 125 pg/mL). Calibrator concentrations were selected to cover sub-
therapeutic, therapeutic and supratherapeutic IFX concentrations. The calibrators were
prepared by spiking Remicade® into a pool from 71 negative control sera (blank serum
matrix), which was diluted 1:50 in PBSC. SPR signals of the calibrators were fit with a

hyperbolic function modeling total binding saturation. In the beginning, the middle and
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at the end of each run, a 7.0 pg/mL Remicade® standard in PBSC was injected in order

to assess the functionality of the IFXmon biosensor surface.

2.2.3.2. Signal referencing

Only the binding responses of msahu enhancer antibody were considered for IFX quan-
tification (see Figure 2.3). For evaluation, enhancer antibody binding responses were
double-referenced: In a first referencing step, the response measured on the hTf surface
(Fcl) was subtracted from the binding signal in the TNF-immobilized Fc (Fc2). Addi-
tionally, blank serum matrix was repeatedly measured throughout the entire run. The
referenced signal of the last blank measured before the respective calibrator or sample
was subtracted from the referenced sample binding signal in a second referencing step.
This double-referencing procedure ensured correction for non-specific binding as well as
for the slight drift of both specific and unspecific binding that was observed throughout
the lifespan of the sensor chip surface. The double-referenced SPR signals of calibrators

and samples were then utilized for the interpolation of IFX concentrations.
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Figure 2.3.: Exemplary IFXmon sensorgram. Adapted from P22

2.2.4. Commercial IFX quantification assay

The ELISA kit IDKmonitor® Infliximab drug level ELISA (Immundiagnostik), which was
employed at the MVZ Oldenburg for routine TDM, was utilized to validate the devel-
oped IFXmon biosensor. The assay principle is a sandwich ELISA (microtiter plates
are pre-coated with anti-IFX capture antibody) for the quantification of free serum IFX.

Immundiagnostik reports the limit of quantification (LOQ) as 0.6 pg/mL IFX.
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2.3. Quantification and characterization of ADA in diluted

serum using the SPR biosensor assay ADAmon

For TFX quantification, the SPR. biosensor assay denominated “ADAmon” was developed
analogously to IFXmon. In literature,“ADA” refers to anti-drug antibodies without im-
plication of a certain specificity. However, within the scope of this work, ADA is used as
abbreviation for antibodies directed against IFX. This decision is based on the consistent
use of this abbreviation in both a method publication based on the present work22 as
well as in all progress reports related with the project “ADAmon” funded by the Stiftung
fiir Pathobiochemie und Molekulare Diagnostik (Bonn, DE).

2.3.1. Biosensor surface preparation

— ADAmon biosensor ——

dkagt 1gG

Fc1 Fc2

Figure 2.4.: ADAmon biosensor Fcs. dkagt, donkey anti-goat IgG. Adapted from 822,

The ADAmon biosensor surface was prepared utilizing CM5 sensor chips as described in
section except for the following changes (see Figure [2.4)):

1. The target level value for the immobilization of IFX was set to 4900 RU, since the
target level wizard was frequently generating exceeding densities for a target level
of 5000 RU.

2. In cycle 1, donkey anti-goat IgG (dkagt) was immobilized on Fcl and IFX was
immobilized on Fc2 in cycle 2. dkagt and IFX were diluted in ligand buffer (pH 4.5)
at 25 pg/mL and 20 pug/mL, respectively.

2.3.2. Direct quantification of ADA in diluted serum

Prior to PA, patient sera and blank serum matrix were centrifuged for removal of aggre-
gates (16100 x g, 30 min, RT). Calibrator sera were prepared by spiking ADA calibrator
(HCA233, Bio-Rad) into blank serum matrix. The method published by Beeg et al. (in

the following referred to as “Beeg method”) was compared to an in-house developed pro-
tocol 2881
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2.3.2.1. Beeg method

50 uL of serum were added 950 uL of 100 mM acetic acid, pH 3.0, inverted twice for
mixing and the serum dilutions were incubated for 15 min at RT without mixing. For
neutralization, 500 uL of 500 mM phosphate buffer, pH 7.4, were added. The samples
were mixed by inverting the tube and placed into the autosampler immediately. The Beeg

protocol resulted in a final serum dilution of 1:30.

2.3.2.2. In-house method

100 pL of serum were pre-diluted with 550 pL, of PBS. For PA, 500 ul. 10 mM glycine, pH
1.5, were added, mixed briefly by inverting and incubated at 37 °C at rest. After exactly
5 min, 150 uL 1 M Tris-HCI, pH 8.0 were added for neutralization and after brief mixing,
the samples were immediately placed into the autosampler for analysis. The final serum

dilution of the in-house protocol was 1:13.

2.3.3. ADA affinity purification from serum employing magnetic IFX beads

2.3.3.1. Preparation of IFX-coupled magnetic beads

Table 2.3.: Dynabeads™ coupling buffers.

Buffer Composition

Buffer B 19 mM NaHsPO4-H2O,
81 mM NagHPO4-2 HQO
pH 74

Buffer C 3 M (NH4)2SO4 in Buffer B, pH 7.4
Buffer D 0.5 % BSA in PBS, pH 7.4
Buffer E 0.1 % BSA in PBS, pH 7.4

Dynabeads™ M-280 Tosylactivated comprise nucleophile-reactive tosylate groups. Amino
and sulfhydryl groups present in protein ligands to be coupled with the beads are nucle-
ophiles and react with the tosylate groups, resulting in the formation of stable amine bonds.
This substitution reaction was exploited to covalently attach IFX to the Dynabeads™.
IFX-coupled magnetic beads were prepared according to the Dynabeads™ manufacturer’s
instructions to yield a coupling density of 20 nug IFX per mg beads. All buffers required
for bead coupling are enlisted in Table
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Table 2.4.: IFX coupling batch for 20 mg Dynabeads™.

Material Volume
Washed Dynabeads™ * 675 uL
400 pg Remicade®** x uL
Buffer B 300 puL - x pL
Buffer C 200 pL
Total liquid volume: 500 pL
Buffer D for blocking 1800 puL
Buffer E for washing (2x) 1800 pL
Buffer E for reconstitution 960 pnL

* Bead supernatant discarded. ** Varying stock solution concentrations.

Prior to coupling, beads were washed with buffer B. Per standard reaction batch, 20 mg
beads were employed. After discarding the bead supernatant, Remicade®, buffer B and
buffer C were sequentially added as indicated in Table The reaction mix was allowed
to incubate at 37 °C for at least 18 h in an overhead tube rotator. Then, the beads
were pelleted on a magnet and the coupling reaction supernatant was either discarded or
saved for subsequent determination of coupling efficiency. In order to block non-specific
binding sites of the hydrophobic bead material and Remicade® matrix, buffer D was added.
Coupled beads were incubated for at least 60 min at 37 °C under rotation, before washed
twice with buffer E. After final reconstitution in buffer E, coupled beads were stored at

4 °C and were stable for at least 2 months after preparation.

2.3.3.2. ADA purification

Table 2.5.: 1X ADA pulldown batch.

Material Volume
IFX-coupled Dynabeads™ 200 puL
Serum 100 pL
PBS 550 uL
10 mM glycine, pH 1.5 500 pL
1 M Tris-HC], pH 8.0 150 pL
Total liquid volume: 1300 puL
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Pre-analytic enrichment of ADA from serum, herein referred to as “ADA pulldown” in
brief, was performed utilizing IFX-coupled, magnetic Dynabeads™. Blank serum matrix
and patient sera were centrifuged prior to spiking and the purification procedure (16100 x g,
30 min, RT) in order to pellet possibly contained aggregates. The standard composition
of a 1X ADA pulldown batch is displayed in Table First, 200 puL of IFX-coupled
beads (equivalent to 4 mg beads) were placed on the magnet for 1 min and supernatants
were discarded. PBS-diluted serum was immediately added to the beads and the mixture
was pre-equilibrated at 37 °C for 10 min under over-head rotation. 10 mM glycine, pH
1.5 was added for PA, mixed by inverting the capped tubes and incubated at 37 °C under
over-head rotation. After exactly 5 min, 1 M Tris-HCI, pH 8.0 was added per batch for
neutralization and mixed by inverting the capped tubes. The acidic treatement causes
ADA to temporarily dissociate from serum IFX, such that ADA re-binds with the ex-
cess bead-bound IFX upon neutralization. The neutralized pulldown batches were then

incubated for 60 min at 37 °C under over-head rotation.

Pre-analytic Neutralization, 2 x Washing, Neutralization

acidification incubation acidic elution
< 4 ! Le— — — — —
Serum ‘ _| 10 mM glycine, | 1 M Tris-HClI, ‘ ‘ PBS, | 1M Tris-HCI, ‘
| dilution {4 pH 1.5 { j‘ pH 8.0 \ —l‘ Elution buffer {4 pH 8.0 —
v v v VD D }

SPR instrument

)i W

Supernatant

Figure 2.5.: Schematic procedure for pre-analytic ADA purification from serum.
Adapted from 522

All following steps were performed at RT. After incubation, pulldown batches were placed
on the magnet for 2 min and supernatants were discarded. For removal of unbound
serum components, the beads were resuspended with 1000 puL of PBS (avoiding excessive
up- and down-pipetting to minimize bead loss) and the wash supernatant was discarded
after magnetic separation. In a second wash step, beads were resuspended thoroughly
with 1000 uL of PBS and transferred to a clean 1.5-mL reaction tube. After pelleting
the beads on the magnet and discarding the second wash supernatant, ADA were eluted
by adding 100 puL of elution buffer (10 mM glycine, 150 mM NaCl, 10 % glycerol, pH
2.0). Of note, up- and down-pipetting and the hereby aspirated suspension volumes shold
be minimized, since the glycerol-containing elution buffer causes higher volume losses as
compared to the previous steps. Elution batches were incubated for exactly 5 min at rest
before magnetic separation. Eluates were transferred to fresh reaction vials containing
8 uL 1 M Tris-HCl, pH 8.0 for immediate pH neutralization. Figure illustrates
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the ADA pulldown procedure. The eluates were placed in the magnet and re-transferred
to fresh reaction tubes in order to completely remove magnetic beads. For subsequent
analysis by the ADAmon SPR biosensor, 90 pul. of ADA eluate were mixed with 10 pL of
1 % casein in PBS to achieve a final casein concentration of 0.1 %, matching the ADAmon

running buffer.

2.3.4. SDS-polyacrylamide gel electrophoresis-based methods

SDS-polyacrylamide gel electrophoresis (PAGE) was conducted to characterize the pro-
tein content of various samples, e.g., ADA pulldown eluates. The gels were subjected to

different staining or detection techniques with variable sensitivities.

2.3.4.1. SDS-PAGE

All buffers required for the applied SDS-PAGE protocol are enlisted in Table and gel
compositions for different polyacrylamide percentages are indicated in Table Samples
to be analyzed were diluted with MilliQ H»O, if necessary, and mixed with 5X Laemmli
sample buffer (reducing or non-reducing) in a 4:1 ratio. The samples were boiled for 5 min
at 95 °C. Handcast, discontinuous gels were placed in Mini-PROTEAN Tetra cells (Bio-
Rad) filled with SDS-PAGE running buffer. As a MW standard, PageRuler™ Prestained
Protein Ladder (Thermo) was utilized (4 pL for stains, 6 puL for western blot). After
loading all samples on the gels, electrophoresis was performed at 120-140 V until the blue

stain front left the gel and the desired MW resolution was achieved.

Table 2.6.: Buffers for SDS-PAGE.

Buffer Composition

5X Laemmli sample buffer =~ 240 mM Tris-HCI, pH 6.8
8 % SDS
40 %  glycerol
0.04 % bromophenol blue
20 %  2-mercaptoethanol
or MilliQ H,O

Separation gel buffer 1.5 M Tris-HCI, pH 8.8
Stacking gel buffer 0.5 M Tris-HCI, pH 6.8
SDS-PAGE Running 25 mM  Tris
buffer 192 mM  glycine

0.1 % SDS
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Table 2.7.: Composition of utilized SDS-polyacrylamide gels.

Separation gels* Stacking gel*
Component 10 % 12 % 15 % 4 %
Concentrations:
Tris-HCI 375 mM 125 mM
Acrylamide/ 10 % 12 % 15 % 4 %
bisacrylamide
SDS 0.1 % 0.1 %
TEMED 0.1 % 0.1 %
APS 0.1 % 0.1 %
Preparation:
Ultrapure HoO 4.75 mL 4.25 mL 3.50 mL 3.0 mL
Separation gel buffer 2.50 mL 2.50 mL 2.50 mL -
Stacking gel buffer - - - 1.25 mL
40 % acrylamide/ 2.50 mL 3.00 mL 3.75 mL 0.50 mL
bisacrylamide
10% SDS 100 pL 100 pL 100 pL 100 pL
TEMED 10 puL 10 puL 10 puL 5 uL
10% APS 100 pL 100 pL 100 pL 50 uL

*Indicated amounts refer to the preparation of 2 gels.

If quick visualization of the separated protein bands with limited sensitivity was needed
after SDS-PAGE, gels were stained with ROTI®Blue quick solution (Roth) following the
manufacturer’s recommendations and scanned with a multifunction printer. A sensitiv-
ity of 10 ng protein per band is stated for this Coomassie-based stain. However, it was
observed that the visualization of bands containing less than 25 ng protein was not fea-
sible using the ROTI®Blue quick stain, at least with respect to the specific applications
within this doctoral project. Hence, if higher sensitivity was required, silver staining

(section [2.3.4.2)) or western blotting (WB; section [2.3.4.3)) was conducted after SDS-
PAGE.

2.3.4.2. Silver stain

For purity analysis after SDS-PAGE (section [2.3.4.1)), the low protein content of ADA
pulldown eluates was visualized by silver stain. Silver staining enables the detection of

band protein amounts in the low nanogram range 33 It is important to use thoroughly
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cleaned boxes, MilliQQ HoO and work with gloves throughout the protocol, since destain-
ing is not easily possible. All solutions required for the staining protocol are shown in
Table [2.8]

Table 2.8.: Solutions for silver stain.

Solution Composition
Fixation solution 1 30 % EtOH
10 % acetic acid

Fixation solution 2 20 % EtOH
Sensitizing solution* 0.1 % sodium thiosulfate
Staining solution™® 0.12 % AgNO3

0.009 % formaldehyde
Developing solution*® 2.5 % NayCOs3

0.014 % formaldehyde
Stopping solution 50 mM EDTA

pH 7.5

*Solution was prepared immediately before use.

After SDS-PAGE, gels were briefly rinsed with HoO. The following incubations and wash-
ing steps were all performed at RT while shaking gently, using 20 mL of the respective
solution. Primary protein fixation consisted of three sequential steps with fixation solution
1: Two 30 min incubations were followed by a final fixation overnight. Then, gels were
incubated twice in fixation solution 2 for 10 min, respectively. After washing twice with
H5O for 10 min, respectively, gels were sensitized for 1 min in sensitizing solution. Two
1 min washing steps with HoO followed, before staining solution was added to the gels.
From this step on, the gel containers were protected from light with help of opaque lids.
After 45 min of staining, the gels were washed with HoO for 2 min and developing solution
was poured into the gel contianers. When the desired staining was visible (usually after
30-40 min), the staining reaction was stopped by a 30 min incubation in stopping solution.
In the case of high yellowish background or limited staining strength, it is recommendable
to replace the relatively unstable sodium thiosulfate reagent. The gels were washed twice

with H2O for 1 min and scanned using a multifunction printer.

2.3.4.3. Western blot

If the presence of specific proteins had to be confirmed in samples, WB was performed
employing the Tetra 2-gel blotting module (Bio-Rad) for wet blotting. Required buffers are
enlisted in Table After SDS-PAGE (section , the gels were pre-equilibrated
in transfer buffer for 15 min on a shaker at RT. The Immobilon-P polyvinylidene difluoride
(PVDF) membrane (Merck) was activated in MeOH for 1 min and rinsed briefly with
transfer buffer, before the wet blot sandwich was assembled in transfer buffer. Of note,

the membrane was slightly larger than the gel (approximately 0.5 cm in length and width)
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to optimize the transfer. The following components were stacked from cathode to anode
side in a gel holder cassette: Fiber pad - filter paper - SDS polyacrylamide gel - PVDF
membrane - filter paper - fiber pad. Before closing the cassette, air bubbles were removed
by rolling. The cassette, a cooling pack and magnetic stir bar were placed in a cell filled
with pre-cooled transfer buffer (4 °C). The blotting procedure was carried out either for
90 min at 300 mA and RT or overnight at 30 V at 4 °C while stirring, which ensures even

temperature and ion distribution.

Table 2.9.: Buffers for WB.

Buffer Composition
Transfer buffer 25 mM  Tris
19.2 mM glycine
0.01 % SDS
20 % MeOH
TBST 15.3 mM  Tris-HC1
4.7 mM Tris
150 mM Na(Cl
0.1 % Tween 20
pH 7.6
Blocking buffer 5% SMP in TBST
Antibody dilution buffer 0.5 % SMP in TBST

TBST, Tris-buffered saline with Tween 20.

After the transfer, the fiber pad and filter paper close to the anode were removed from
the blotting sandwich and the membrane was trimmed to the dimension of the gel with
a scalpel. If more than one primary antibody was to be used on the membrane, the
membrane was dissected additionally. Then, the membrane was placed in a plastic box
with lid and rinsed briefly with TBS with Tween 20 (TBST). The following membrane
incubations and washing steps were all performed under gentle shaking. 20 mL of blocking
solution were added and blocking was performed at RT for 1-2 h. After discarding the
blocking solution, the membrane was incubated with 15 mL of primary antibody solution
at RT for 1-2 h. Employed antibody dilutions are shown in Table The membrane
was washed thrice for 5 min with 20 mL of TBST, respectively. Then, secondary antibody
solution was added and allowed to incubate for 1 h at RT, before washed thrice again, as

described before.

For development, Pierce™ ECL Western Blotting Substrate (Thermo Fisher) with low pg
protein detection sensitivity was utilized. 2 mL of substrate mix were applied per whole
membrane and incubated for 5 min at RT. After removal of excess substrate, chemilumi-
nescence was detected with an INTAS Advanced Western Blot imager (INTAS). Please
note that blocking and primary antibody incubation were performed overnight at 4 °C if

pausing the WB protocol was required.
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Table 2.10.: Antibody dilutions for WB.

Primary antibodies
Mouse anti-hSA 1:5000
msochu 1:2500

Secondary antibodies

Goat anti-mouse IgG + HRP  1:25000
Antibodies were diluted in antibody dilution buffer.

2.3.5. Fluorometric evaluation of analytic drug tolerance and ADA
purification yield

2.3.5.1. Fluorescent labeling of ADA calibrator

ADA calibrator (HCA233, Bio-Rad) was labeled with Alexa Fluor 488 dye using the
APEX™ Antibody Labeling Kit Alexa 488 (Thermo Fisher) according to the manufac-
turer’s instructions. This kit provides an IgG-capturing resin in microvolume pipette tips

and hence enables the labeling of relatively small antibody amounts.

First, ADA calibrator was concentrated using Amicon® Ultra-0.5 centrifugal filter units
with 30 kDa MW cut-off (MWCO; Merck) in order to reach the concentration recom-
mended for the labeling reaction. In total, 50-60 puL antibody stock solution were con-
centrated in two centrifugation rounds (30 min, RT, 16100 x g) to yield approximately
20 pL of ADA calibrator solution at a concentration of approximately 2 mg/mL. 10 uL
of concentrated ADA calibrator solution (equivalent to 20 pg IgG) were applied to the
pre-hydrated resin. 20 uL of reconstituted reactive dye were then pushed onto the resin
and incubated for 2 h at RT. After washing the resin twice with 50 uL. washing buffer,
40 uL of elution buffer were applied to the resin. The eluate was pushed into a fresh reac-
tion vessel and mixed immediately with 10 uL of neutralization buffer. Alexa 488-labeled
ADA calibrator (denominated ADA488) solution was stored at 4 °C until analyzed.

2.3.5.2. Fluorometric analysis of ADA purification fractions

Blank serum matrix was spiked with ADA488 only or with both ADA488 and Remicade®.
The previously described ADA pulldown protocol (section [2.3.3|) was then performed to
purify ADA488. Throughout the pulldown procedure, ADA488-containing samples were
protected from light by wrapping the reaction tubes in aluminum foil. Besides ADA488
eluates, serum supernatants and wash supernatants were additionally saved. In batches
without preanalytic acidification, glycine buffer and Tris buffer were replaced with equal

volumes of PBS, respectively, to achieve equal dilution.

The ADAA488 content of all pulldown fractions was quantified fluorometrically (Aex: 495 nm,

5 nm slit; Aem: 519 nm, 10 nm slit) utilizing a LS50B luminescence spectrometer (PerkinElmer).
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Sample volumes of 150 uLL were analyzed. Individual calibration curves were recorded for
each fraction matrix in order to ensure accurate ADA488 quantification that takes into ac-
count the differential fluorescence quenching and autofluorescence of the different fraction

matrices.

2.3.6. ADAmon analytic runs

2.3.6.1. Pre-analytic sample preparation and calibration

Table 2.11.: Buffers and solutions for ADAmon analytic runs.

Buffer Composition
PBSC 0.1 % casein in PBS
ADAmon regeneration 10 mM  glycine
solution 1 150 mM  NaCl

10 % glycerol

pH 2.0

ADAmon regeneration 10 mM NaOH
solution 2
Washing solution 20 %  2-propanol

40 mM NaOH

All solutions were filtrated (0.22 pm).

All buffers and solutions required for ADA quantification via the ADAmon biosensor
are enlisted in Table [2.11] Please note the lower casein content of PBSC compared to
the IFXmon running buffer, which is owed to the higher sample purity of ADA eluates,
which permits less blocking. After ADAmon immobilization, priming on PBSC was per-
formed as described in section Just like the TFXmon assay, ADAmon analytic
runs were performed at 25 °C and a flow rate of 10 uL/min, employing Fcl and Fc2

quasi-simultaneously.

Pre-analytic sample preparation, including ADA purification, is described in detail in sec-
tion Both nominal and interpolated ADA concentrations stated in this thesis refer
to undiluted serum. Please note that ADA calibrator concentrations are given in pg/mL,
while interpolated ADA concentrations from patient samples are indicated in ugEq/mL.
The unit difference should underline the relativeness of ADA quantification in authentic
patient sera. Due to the polyclonality of patient ADA and the high structural similarity
to the ligand IFX, no enhancer antibody could be used for ADA quantification. Analytic
cycles exhibited one sample injection for 300 s, followed by 300 s of dissociation monitor-
ing (see Figure . Then, the sensor surface was regenerated by two sequential pulses
of different regeneration solutions: ADAmon regeneration solution 1 (acidic, physiologi-

cal NaCl) was injected for 25 s. This solution additionally contained glycerol for ligand
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preservation. Then, ADAmon regeneration solution 2 was injected for 12 s (basic). The
total duration of one ADAmon analytic cycle amounted to 21 min. After each injection

of ADA eluate samples, the sample loop was flushed with washing solution.

ADA binding
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Figure 2.6.: Exemplary ADAmon sensorgram. Adapted from 822

ADA concentrations were calculated from a six-point calibration curve (0, 0.5, 1.0, 2.0,
5.0, 15 pug/mL), which was included in each analytic run. Calibrator concentrations were
selected to cover the expected range of ADA levels after preliminary patient sera screens.
The calibrators were prepared by spiking ADA calibrator (HCA233, Bio-Rad) into blank
serum matrix pooled from 55 negative control sera and performing the pulldown as de-
scribed before. A hyperbolic function modeling total binding saturation was utilized as
calibration fit. The different calibration with fewer calibration points as compared to the
IFXmon assay is owed to economic considerations, as the cost per sample is higher for this
assay. For monitoring of ADAmon biosensor ageing, a 2.5 pg/mL ADA calibrator stan-
dard in PBSC was injected in the beginning, the middle and at the end of each analytic

run.

2.3.6.2. Signal referencing

Due to the overall higher cost and error of ADAmon analyses, only Fc2-Fcl referencing was
applied. With respect to the precision of the ADAmon biosensor, the higher number of
sample processing steps inevitably leads to a higher error. Analogously, a higher number
of data processing steps would likely introduce additional error. On the other hand,
the blank serum matrix analyses that were interspersed over the entire IFXmon analytic
run, could not be transferred to the ADAmon biosensor, since each blank serum matrix
analysis would require one full pulldown batch, thus unnecessarily inflating assay cost.
Furthermore, the higher purity of ADA eluates goes along with lower sensor chip wasteage
as compared to the IFXmon assay, which decreases the need for adjustments to surface

ageing.
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2.3.7. Commercial ADA quantification assay

The ELISA kit IDKmonitor® Infliximab total ADA ELISA (Immundiagnostik), which was
employed at the MVZ Oldenburg for routine TDM, was utilized to validate the developed
ADAmon biosensor. The assay is constituted as drug-tolerant bridging ELISA for the
quantification of total ADA (free and serum IFX-bound): Serum is incubated with HRP-
conjugated IFX and biotinylated IFX. Then, conjugate-complexed ADA are captured onto
a streptavidin-coated microtiter plate for subsequent detection. Immundiagnostik reports
the assay LOQ as 10.0 arbitrary units (AU)/mL.

Similarly to the ADAmon biosensor assay, the IDKmonitor® Infliximab total ADA ELISA
protocol incorporated a PA step followed by ADA paratope saturation with excess IFX
to facilitate analytic drug tolerance. In brief, serum samples were diluted with acidic
assay buffer. Samples were incubated under acidic conditions for 20 min, before a pH-
neutralizing tracer/conjugate mix was added. This mixture served the simultaneous cap-
ture and detection of ADA in the sample by exploiting its bivalency: Biotinylated tracer
IFX immobilized ADA on the streptavidin-coated microtiter plates, while peroxidase-
labelled conjugate IFX served to catalyze the chromogenic reaction after addition of the
substrate tetramethylbenzidine. ADA quantity was then determined semi-quantitatively
by linear extrapolation of sample absorption measured at 450 nm relative to a cut-off

control sample.

In order to provide a more meaningful method comparison with ADAmon, the IDKmonitor®
Infliximab total ADA ELISA data were referred to the same ADA calibrator as utilized
in the ADAmon biosensor assay. For this means, six different dilutions of ADA calibrator
in blank serum matrix were analyzed by ELISA and served as calibration curve. This
calibration curve was utilized to re-calculate all ADA ELISA data included in this thesis

project.

2.3.8. ADA binding stability assessment

Kinetic analysis of ligand:analyte interactions comprise the main application purpose of
SPR methodology. The dissociation constant, Kp which equals the quotient of dissociation
rate kq and association rate k,, is usually used to describe ligand:protein affinity. In SPR,
affinity determination is enabled by deriving k, and kg from the recorded sensorgram’s
slopes in the association and dissociation phase, respectively. As schematically depicted
in Figure the signal increase recorded in SPR sensorgrams during sample injection
is proportional to both analyte concentration and the association rate k, (since ligand
concentration is constant). This explains, why knowledge of absolute analyte concentration

is a crucial prerequisite for standard kinetic analyses.

In patient sera, the determination of absolute ADA concentrations is not possible. Patient
ADA are polyclonal and exhibit variable avidities towards IFX. Only a patient-individual,

polyclonal ADA calibrator mix in the identical composition (in terms of paratopes, avid-
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Figure 2.7.: Principle of SPR kinetic analyses. Bidirectional complex formation
kinetics are characterized by the association rate k, and the dissociation rate kq. In SPR
sensorgrams, the slope of the association phase depends on the concentration of educts and
on k,. The recorded slope for complex dissociation solely depends on kgy.

ity, etc.) of the patient’s ADA would enable exact quantification. Obviously, patient-
individual calibrators are not available. Also, the use of polyclonal calibrators is not
feasible, as polyclonal antibodies cannot be harmonized due to the inevitable batch-to-
batch variability. For diagnostic purposes, however, it is not necessary to know exact
kinetic rates. In fact, a variable that is proportional to ADA binding stability and easily
accessible would be ideal for TDM.

The dissociation phase monitored after sample injection, during which the binding de-
cays exponentially, only depends on the dissociation rate kq. kg hence constitutes a
concentration-independent component of affinity. Therefore, the evaluation of the dissoci-
ation phase is a suitable estimator of analyte:ligand complex stability and the dissociation

ratio (DissR) was defined as new index to assess ADA binding stability:

. DisScarl
DissR = ——=¥
Dissiate

DisSearly and Dissjate are SPR signals early and late in the dissociation phase and are
extracted from Fc2 sensorgrams as the binding response at 415 s and 795 s after cycle start,
respectively. A DissR value of 1 would indicate maximum avidity, i.e., absent dissociation
within the observation time. The more DissR diverges from 1 towards higher values, the
lower is the avidity of ADA contained in the sample towards IFX. Fcl was explicitly not
considered for DissR calculation, since the serum-individual unspecific binding behavior
of the samples on Fcl imposed high variance on the slope of the Fcl binding signals (as

opposed to the steady state binding levels used for quantification).

It is important to mention that DissR is not directly proportional to affinity: DissR merely
describes the dissociation phase of the ADA:IFX interaction, but contains no information
on the association phase. For this reason, the standard terminology of biomolecular in-
teraction analysis (i.e., "kinetics', "affinity", "avidity") must not be used with DissR data.

DissR is theoretically applicable to all kinds of anti-drug antibodies that are assessed in
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SPR setups comparable to the ADAmon biosensor assay.

2.4. Methods for ADA epitope mapping

ADA epitope mapping was performed by immobilization of IFX F(ab’)y fragments on
CMb5 sensor chips, resulting in the detection of ADA that likely interfere with IFX function
(neutralizing ADA). To generate IFX F(ab’), fragments, the highly efficient endopeptidase,
immunoglubulin-degrading enzyme from Streptococcus pyogenes (IdeS), was expressed in
E. coli and purified via fast protein liquid chromatography (FPLC)B30, The donated
pET 1b_TrxA_ IdeS plasmid encodes for IdeS with N-terminal thioredoxin A (TrxA)

3311 Additionally, a Hisg tag for purification and a

in order to enhance expression yield
TEV protease cleavage site are contained in the linker between TrxA and IdeS, such that
untagged IdeS may be obtained after digestion with TEV protease. The fusion protein
consists of 445 amino acids (49.4 kDa) and the cleaved IdeS protein counts 313 amino

acids (35.2 kDa).

2.4.1. Expression of immunoglubulin-degrading enzyme from S. pyogenes
(1deS) in E. coli

2.4.1.1. Ampilification of pET_1b_TrxA_IldeS plasmid in E. coli and sequencing

The composition of all cell culture media is enlisted in Table LB medium was
prepared according to the manufacturer’s instructions. For plasmid amplification or ex-
pression, chemically competent NEB5x or BL21 (DE3) cells were transformed, respec-
tively, following the same protocol. 50 uL of cell suspension in a 1.5 mL reaction tube
were thawed on ice and mixed with 50-70 ng of pET_1b_ TrxA_IdeS plasmid (see sec-
tion by gently flipping the reaction tube. After incubating for 30 min on ice, the
cells were heat-shocked for 60 s at 42 °C and immediately allowed to regenerate on ice for
5 min. The cells were diluted with 500 uL of LB medium and incubated for 1.5 h at 37 °C
while shaking. 50-100 pL of cell suspension were then plated on LB agar plates containing
40 pg/mL kanamycin for selection. The plates were incubated overnight at 37 °C. Clones
were picked with a 10 uL pipette tip, which were then used to inoculate overnight cultures
(5 mL or 50 mL of LB medium with 40 pg/mL kanamycin). Glycerol stocks for longterm
storage at -80 °C were prepared by mixing 1 mL overnight culture with 0.5 mL sterile

glycerol in cryogenic tubes.

In order to obtain sufficient plasmid material for sequencing and storage, 5 mL overnight
cultures of NEB5«x transformants were cumulatively harvested in 2 mL reaction tubes
(16100 x g, 1 min, RT). Plasmid DNA was purified from the cell pellets utilizing the
Monarch® Plasmid Miniprep Kit (New England Biolabs) and the DNA concentration
was determined with a NanoDrop 2000 spectrophotometer. To control whether the plas-

mid DNA sequence of picked clones was correct, 2.5 uL of 10 uM sequencing primer
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Table 2.12.: E. coli culture media.

Medium Composition
LB medium 10 g/L.  tryptone
(4+ kanamycin) 5 g/L  yeast extract
10 g/ NaCl
(40 pg/mL  kanamycin)
pH  6.8-7.2
LB agar medium 15 g/L.  agar-agar
(+ kanamycin) (40 pg/mL  kanamycin)

in LB medium

LB (agar) medium was autoclaved for 30 min at 121 °C. For preparation of
LB agar medium, kanamycin was added as soon as the medium had cooled
to approximately 50 °C and LB agar was poured into petri dishes.

(Table [2.13) and 7.5 pL of 50-100 ng/puL plasmid DNA were mixed in a 1.5 mL re-
action tube and sent to Eurofins Genomics GmbH (Ebersberg, DE) for Sanger sequenc-

ing (LightRun Tube sequencing service). Plasmids with correct sequence were stored at

-20 °C.

Table 2.13.: Sequencing primers.

Primer Binding region Sequence (5’—3)
T7_ prom_ fw T7 promotor GAAATTAATACGACTCACTATAGG
T7 term rvcom  T7 terminator GCTAGTTATTGCTCAGCGG

2.4.1.2. Expression of TrxA-IdeS fusion protein

50 mL of LB medium with 40 pg/mL kanamycin were inoculated with BL21 transformants
and incubated at 37 °C while shaking overnight. The next morning, 800 mL of LB medium
with 30 pug/mL kanamycin were inoculated with 25 mL of overnight culture and allowed to
grow at 37 °C while shaking until an ODggg of 0.9 was reached. Expression was induced by
addition of sterile IPTG at 1 mM final concentration. After 6 h, the cells were harvested
(4000 x g, 30 min, RT') and stored at -20 °C until purification of TrxA-IdeS was conducted.
Furthermore, 1 mL culture aliquots were collected before induction and at several time
points after induction, respectively, to test expression efficiency by SDS-PAGE followed by
Coomassie stain. The test expression samples were pelleted by centrifugation (16100 x g,
50 min, RT). Cell pellets were resuspended in 800 uL. H,O and prepared for SDS-PAGE
as described in section

2.4.1.3. Purification of TrxA-ldeS fusion protein

All buffers required for the purification of TrxA-IdeS fusion protein are listed in Table
For purification of TrxA-IdeS fusion protein from BL21 transformants, its Hisg tag
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was exploited (see Figure . Cell pellets from 400 mL BL21 expression culture (see
section were thawed on ice and resuspended with 5 mL of ice-cold lysis buffer.
After transferring the suspension to a 15 mL conical tube, the tube was incubated in ice
water for 10 min. Cell lysis was achieved by sonication utilizing a SONOPULS HD 2070
homogenizer (Bandelin), while cooling the suspension in ice water. Three repetitions of
1 min sonication at 70 % power , followed by 1 min of recovery incubation in ice water were
conducted. The lysate was centrifuged in 2 mL reaction tubes (10000 x g, 5 min, 4 °C)
to separate the soluble protein fraction from cell debris. The supernatants were collected,
pooled and stored on ice. The lysate pellets were resuspended in another 5 mL of lysis
buffer and the procedure was repeated once. The two supernatants from both lysis rounds
were subjected to final centrifugation (16100 x g, 60 min, 4 °C) and the supernatants were
pooled. 20 uL of lysates and centrifugation supernatants were sampled and diluted with
H20 in a 1:5 ratio for SDS-PAGE from both lysis rounds.

Table 2.14.: Buffers for cell lysis and TrxA-IdeS purification.

Buffer Composition
Buffer A* 300 mM NaCl
50 mM  Tris
pH 8.0
Buffer B* 50 mM NaCl
50 mM  Tris
500 mM imidazole
pH 8.0
Lysis buffer** 150 mM  NaCl
25 mM  Tris
1 mM MgCly

1 tablette protease inhibitor
1 spatula tip lysozyme
10 U/mL DNase I
pH 8.0

* filtrated (0.22 pm)
** DNase I was added freshly to ice cold lysis buffer immediately before each lysis round.

For immobilized metal ion affinity chromatography (IMAC)-based purification of TrxA-
IdeS, FPLC was performed employing an AKTA FPLC system (Cytiva) equipped with
His-Trap™ High Performance columns (Cytiva) and a 10 mL Superloop™ (Cytiva). UV
absorbance at 280 nm was recorded by a UPC-900 monitor. The inlet tubings of pump A
and B were placed in buffer A and B, respectively, and the system was equilibrated to 1 %
buffer B. FPLC was performed at a flow rate of 1.0 mL/min. 8.5 mL of lysate supernatant

were loaded into the Superloop™ and injected. The flow-through was collected manually
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Figure 2.8.: Structure of the TrxA-IdeS fusion protein. The recombinant IdeS
differed slightly from the wildtype protein: 28 amino acids (aa) from the from 29 aa N-
terminal signal peptide were lacking and one N-terminal glycine as well as a methionine at
position 3 were added to the aa sequence.

in 15 mL conical tubes. First, buffer B was increased in a discrete step to 5 %, then to
25 % in a linear fashion, followed by two final steps to 50 % and 100 %, respectively. Prior
to each buffer B increase, the UV baseline was allowed to stabilize. Wash and elution
fractions for up to 5 % buffer B were collected manually in 15 mL conical tubes. For the
linear gradient up to 25 % buffer B, 1 mL fractions were collected automatically using the
Frac-900 fraction collector (Cytiva). 20 uL of all fractions were sampled for SDS-PAGE
analysis. Except for flow-through (diluted 1:4 with H20), all FPLC fractions were used
undiluted.

2.4.1.4. TEV protease-mediated cleavage of TrxA-ldeS

After expression and purification of TrxA-IdeS fusion protein, the TrxA and Hisg tags
were no longer required. In order to ensure optimal IdeS activity, the tags were removed
by TEV protease digestion. FPLC fractions were pooled after SDS-PAGE analysis and
concentrated with 10 kDa MWCO Vivaspin 20 centrifugal concentrators (Sartorius) to a
volume of 3 mL (5000 x g, 10 min, RT). In order to remove imidazole, the concentrated
TrxA-IdeS solution was dialyzed at RT against 350 mL of dialysis buffer (see Table
using 6-8 kDa MWCO D-Tubes™ Dialyzer Maxi (Merck). Then, 150 U of TEV protease
(New England Biolabs) were added into the dialyzer tube, the tube was placed in 3 L of
fresh dialysis buffer and the digestion reaction was performed for a few hours at RT before
continued overnight at 4 °C. IdeS was then purified from the TrxA tag by IMAC-FPLC as
described previously, but starting with 100 % buffer A. The digested IdeS does no longer
contain a Hisg tag able to bind to the IMAC column resin. Hence, IdeS appears in the
flow-through. FPLC fractions were pooled after SDS-PAGE analysis and added 50 %
glycerol for longterm storage at -20 °C.

Table 2.15.: Dialysis buffer.

150 mM  NaCl
20 mM  Tris
0.1 % 2-mercaptoethanol
pH 8.0

Dialysis buffer was filtrated (0.22 pm).
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2.4.2. Generation of IFX F(ab’), fragments

IdeS was utilized to digest IFX in order to generate F(ab’)y fragments. As depicted in
Figure IdeS cleaves IgG into one F(ab’)s fragment and two Fc heavy chain fragments.
The undesired, smaller IFX heavy chain fragments were subsequently removed by SEC,

since they would disturb the immobilization of the epitope mapping biosensor.

100 kDa
IdeS
150 kDa ” \
25 kDa 25 kDa

Figure 2.9.: IgG cleavage by IdeS. IdeS catalyzes the cleavage of IgG into one 100 kDa
F(ab’)y and two 25 kDa Fc heavy chain fragments.

The IFX digestion batch composition is shown in Table All components were
mixed in a 0.5 mL Protein LoBind reaction vessel and incubated for 2 h at RT. The entire
reaction mix was then loaded in a 500 uL sample loop and SEC-FPLC was performed using
a Superdex™ 200 Increase 10/300 GL column (Cytiva). The purification was performed
at RT and a flow rate of 0.75 mL/min. Dialysis buffer without 2-mercaptoethanol was
used as running buffer and 0.5 mL fractions were collected automatically. 20 pL of each
fraction were diluted in a 1:8 ratio with HoO and added non-reducing Laemmli sample
buffer for SDS-PAGE. The fractions collected from the higher MW peak were pooled and
concentrated to a volume of 600 uL using 30 kDa MWCO Amicon® Ultra-0.5 centrifugal
filter units. The concentrated protein solution was finally dialyzed against PBS to remove
Tris, whose primary amine group would interfere with the immobilization procedure. First,
the F(ab’)y fragments were dialyzed in 500 mL of PBS at RT. Then, the PBS solution
was replaced and dialysis was continued overnight at 4 °C. The protein solution was either
stored undiluted at 4 °C for up to two weeks or at -20 °C with 10 % glycerol.

Table 2.16.: Reaction batch for the digestion of IFX by IdeS.

Material Volume
700 pg Remicade®* x uL
8 ug purified IdeS* y uL
Dialysis buffer (350-x-y) pL
Total liquid volume: 350 puL

* Varying stock solution concentrations.

86



2.4.3. Biosensor surface preparation and screening of patient sera

The biosensor surface for ADA epitope mapping (“ADAmon-EpiM”) was prepared uti-
lizing CM5 sensor chips. The immobilization protocol was identical with the ADAmon

biosensor surface preparation (section [2.3.1]), except for the following changes:

1. In cycle 2, IFX F(ab’)2 was immobilized on Fc2 aiming at a target ligand density of
5000 RU.

2. IFX F(ab’)q ligand solution was prepared as a 20 pg/mL dilution in ligand buffer
(pH 4.5).

3. Dkagt and IFX F(ab’), were not subjected to additional cross-linking by EDC/NHS.

The analytic procedure and signal referencing for ADA epitope mapping were carried out
identically to ADAmon analyses, as described in section [2.3.6]

2.5. Quantification of ADM and anti-ADM antibodies in diluted

serum using SPR

2.5.1. Biosensor surface preparation

The sensor surface for the ADM quantification assay (denominated “ADMmon”) was

prepared identically to the IFXmon biosensor surface, as described in section [2.2.1]

The biosensor surface for the anti-ADM antibody quantification assay (denominated “anti-

ADMmon”) was immobilized similarly to the ADAmon biosensor surface (see section
2.3.1)), with the following changes:

1. In cycle 2, ADM was immobilized on Fc2 (with ligand cross-linking) aiming at a
target ligand density of 4900 RU.

2. ADM was diluted in ligand buffer (pH 5.5) at 20 pg/mL.

2.5.2. ADMmon and anti-ADMmon calibration and signal referencing

The analytic procedure and signal referencing for ADMmon were carried out analogously
to IFXmon analyses (see section . However, the regeneration solutions from the
ADAmon biosensor assay (see Table were employed for biosensor recovery. Further-
more, the therapeutic window of ADM serum trough concentrations differs from IFX. The
concentrations of the six ADM calibrators were selected to cover subtherapeutic, thera-
peutic and overdosed ADM serum concentrations (0, 1.0, 3.0, 10.0, 25.0, 50.0 pg/mL). The

ADM standard for monitoring biosensor ageing had a concentration of 10 ug/mL.

Anti-ADMmon analyses followed the methods described for ADAmon analyses (see sec-

tion .
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2.5.3. Commercial ADM and anti-ADM quantification assays

Two different commerially available ELISA kits for the quantification of ADM and anti-
ADM served as method comparison with the ADMmon and anti-ADMmon biosensor,

respectively:
« IDKmonitor® Adalimumab drug level ELISA (Immundiagnostik)
— sandwich ELISA (plate is pre-coated with anti-ADM capture antibody)
— quantifies free ADM
— LOQ: 0.6 pg/mL
« IDKmonitor® Adalimumab total ADA ELISA (Immundiagnostik)

— bridging ELISA (serum is incubated with HRP-conjugated ADM and biotiny-
lated ADM, conjugate-complexed anti-ADM are captured onto a streptavidin-
coated plate)

— quantifies total anti-ADM (free and serum ADM-bound)
— LOQ: 10 AU/mL

All assays were executed according to the manufacturers’ instructions.

2.6. Statistical analyses

Statistic analyses were performed using GraphPad Prism, Microsoft Excel, R and RStu-
dio. In general, continuous variables were compared with non-parametric statistical tests.
Kruskal-Wallis test was selected for comparisons of n > 2 groups and Mann-Whitney U
test was utilized for pairwise comparisons. For categorical variables, chi-square test was
employed if each contingency table cell contained n > 5 observations; else, Fisher’s exact
test was performed. In receiver operating characteristic (ROC) analysis, the variable value
corresponding to maximum Youden Index was determined as cut-off value indicative of the
event of interest and reported together with the area under the curve (AUC). Hazard ratios
were calculated with the Cox-proportional hazards method, whereby the likelihood ratio
test served to test global significance in univariate analyses. P-values were not corrected

for multiple testing and considered significant if < 0.05.

For analytic results below the respective assay LOD, it is unknown which value between
zero and LOD is the respective true result. Therefore, if quantitative evaluations were
performed with analytic results, data points below LOD had to be transformed to a

numeric value first. This was achieved by setting these values to 0.5-LOD.

Method comparison regression between the IDKmonitor infliximab drug level ELISA and

[FXmon was performed using the R package “mcr” with an ELISA:IFXmon error ratio
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of 1.467. This error ratio was determined by comparing the IFXmon patient serum anal-
ysis duplicate variance and the concentration-specific variances indicated in the ELISA

manual.

Herein utilized abbreviations of statistical standard parameters include standard deviation
(SD), coefficient of variation (CV) and confidence interval (CI).
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3. Results

3.1. IFXmon biosensor assay validation

Parts of the presented validation results are also described in Grasmeier et al. (2023)

3.1.1. Sensor stability and regeneration efficacy
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Figure 3.1.: IFXmon regeneration efficacy. IFX calibrators were prepared by spiking
blank serum matrix with the indicated concentrations of IFX and diluting the serum as
described in section m (A) Stability analysis of IFXmon for repeated injection of a
calibrator series with five different IFX concentrations (n = 4). Absolute baseline response
(recorded at the beginning of each cycle) and msachu binding response relative to the baseline
before msochu injection (see baseline msachu in (B) and (C)) are shown for all analytic cycles.
(B) Fc2-Fel sensorgrams for all n = 4 repetitions of the 0.5 pg/mL and 3.0 pg/mL IFX
calibrator analyses. (C) Fc2 sensorgrams for all n = 4 repetitions of the 0.5 ug/mL and

3.0 pg/mL IFX calibrator analyses. Adapted from

B22)

Ideal regeneration conditions for the dissociation of ligand:analyte interactions in SPR

analyses enable complete ligand recovery, while at the same time keeping the ligand intact

and functional. In chemical terms, this means that the regeneration should be aggressive

enough to dissolve the biomolecular interactions (of both specific and unspecific nature).

However, the regeneration solution must not harm the ligand to keep it functional for

repeated analyte binding. As these requirements are often incompatible with each other,

an optimal compromise needs to be found experimentally to obtain the longest possible

sensor chip lifetime. Nevertheless, accumulating ligand damage has to be expected with
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increasing number of analytic cycles run on a sensor chip.

Regeneration scouting was performed to find the optimal regeneration conditions for the
IFXmon biosensor (data not shown). The best results were obtained with sequential
injections of two different solutions: An acidic glycine buffer (pH 2.0) with detergents
was applied before an alkaline buffer (pH 9.0) with high ion strength. Figure
demonstrates that the chosen regeneration procedure led to a stable baseline and highly
reproducible IFX binding responses over a broad IFX concentration range. These results
also indicate that non-specific binders contained in the serum matrix were sufficiently
removed from the IFXmon surface. If utilized exclusively for patient serum analyses, one
IFXmon biosensor chip could be utilized to analyze 60 different patient sera. The indicated
sensor capacity included approximately 115 cycles, which were executed in three different
runs and contained all calibrators, blanks and standards required to adequately assess

sensor quality.
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Figure 3.2.: Ligand stability comparison between native and cross-linked TNF.
(A) Three-hour dissociation monitoring after biosensor preparation. Sensorgrams show
absolute SPR signal responses. a and b highlight the respective time periods within the
dissociation monitoring of native and cross-linked TNF, which contained the 16 report
points for kg calculation. (B) kq calculation plot with linear regression for native and cross-
linked TNF. (C) Comparison of IFX and msoahu binding to native and cross-linked TNF
for different IFX concentrations. IFX was spiked in PBS at the indicated concentrations.
(D) Binding repeatability of 15 pg/mL IFX for sequential injection-regeneration cycles.
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TNF immobilization via amine coupling bears the risk that not all monomers of the ho-
motrimer are attached covalently to the sensor surface. This would result in continuous
dissociation of TNF monomers from the surface and, consequently, an unstable SPR base-
line signal. In order to mitigate complex dissociation after biosensor preparation, the
effect of an additional cross-linking step during immobilization was tested (see section
. For this means, a CM5 sensor chip was immobilized with non-cross-linked TNF
on Fcl and cross-linked TNF on Fc2. Then, TNF dissociation was monitored at the
earliest possible timepoint after immobilization (Figure [3.2/A+B) and the two surfaces
were evaluated functionally (Figure [3.2C+D). The dissociation rates kq were deter-
mined as 1.024 x 107 1/s (95 % CI: 0.992 x 1075 — 1.056 x 107% 1/s) for native TNF
and 4.297 x 1077 1/s (95 % CI: 4.181 x 1077 — 4.412 x 1077 1/s) for cross-linked TNF,
respectively. The theory of kq calculation is described in detail in the methods section
(see section . With native TNF comprising a 2.4-fold higher kq, these data suggest
that the cross-linked TNF surface was significantly more stable. The functional analy-
ses demonstrated that TNF cross-linking did not impair IFX or mschu binding over an
IFX concentration range of two orders of magnitude. The slightly higher binding sig-
nals recorded for higher IFX concentrations on the native TNF surface are likely owed to
the marginal immobilization level difference (8.2 % higher ligand density on native TNF
surface compared to cross-linked TNF surface). Also, IFX binding repeatability was not

observed to differ among the two surfaces.

3.1.2. Calibration

For IFXmon calibration, a hyperbolic model was observed to best describe the binding-
saturation relationship between IFX concentration and both IFX and mschu binding
responses (see Figure —|—B, R? = 1.000). IFX calibrator concentrations cover both
subtherapeutic, therapeutic and also supratherapeutic IFX trough levels. Figure (3.3

shows that the repeatability of the calibration curve was excellent, even though considering
both intra- and inter-assay replicates. Furthermore, the enhancement by msohu was
analyzed for the different calibrators. Signal enhancement was most effective for low IFX
concentrations and became smaller for higher IFX concentrations. The high curvature of
the msahu curve in Figure indicates that this observation may be owed to binding

saturation of the msochu enhancer antibody.

3.1.3. Limits of blank, detection and quantification

The parameters limit of blank (LOB), limit of detection (LOD) and LOQ characterize the
ability of an analytic method to measure low analyte concentrations under consideration
of the assay’s analytic variability, i.e., its SD. Analytic sensitivity of the [IFXmon biosensor
assay was determined through analysis of blank serum matrix samples. In nine IFXmon
analytic runs performed with five different IF Xmon biosensor chips, a total of n = 43 blank

serum matrix samples were analyzed. Then, IFX concentrations were interpolated from
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Figure 3.3.: IFXmon calibration curve. (A) IFXmon analyses of seven different TFX
calibrators (0, 0.5, 1.0, 3.0, 5.0, 15, 125 pg/mL) from n = 4 technical replicates per con-
centration. Responses of both IFX binding and mschu binding are shown. Curves were fit
with a hyperbolic model. (B) Close-up of the low IFX concentration range. (C) Summary
statistics. *Enhancement factors were calculated with blank-corrected SPR signals to en-
able consideration of negative SPR signals. Adapted from 522

the obtained SPR signals with calibration curves recorded within the respective analytic
run. The histogram shown in Figure only includes n = 30 samples, because the
interpolation of n = 13 samples resulted in SPR signals that were too low for interpolation.
It should be mentioned at this point that each calibration curve contained one blank serum
matrix calibrator, which defined the minimum SPR signal within that analytic run, from
which an IFX concentration could be interpolated. Biologic sample variability may result
in SPR signals below the respective blank calibrator signal. If the negative difference is

too large, interpolation fails.

The observed blank serum matrix mean IFX concentration was 0.11 £+ 0.13 pg/mL. Ac-
cording to Armbruster et al. (2008), the LOB defines the concentration cut-off, below
which 95 % of blank samples can be expected 3%, The formula for the calculation of
LOB is given as LOB = meanpjank + 1.645 SDypjank. Accordingly, LOB for the IFXmon
biosensor assay is 0.3 pg/mL (23]

Conventional LOD and LOQ determination requires the calculation of LOB from blank

sample matrix 234

. LOD is then calculated through additional repeated analysis of analyte
close to the expected LOD with the formula LOD = LOB + 1.645 SDiow analyte 1334 LOQ

is determined as the lowest concentration that fulfills the performance criteria (precision,
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Figure 3.4.: Analytic sensitivity of IFXmon. (A) Histogram showing n = 30 IFXmon
analyses of blank serum matrix with a Lorentizian fit utilized for the determination of
analytic sensitivity. The included data were obtained from nine independent runs and
five different sensor chips. (B) Comparison of blank serum matrix analyses to analyses
of 0.5 pug/mL IFX spiked in blank serum matrix, grouped by sensor chip ID (CM5_ 45,
CM5_ 46, CM5_47) and run ID (CM5_ 46a, -b). Adapted from 522,

accuracy, linearity) for reliable quantification #3¥. However, LOD and LOQ determination
for the IFX biosensor assay deviated from this classical method due to the following rea-
sons: First, the observed mean blank is likely overestimating the true mean blank, since
lower blank signals without interpolation results did not contribute to the observed mean.
Second, a calibration curve is recorded in each IFXmon run, while the observed SD also
considers inter-assay variability. Intra-assay SD, as relevant for [FXmon quantification, is
lower than the inter-assay variability and hence, also the LOD and LOQ relevant for IFX-
mon quantification are lower. Third, the reported statistical method demands a relatively
high sample number, as LOQ is detemined in an iterative process, which would translate
to a disproportionately high cost and serum consumption for IFXmon validation. There-
fore, the statistic method was optimized and the validity of the determined parameters

was verified post hoc with low-concentration IFX calibrators.

LOD was determined as the 5 % « error of the blank distribution and was 0.6 pg/mL.
The frequency distribution was fit with a Lorentizian model. This fit is related to the
Gaussian fit, but exhibits more shallow arms. Hence, the Lorentizian curve assigns a
higher frequency to extreme values. The calculated LOD is consequently higher (more
conservative) than when determined from a Gaussian curve, which should prevent overes-

timation of analytic sensitivity. None of the n = 30 analyzed blanks was detected above
LOD.

The LOQ cut-off was 0.9 pg/mL, calculated as meanpjank + 6 SDpjank, which was also
equivalent to the 2.5 % « error of the blank distribution. The statistically determined an-
alytic sensitivity was validated by comparing blank serum matrix samples and 0.5 pg/mL
IFX calibrators analyzed within the same run. Figure demonstrates that within
the same run (and even between all runs except for CM5_46b vs. CM5_47), the sub-

LOD IFX calibrator signals were clearly higher than serum matrix blanks. In summary,
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these results verify the determined LOD and LOQ values. The LOQ of the IDKmonitor
Infliximab drug level ELISA was 0.6 pug/mL, and therefore similar to IFXmon.

3.1.4. Accuracy and precision

Accuracy and precision of IFXmon were determined in three different analytic runs per-
formed on three different days with two different IFXmon sensor chips. In each run, three
different IFX concentrations were measured in three technical replicates, which served to
calculate intra-assay accuracies and precisions (see Table . Precision is hereby given
as CV (as the more common estimator) and 100 % - CV in order to provide a value that
is more readily comparable to accuracy. In Table overall accuracy and precision
were calculated from all n = 9 available data points. The term “overall” was used instead
of “inter-assay” to prevent misleading of the reader, since not only inter-assay but also

intra-assay data contributed to the calculations.

Table 3.1.: Intra-assay accuracy and precision of [FXmon.

c(IFX) Mean interpolated c(IFX) + SD CV range, A range, P range,
Run =1 2 3 Yo Y %

1.0 1.07 £ 0.07 0.94 4+ 0.01 0.91 £+ 0.03 0.6 - 6.1 90.7 — 107.3 93.9 — 99.4

5.0 4.95 + 0.10 4.32 £+ 0.03 4.46 + 0.02 0.5 - 2.0 86.4 — 98.9 98.0 — 99.5

30 30.9 + 0.9 29.6 + 0.3 27.8 £ 0.5 1.2 -28 92.6 — 102.9 97.2 — 98.8

Al TFX concentrations are given in pg/mL. Precision is indicated as 100 % - CV. Precision and accuracy

were both calculated from n = 3 replicates. A, accuracy; P, precision. Adapted from 222l

Intra-assay accuracy of IFXmon was observed to range from 86.4 — 107.3 % (mean: 96.4 %)
recovery of the respectively expected IFX concentrations. Intra-assay precision ranged
from 0.5 — 6.1 % (mean: 2.2 %) CV. Overall accuracy ranged from 91.5 — 98.1 % (mean:
95.6 %) recovery and overall precision ranged from 4.9 — 8.8 % (mean: 6.7 %). As expected,
intra-assay precision was slightly higher as compared to overall precision. On the contrary,
intra-assay accuracy was slightly lower than for the overall data. No concentration de-
pendence of accuracy or precision was observed within the analyzed IFX concentration

range.

Table 3.2.: Overall accuracy and precision of IFXmon.

c(IFX) Interpolated c(IFX) Mean + SD CcV, A, P,
Run = 1 2 3 Yo Yo Y%

1 1.01 1.14 1.07 0.94 0.93 0.94 0.88 0.91 0.93 0.97 4+ 0.09 8.8 97.3 91.2

5 4.84 5.04 4.96 4.35 4.31 4.30 4.48 4.45 4.44 4.57 + 0.29 6.3 91.5 93.7

30 29.9 31.6 31.1 30.0 29.4 29.4 27.8 28.2 27.3 29.4 £ 1.5 4.9 98.1 95.1

All IFX concentrations are given in pg/mL. Precision is indicated as 100 % - CV.

A, accuracy; P, precision. Adapted from 22,
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The lowest analyzed IFX concentration (1 pg/mL) was at the IFXmon LOQ (see section
and exhibited overall accuracy and precision of 97.3 % and 8.8 %, respectively.
These data suggest high performance reliability of [FXmon at the LOQ and provide evi-
dence that the LOQ was determined conservatively enough. In Figure [3.5] accuracy and
precision data were utilized to assess assay linearity. Linearity of the IFXmon assay did
not significantly differ from the line of identity up to the highest analyzed quality control
with highly supratherapeutic IFXmon concentration (30 pg/mL).

30 y =0.985x-0.170 ’
R? = 0.996

Measured c(IFX), pg/mL

0 5 10 15 20 25 30
Nominal c(IFX), ug/mL

Figure 3.5.: IFXmon assay linearity. Assay linearity for overall accuracy and precision
data (see Table Shown are means of all n = 9 replicate analyses with SD, linear
regression (solid teal line), 95 % confidence band (light teal) and line of identity (dashed
black line).

To provide a comparison with the in vitro diagnostics (IVD)-approved IDKmonitor In-
fliximab drug level ELISA, a brief summary of the performance characteristics reported
by Immundiagnostik is given35: Accuracy was determined for seven different IFX con-
centrations (0.8 — 50.0 pg/mL, measured in unicates) as 94.6 — 113.3 % (mean: 105.4 %)
recovery. Inter-assay precision calculated from six different IFX concentrations (2.8 —
20.7 ug/mL) was 5.4 — 12.9 % CV (mean: 8.8 %). Compared with the ELISA, IFXmon

performed slightly better with respect to both accuracy and precision.

3.1.5. Patient study and method comparison with ELISA

The developed IFXmon biosensor assay was employed to analyze 84 sera from 15 IBD
patients in duplicates (see Figure . The same sera were also analyzed in unicates with
the IDKmonitor Infliximab drug level ELISA. Method comparison with the IVD-approved
ELISA provides evidence, whether the measurement quality of the IFXmon biosensor can
also suffice diagnostic criteria. The patient serum analyses via the IFXmon biosensor assay
were co-executed by Anna Felicitas Langmann and a more detailed analysis of the herein

presented data is described in her dissertation B30l

The characteristics of the IFXmon patient cohort are listed in Table The cohort was
relatively young and comprised balanced proportions of CD and UC diagnoses. 13.3 %
of patients received therapy with the originator IFX Remicade®, while 86.7 % received a
biosimilar drug. With 60.0 %, the majority of patients were administered Inflectra® and
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Figure 3.6.: Method comparison of patient serum analyses between IFXmon
and ELISA. 84 sera of IFX-treated patients (Remicade®, Remsima® and Inflectra®) were
analyzed in unicates by ELISA and in duplicates by IFXmon. (A) Passing-Bablok regression
(solid black line) with 95 % confidence band (gray area) and identity line (dashed black line).
(B) Bland-Altman plot with method mean, identity line (dashed black line) and limits of
agreement at 95 % confidence. (C) IFX detection concordance between IFXmon and ELISA.
Adapted from 522

26.7 % were treated with Remsima®. A median of 6.0 TDM visits per patient in a median

frequency of 5.4 weeks indicate a highly proactive IFX monitoring regimen.

Figure depicts the Passing-Bablok regression between IFXmon and ELISA analyses.
The slope of the regression was 1.040 (95 % CI: 0.961 — 1.113) and the intercept was 0.003
(95 % CI: -0.251 — 0.511). Since the identity line falls within the narrow 95 % confidence
band, the data suggest that IFXmon and ELISA are interchangeable. These results also
translate to subtherapeutic IFX concentrations (LOQ < ¢(IFX) <3.0 pg/mL), where
precise analytic performance is even more important than for high IFX levels. Slope and
intercept of the constricted Passing-Bablok regression were 1.029 (95 % CI: 0.745 — 1.803)
and 0.009 (95 % CI: -0.295 — 0.235), respectively, and the higher slope inexactitude is
owed to the reduced sample size for this analysis (n = 10). Of the 84 sera, 11, 21 and 52
were obtained from Remicade®-, Remsima®- and Inflectra®-treated patients, respectively.
Separate Passing-Bablok regression of data grouped by medication resulted in overlapping
95 % CI of both slope (Remicade®: 0.550 — 2.850, Remsima®: 0.919 — 1.206, Inflectra®:
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Table 3.3.: IFXmon patient cohort characteristics.

Characteristic Summary statistics
n (%) 15 (100.0)
Sex, n (%)

Female 7 (46.7)
Male 8 (53.3)
Age, years, median (IQR)* 46 (33 — 55)

Diagnose, n (%)

CD 9 (60.0)

uC 6 (40.0)
Medication, n (%)

Remicade® 2 (13.3)

Remsima® 4 (26.7)

Inflectra® 9  (60.0)
Number of TDM visits, median (IQR) 6.0 (4.5-6.5)
TDM visit interval, weeks, median (IQR) 5.4 (4.8 -6.2)

*Patient’s age at first included TDM visit. IQR, interquartile range. Adapted from [322]
0.919 — 1.077) and intercept (Remicade®: -7.780 — 3.321, Remsima®: -1.010 — 1.892,
Inflectra®: -0.184 — 0.362). Therefore, the quantification of biosimilars and Remicade®

did not differ significantly.

Bland-Altman analysis of the sera resulted in a slightly positive method mean (0.37 pg/mL),
which indicates that IFXmon analyses resulted in slightly higher IFX concentrations as
compared to ELISA (see Figure [3.6B). The 95 % limits of agreement, which contain
95 % of all observed differences, were -2.18 pg/mL and 2.93 pg/mL. It was noticeable that
IFX concentrations above 10 pg/mL showed larger differences between the two methods.
Of note, 90.6 % of sera containing up to 7 pg/mL IFX, which covered subtherapeutic con-
centrations and the vast majority of the therapeutic window, differed for < 1.5 pg/mL.
The contingency table in Figure [3.6/C shows that the IFX detection concordance between
I[FXmon and ELISA was 100 %, as the same sera (n = 78, 92.9 %) were classified as IFX-
positive by the two methods. In conclusion, the presented data indicate high agreement
between IFXmon and ELISA analyses.

98



3.2. ADAmon biosensor assay validation

Parts of the presented validation results are also described in Grasmeier et al. (2023) 822,

3.2.1. Drug-tolerance and efficacy of the ADA pulldown method
3.2.1.1. Direct quantification of ADA in serum

Analytic drug tolerance describes the capacity of a diagnostic test to measure a drug-

gB50 A common method to achieve analytic

interacting analyte in the presence of dru
drug tolerance is subjecting the sample to PA. The direct quantification of ADA in di-
luted serum (DQ) is the most simple and economic method to quantify ADA in serum.
Two different DQ protocols for drug-tolerant ADA quantification were applied within this
project: The first method is based on a published protocol (“Beeg method”) 1288] ' \while the
second method was largely modified from the described protocol (“in-house method”) and
was more similar to the ADA pulldown procedure, which had been established in parallel
(see section [2.3.3). The two methods differ in final serum dilution, utilized buffers and
duration of incubation steps. The general idea of direct PA consists in the temporary
dissociation of serum ADA:IFX complexes under acidic conditions. The unbound ADA
are then available to form complexes with the highly abundant IFX immobilized on the
biosensor, but this re-association requires neutral pH. Accordingly, the addition of neu-
tralizing buffer to acidified serum samples is highly time-critical and must occur as closely
as possible to sample injection (see Figure ) Since the Biacore X100 system lacks
a function for merged injections beyond immobilization runs, the time points for manual

serum acidification and neutralization had to be matched precisely with an active analytic

SPR run (see section [2.3.6).

The data obtained with the Beeg method generally exhibited higher variability as com-
pared to the in-house method (data not shown). However, the results of the in-house
method are also transferable to the Beeg method. Figure [3.7B+C compares the DQ and
pulldown quantification (PQ) methods with respect to repeatability and discrimination of
ADA-negative and ADA-positive sera. Of note, the PQ method also contained a PA step
intended to convey drug tolerance. Figure demonstrates that DQ comprises higher
variability for blank serum matrix as compared to PQ. Furthermore, the DQ negative
serum data points were only slightly below the 5 pg/mL ADA calibrator, which indicates
poor analytic sensitivity. In contrast, PQ negative sera exhibited very small variance and
were approximately 300 RU below the 5 pug/mL ADA calibrator, which indicates very
good separation. Comparing ADA-negative and ADA-positive IBD patient serum anal-
yses as shown in Figure , PQ comprised a significant discrimination (p = 0.0095),
while DQ was not able to discriminate the two groups. Evaluation of the time window
for ADA re-association after neutralizing the pre-analytically acidified samples delivered
information about why DQ might fail in our setup (Figure [3.7D).
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Figure 3.7.: ADA DQ evaluation. (A) After neutralizing the pre-analytically acidified
samples, DQ samples demand immediate measurement, as ADA quickly re-associate with
serum IFX. PQ eluates, on the other hand, no longer contain serum IFX and their analysis
is hence not time-critical. (B) n = 10 ADA-negative sera were analyzed with DQ and PQ.
Dashed lines depict the signals of blank serum matrix spiked with 0 and 5 pg/mL ADA
calibrator, which were used as calibrators (cg, ¢5). (C) Comparison of SPR signals obtained
with DQ and PQ for n = 4 ADA-negative (clear circles) and n = 7 ADA-positive (filled
circles) sera. ADA status was determined by ELISA. Dashed lines depict signals of 0, 1
and 5 ug/mL ADA calibrators, respectively (co, c1, ¢5). Since DQ exhibited excessive and
variable Fcl signals, only Fe2 signals are shown here. ** p = 0.0095. (D) To evaluate
if DQ can produce meaningful results with Biacore X100, the velocity of ADA:IFX re-
association after neutralization was investigated. IFX beads were incubated with (spiked)
blank serum matrix (both ADA and IFX at 30 pg/mL) and pulldown was performed until
the PA step. The batch without PA was added PBS instead of 10 mM glycine, pH 1.5.
Eluates were neutralized in presence of IFX beads, sampled after the indicated time points
and immediately separated from supernatants to assess the remaining amount of free ADA.
Created with Bio-Render.
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The Biacore X100 instrument automatic injection program comprises a time lag (Tx100) of
approximately 2 min between sample aspiration and injection. 2 min after sample neutral-
ization, only 67.9 % of ADA remained free for binding to the SPR biosensor in presence of
equimolar IFX. The time courses of ADA re-association furthermore clearly demonstrate
that PA is necessary to obtain free ADA in the bead supernatant. In summary, Tx1qo,

together with high unspecific binding signals, impair reliable DQ in presence of IFX.

3.2.1.2. ADA pulldown characterization

As DQ was found to be incompatible with our Biacore X100 instrument, ADA pulldown
was incorporated into the ADAmon assay protocol in order to obtain samples with timely
stable free ADA for subsequent quantification (see section Figure . As impor-
tant performance characteristics of the ADAmon assay, efficacy and drug tolerance of the
ADA pulldown procedure had to be evaluated. For this means, ADA488-spiked serum was
employed as sample material for ADA pulldown. With the help of the fluorescence label,
ADA488 can be detected unequivocally via fluorometry in the different pulldown fractions
(serum supernatants (SN), wash supernatants and eluates). Furthermore, ADA488 can
be detected regardless of structural integrity, such that the possibly damaging impact of
the PA procedure could be investigated.
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Figure 3.8.: Calibration curves for ADA488 quantification in pulldown SN and
eluates. Two pulldown-fluorometry experiments were performed independently on different
days: In experiment 1, 0.3 and 3.0 pg/mL ADA488 were spiked in serum, while 0.5 and
5.0 pg/mL ADA488 were analyzed in experiment 2. Maximum SN calibrator was prepared
by spiking serum and performing the pulldown procedure up to the 60-min incubation as
described previously, but without adding beads. Lower SN calibrators were prepared by
serial dilution of the maximum SN calibrator with blank SN matrix (serum, PBS, 10 mM
glycine pH 1.5 and 1 M Tris-HCI] pH 8.0 mixed in a 1:5.5:5:1.5 ratio). Calibration curves
for both SN quantification experiments were fit with linear models. FEluate calibration
curves were prepared by spiking different ADA488 concentrations in blank eluate matrix
(regeneration solution 3 and 1 M Tris-HCI pH 8.0 mixed in a 1:0.08 ratio). In experiment 1,
a linear model was fit, while the data of experiment 2 were better described by a hyperbolic
model.
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The fraction matrix-specific calibration curves shown in Figure [3.8|were utilized to quan-
tify ADAA488 in the respective pulldown fractions. It is clearly visible that the resolution of
low ADA488 concentrations is better in the eluate matrix as compared to the SN matrix,
probably due to fluorescence quenching effects of serum components. Consequently, the
quantification of low ADA488 concentration in eluates is more reliable. Wash supernatants
were also analyzed, but are not shown since ADA488 could not be detected in any wash
fraction, likely owed to the high dilution. Coupling efficiency of the magnetic beads with
IFX was determined after coupling in n > 10 reaction batch SN via nephelometry using
a BN ProSpec® system. As no IFX was detectable in any coupling SN (data not shown),
coupling efficiency can be expected to be near-complete (limited only by the LOQ of the
BN ProSpec® system).
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Figure 3.9.: Characterization of ADA pulldown. (A) Effect of serum IFX and
ADAA488 concentration on ADA488 yield. (B) Effect of PA and ADA488 concentration
on ADA488 yield. (C) Validation of fluorometry results by ADAmon. Unlabeled ADA
calibrator was spiked in blank serum matrix and analyzed. Data show n = 5 replicates
per concentration, recorded on four different analytic runs. In order to determine the ADA
content in pulldown eluates, their corresponding ADAmon signals were normalized to the
signals of 2.5 pg/mL ADA standards (not subjected to pulldown), which were analyzed
within the same run. Adapted from B22

ADA pulldown yields and the influence of the PA step on pulldown success were char-
acterized in detail. As shown in Figure [3.9]A, ADA488 yields in eluates ranged from
16-21 %, and were independent of ADA488 concentration. The ADA488 pulldown toler-
ated the presence of 1.7-17-fold molar excess of IFX without significant reduction in ADA
yield. Therefore, the pulldown can be assumed to be drug-tolerant. Figure demon-
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strates that PA is the crucial step during ADA pulldown to achieve drug tolerance. If the
pulldown was performed without PA, ADA488 yield was reduced drastically, independent
of ADA488 concentration. The less reliable ADA488 quantification in SN fractions and
inter-day variability together explain the bar height discrepancies in Figures [3.9)A+B.
Figures comprises a functional validation of the fluorometry data, as ADAmon can
only assess functional ADA. Since the yields calculated from ADAmon data (9-17%) are
concordant with ADA488 flurometry analyses, complete paratope functionality of purified
ADA can be expected. The yield of the 5 pg/mL sample comprised higher deviation from
the fluorescence yield data compared to the other concentrations. As an explanation, it
may be possible that the linear extrapolation method utilized for normalization to the
2.5 pg/mL ADA standard is inexact at higher ADA concentrations.
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Figure 3.10.: Characterization of ADA pulldown eluate purity. (A) Western blot
detection of hSA and human IgG in pulldown eluates from blank serum matrix without
(- ctrl.) and with 5 pg/mL spiked ADA calibrator (ADA cal.). ADA and hSA positive
controls (+ ctrl.) show the respective signals of 10 ng loaded protein. (B) Silver stain
of ADA pulldown eluates from - ctrl., ADA cal. (1 ug/mL) and an ADA-positive patient
serum eluate (as confirmed by ELISA; 85 AU/mL). Ctrl., control; chSA, anti-hSA; ahu
IgG, anti-human IgG.

The purity of ADA pulldown eluates was evaluated by western blot (Figures (3.10/A)
and silver stain (Figures [3.10B). hSA as the most abundant serum protein would be ex-
pected to contribute to possible impurities and was therefore assessed beside human IgG
in western blot. Surprisingly, no hSA but non-ADA IgG were detected in the pulldown
eluates, as shown by the strong human IgG bands in blank serum matrix eluates. Further-
more, the IgG signal in the ADA-positive eluate was much higher as expected (maximum
approximately 10 ng) for typical ADA yields, when compared to the 10 ng ADA posi-
tive control. The silver stain confirmed these findings, showing major signal intensities
at approximately 50 kDa, where IgG heavy chains are expected. Additionally, it demon-
strated that beside non-ADA IgG (or other proteins with 50 kDa MW), no other relevant
impurities were contained in the pulldown eluates. The only other signals were stained
slightly above 100 kDa. However, these bands were by far weaker as compared to the IgG
signals. The IBD patient serum exhibited the same band pattern as (spiked) blank serum

matrix. In conclusion, the presented data demonstrate that the ADA pulldown procedure
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is suitable to obtain a sample matrix of significantly reduced complexity as compared to

seruin.

3.2.2. Sensor stability and regeneration efficacy

A

282504 e ° =350 Baseline response:
2 282004 ° E300 27 % all c(ADA cal.)
o g gy
i s 28150 F250 @ 3 ADA cal. binding response:
[] -
5 § 28100 £200 § E @ 2.5 ug/mL ADA standard
2 o 28050 w000 X Ei S > @ 15 ug/mL ADA cal.
S X000 23
3 280001 x x“xg 100 2 2 ¥ 5.0 ug/mL ADA cal.
S 27050 VWaml OcOwyy s © B B 2.0 yg/mL ADA cal.
O 1.0 yg/mL ADA cal.
279004+-—r—r-rrrrrrrr—rrrrr—rrrrrrrrrrrr1rr+0 v 0.5 ug/mL ADA cal.
0 5 10 15 20 25 30
Cycle
B ADA cal. binding C ADA cal; binding

Relative Fc2-Fc1
binding response, RU
N =
o o
1 1
Relative Fc2
binding response, R
» O
(=] (=]
L {

-30 204
-407 . )
504 0.5 pg/mL ADA cal. L e Baseline
60 — 2.0 pg/mL ADA cal.
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time, s Time, s

Figure 3.11.: ADAmon regeneration efficacy. ADA calibrator sera were prepared
by spiking blank serum matrix with the indicated concentrations of ADA calibrator and
diluting the serum as described in section [2.3.6] (A) Stability analysis of ADAmon for
repeated injection of a calibrator series with five different ADA calibrator concentrations
(n = 3) and an ADA standard (ADA calibrator spiked in running buffer; n = 4). Absolute
baseline response (recorded at the beginning of each cycle) and ADA calibrator binding
response relative to baseline are shown for all analytic cycles. (B) Fc2-Fcl sensorgrams
for all n = 3 repetitions of the 0.5 pug/mL and 2.0 pg/mL ADA calibrator analyses. (C)

Fc2 sensorgrams for all n = 3 repetitions of the 0.5 pg/mL and 2.0 pg/mL ADA calibrator

analyses. Adapted from 222l

Like for IFXmon (see section , regeneration scouting was performed to find the
optimal regeneration conditions for ADAmon (data not shown). The best results were ob-
tained with sequential injections of two different solutions: First, acidic glycine buffer (pH
2.0) with glycerol for ligand protection was chosen to dissolve specific protein:protein inter-
actions. Second, a 10 mM NaOH solution was applied to remove adsorbed and aggregated
protein. The selected regeneration procedure lead to reproducible ADA binding responses
(Figure [3.11]JA). Even though the baseline increased constantly, it did not hamper ADA

calibrator binding. Therefore, the regeneration conditions were accepted.

Although the two antibodies immobilized at the ADAmon biosensor surface are relatively

robust ligands, the ligand cross-linking step was included in the immobilization procedure

104



to prolong the sensor chip lifespan. Negative effects of the cross-linking procedure on
the analyte-binding capacity of the ADAmon biosensor were ruled out empirically (data
not shown). If utilized exclusively for patient serum analyses, one ADAmon biosensor
chip could be utilized to analyze 60 different patient sera. The indicated sensor capacity
included approximately 180 cycles, which were executed in six different runs and contained

all calibrators, blanks and standards required to adequately assess sensor quality.

3.2.3. Calibration

A hyperbolic model described the association between ADA concentration and binding
response best (see Figure , R? = 0.983). The calibrator concentration range was
selected to cover all expectable ADA concentrations in serum. As summarized in Figure
[3.12B, the calibration curve repeatability was good, even though also considering inter-

assay replicates.
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Figure 3.12.: ADAmon calibration curve. (A) ADAmon analyses of six different ADA
calibrators (0, 0.5, 1.0, 2.0, 5.0, 15 pg/mL) from n = 3 technical replicates per concentration,

which were recorded in two different analytic runs. The calibration curve was fit with a

hyperbolic model. (B) Summary statistics. Adapted from B2,

3.2.4. Limits of blank, detection and quantification

Analytic sensitivity of ADAmon was determined with a similar method as previously
described for IFXmon (see section [3.2.4). In 11 ADAmon analytic runs performed with
eight different ADAmon biosensor chips, a total of n = 49 blank serum matrix samples
were analyzed. Of note, ADA concentrations determined by ADAmon in patient serum

are herein reported as ADA calibrator concentration equivalents, i.e., pgEq/mL.

The histogram shown in Figure [3.13|A depicts the distribution of interpolated blank
serum matrix concentrations. 0.08 + 0.04 ugEq/mL was the observed mean blank con-
centration, which defines the LOB of ADAmon as 0.14 pgEq/mL 1334

105



A B

LOD LoQ LOD LOQ

K
W-IFX-6f ﬁ—#
W-IFX-6a- *—\*ﬁ

0 T T T T 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 00 01 02 03 04 05 0.6
c(ADA), ngEq/mL c(ADA), ngEq/mL

Figure 3.13.: Analytic sensitivity of ADAmon. (A) Histogram showing n = 49 ADA-
mon analyses of blank serum matrix with a sum of two Gaussian fit utilized for the de-
termination of analytic sensitivity. The included data were obtained from 11 independent
runs and eight different sensor chips. (B) Repeatability of ADAmon analyses of 0.5 pg/mL
ADA calibrator in blank serum matrix (co.5, n = 4) and two different patient sera close to
the determined LOD and LOQ (W-IFX-6a, n = 3; W-IFX-6f, n = 3). Adapted from 522,

As the ADAmon assay, like IFXmon, was calibrated within each analytic run, the inter-
assay variability considered in Figure leads to a too conservative estimation of
LOD and LOQ. Thus, the statistic method was also optimized for ADAmon. The only
difference to the optimized IFXmon calculation of LOD and LOQ is that instead of a
Lorentizian fit, a sum of two Gaussian fit was selected: Blank data for ADAmon, unlike
IFXmon, represented the entire bell-shaped frequency distribution (and not only one half
of it). Therefore, all blank data that were too low for interpolation, were assigned to the
mean of the distribution, representative of the estimated “true” blank. Consequently, the
distribution mean was artificially overrepresented and hence, the sum of two Gaussian fit

was a more adequate fit for the data.

LOD was 0.14 ugEq/mL, calculated as the 5 % « error of the blank distribution. n = 3 out
of the 49 blank values (6.1 %) were found above LOD, which confirms the exactitude of the
chosen distribution model given the sample size. LOQ was calculated as 0.30 pgEq/mL,
determined as meanpank + 6 SDplank- No blank value was detected above LOQ. LOD
and LOQ were validated by analyzing the repeatability of ADA calibrator serum eluates
and low-ADA patient serum eluates (see Figure [3.13B). Mean (and CV) for patient
sera W-TIFX-6a, W-IFX-6f and the 0.5 pg/mL ADA calibrator (cg5) were observed to be
0.217 pugEq/mL (33.1 %), 0.413 pgEq/mL (6.5 %) and 0.439 pgEq/mL (13.5 %). The
small CV of W-IFX-6f and cg 5 confirm that ADAmon comprises acceptable quantitative
precision at the determined LOQ.

3.2.5. Accuracy and precision

Accuracy and precision of ADAmon were determined for five different ADA calibrator
concentrations in three different analytic runs performed on three different days with

two different ADAmon sensor chips. Intra-assay and overall accuracy and precision were
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calculated, as previously described for IFXmon (see section (3.1.4)), and are listed in
Tables [3.4] and [3.5

ADAmon intra-assay accuracy and precision ranges were observed to be 84.3 — 128.8 %
(mean: 104.4 %) and 71.9 — 96.1 % (84.9 %), respectively. Overall accuracy and precision
ranged from 99.9 — 109.6 % (105.3 %) and 73.0 — 88.9 % (83.7 %). Intra-assay performance
was therefore minimally higher as compared to overall performance. In Figure(3.14] assay
linearity is depicted as a plot of overall accuracy and precision data. Up to approximately
2 pg/mL nominal ADA concentration, the narrow 95 % confidence band includes the line
of identity. Above 2 pg/mL nominal ADA concentration, the ADA concentration was
slightly overestimated. It should be mentioned that only two (1.6 %) of all ADAmon-
analyzed patient sera had ADA concentrations higher than 2 pg/mL. Thus, overall assay
linearity was deemed acceptable. In summary, these data validate the determined LOD
and LOQ for ADAmon.

Table 3.4.: Intra-assay accuracy and precision of ADAmon.

c(ADA) Mean interpolated c(ADA) + SD CV range, A range, P range,
Run =1 2 3 Y% Y% %

0.25 0.305 £+ 0.051 0.211 £ 0.052 0.322 £ 0.091 16.7 — 28.1 84.3 — 128.8 71.9 - 83.3

0.50 0.514 £ 0.096 0.500 £ 0.039 0.511 £ 0.020 3.9 - 18.7 99.9 — 102.7 81.3 — 96.1

1.0 1.01 £ 0.07 0.94 £+ 0.07 1.04 £ 0.23 6.6 — 21.7 94.1 — 104.2 78.3 — 93.4

2.5 2.27 4+ 0.05 2.99 £+ 0.18 2.86 £+ 0.49 2.2 -17.0 90.9 — 119.6 83.0 — 97.8

5.0 4.92 + 0.63 5.12 +£ 0.73 6.04 + 0.72 11.9 - 14.3 98.3 — 120.7 85.7 — 88.1

Here, ADA refers to ADA calibrator. All ADA calibrator concentrations are given in pg/mL.
Precision is indicated as 100 % - CV. Precision and accuracy were both calculated from n = 3

replicates. A, accuracy; P, precision. Adapted from 22

Table 3.5.: Overall accuracy and precision of ADAmon.

c(ADA) Interpolated c(ADA) Mean + SD Ccv, A, P,
Run = 1 2 3 % % %

0.25 0.321 0.346 0.248 0.271 0.178 0.183 0.386 0.258 NA 0.274 £ 0.074 27.0 109.6 73.0
0.50 0.412 0.526 0.603 0.485 0.470 0.544 0.497 0.525 NA 0.508 £+ 0.056 11.1 101.6 88.9
1.0 1.09 0.99 0.97 0.87 0.94 1.02 0.88 1.30 0.94 1.00 £+ 0.13 13.2 99.9 86.8
2.5 2.21 2.30 2.30 2.85 3.19 2.94 2.41 3.37 2.81 2.71 £+ 0.42 15.6 108.3 84.4
5.0 4.22 5.07 5.45 4.29 5.68 5.38 6.67 5.26 6.19 5.36 + 0.79 14.8 107.1 85.2

Here, ADA refers to ADA calibrator. All ADA calibrator concentrations are given in pg/mL.

Precision is indicated as 100 % - CV. A, accuracy; P, precision. Adapted from (322,

For comparison, accuracy and precision of the CE-marked IDKmonitor Infliximab total
ADA ELISA are given as reported by Immundiagnostik B37: Accuracy was determined for
four different samples with known ADA concentration as 80.01 — 118.18 % recovery. Inter-
assay precision calculated from three different samples with known ADA concentrations
(9.49 — 62.15 AU/mL) was 6.1 — 9.2 % CV (mean: 8.0 %). Compared to ELISA inter-assay
performance, overall ADAmon trueness was better, while ADAmon precision was slightly
lower. ADAmon accuracy and precision were also slightly lower than for IFXmon. This
was, however, expected due to the more extensive sample processing during the ADAmon

assay.
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Figure 3.14.: ADAmon assay linearity. Assay linearity for overall accuracy and preci-
sion data (see Table Shown are means of all n = 8 or n = 9 replicate analyses with
SD, linear regression (solid teal line), 95 % confidence band (light teal) and line of identity
(dashed black line).

3.2.6. DissR validation

Beyond mere ADA quantification, a strategy was established to characterize the binding
stability of patient-individual ADA. A graphical explanation how DissR was calculated
and exemplary sensorgrams representative of different DissR values are depicted in Figure
[3.15/A+B. Ideally, DissR is independent of ADA concentration and serum matrix effects.
However, in practice, DissR may be falsified, e.g., by co-purified impurities in ADA eluates.

Therefore, DissR was validated with respect to these confounding factors.
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Figure 3.15.: DissR calculation principle. (A) Exemplary ADAmon Fc2 sensorgram
for ADA pulldown eluates. DissR is the quotient of Dissearly and Dissjate, which represent
binding signals early and late in the ADA dissociation phase. (B) Dissociation phase close-
up. DissR for the ADA calibrator eluate and patient serum eluate were 1.003 and 1.043,
respectively. Adapted from 822

With respect to concentration independence, a smaller DissR, variability for higher ADA
concentrations was observed (see Figure ) CV, however, was overall very small
(consistently below 1 %), as visible for result group a in Figure [3.16/A. Compared
with DissR variability of different ADA-positive sera (Figure , result group c),
concentration-dependent variability was negligible. Also, serum matrix-dependent differ-
ences in DissR (Figure , result group b) were negligible as compared to the range
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of ADA-positive patient sera. Overall, these results confirmed independence of DissR

from ADA concentration and absence of significant serum-individual matrix effects on
DissR.
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Figure 3.16.: Validation of DissR. (A) DissR was calculated for n = 5 technical repli-
cates of variable ADA calibrator concentrations spiked in blank serum matrix (a). DissR
for n = 5 different healthy control sera spiked with 2.0 pg/mL ADA calibrator (b). DissR
for n = 6 sera from ADA-positive patients (by ADAmon and ELISA, ¢). **** p < 0.0001;
** p = 0.0043. The table summarizes the repeatability for a and b. (B) Comparison of
DissR with kg values for n = 6 patient sera: The three sera with minimum and the three
sera with maximum DissR were selected for this analysis. kg was calculated utilizing the
open source online tool Anabel. Adapted from 222

In the presented work, DissR is favored over classical kinetic analysis due to the reasons
given in section Nevertheless, a test calculation was performed to learn about
the relationship between DissR and kg and hence about the comparability of DissR with
classical kinetic data in literature. kq was calculated using the open-source tool Anabel,
which however only offers 1:1 binding models (see Figure ) Six exemplary sensor-
grams from patient sera were analyzed: Three sera with minimum and three sera with
maximum observed DissR values. The sera with minimum DissR clustered at lower kq
compared to the sera with maximum DissR. However, there were discrepancies in trend
within the low-DissR and high-DissR clusters. These discrepancies might be attributable
to differences in goodness of the individual kinetic model fits. In conclusion, these data

can be considered as first hints that kg correlates with DissR.
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3.2.7. Patient study and method comparison with ELISA
3.2.7.1. Harmonization of ELISA data with ADAmon

As described in section ELISA data were re-calculated applying a post hoc calibra-
tion with the same ADA calibrator used in ADAmon. This procedure generated ELISA
data in the same units as ADAmon data and created a meaningful base for quantita-
tive comparison of ELISA and ADAmon data. ELISA analyses of six different ADA
calibrator-spiked sera (0, 0.015, 0.050, 0.15, 0.50, 1.5 pg/mL) served as data points to
fit the hyperbolic calibration curve shown in Figure (R? = 0.999). Initially, two
higher concentrations were additionally analyzed (Figure ) These were excluded
from the final calibration curve, since a high-dose Hook effect was observed for ADA cal-
ibrator concentrations above 0.5 pg/mL (1027.3 AU/mL). These results confirmed assay
performance data provided by Immundiagnostik, which state absence of a high-dose Hook
effect below 981 AU/mL B37  As quality control, a patient serum (MRI-IFX-35¢) was
re-analyzed by ELISA in addition to the ADA calibrator sera. The difference between
first (226.7 AU/mL) and second analysis (257.7 AU/mL) amounted to 13.7 %. Given one
freeze-thaw cycle between the measurement repetitions, this difference can be considered

acceptable. Furthermore, it suggests that the post hoc calibration is valid.
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Figure 3.17.: Calibration curve for harmonization of ADAmon and ELISA re-
sults. (A) Eight different ADA calibrator-spiked sera (0, 0.015, 0.050, 0.15, 0.50, 1.5, 5.0,
15 pg/mL) were analyzed by ELISA. The two calibrators with highest ADA concentrations,
which were excluded from the final curve fit, are depicted as clear symbols. (B) Calibration
curve for re-calculation of ELISA results. The 95 % confidence band of the hyperbolic fit is
depicted in light blue. Adapted from B22

3.2.7.2. Method comparison between ADAmon and ELISA

129 sera from 44 IBD patients were analyzed by ADAmon in unicates (see Figure .
The ADAmon patient cohort is characterized in Table The cohort was relatively
young with a higher proportion of male subjects (65.9 %). With 63.6 %, more CD patients
than UC patients were represented in the collective. 4.4 % of patients received Remicade®,
8.9 % Remsima®, 20.0 % Inflectra® and for 66.7 % of patients, the administered drug was
unknown. The median frequency of TDM visits was 5.5 weeks. For 22.7 % of patients,
LOR to IFX therapy was observed.
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Table 3.6.: ADAmon patient cohort characteristics.

Characteristic Summary statistics
n (%) 44 (100.0)
Sex, n (%)

Female 15 (34.1)
Male 20 (65.9)
Age, years, median (IQR)* 37 (28 - 51)

Diagnose, n (%)
CD 28 (63.6)
uC 16 (36.4)
Medication, n (%)
Remicade® 2 (44)
Remsima® 4 (8.9)
Inflectra® 9  (20.0)
Unknown 30 (66.7)
Number of TDM visits, median (IQR) 1.0 (1.0 -5.0)
TDM visit interval, weeks, median (IQR) 5.5 (2.8 -7.0)

Confirmed LOR, n (%) 10 (22.7)

*Patient’s age at first included TDM visit. **Calculated from 20 patients, from whom sera of > 2
327)

TDM visits were available. IQR, interquartile range. Adapted from |

Quantitative method comparison between ADAmon and ELISA was performed with n =
127 sera from n = 43 IBD patients. Re-calculated ELISA results (see section
were included for this and all following quantitative analyses. Applying simple linear
regression resulted in poor correlation of ADA concentrations between the two methods
(see Figure ; R? = 0.267, p < 0.0001). Of note, despite ELISA results were cali-
brated with the same ADA calibrator as ADAmon, absolute ADA concentrations exhibited
extreme differences. ADA quantities determined by ELISA were consistently lower (by
a factor of 3 — 1557; median: 36.5, IQR: 12.5 — 84) as compared to ADAmon results.
As shown in Figure ADA detection concordance between the two methods was
relatively good (n = 89, 69.6 %). However, more sera were observed, in which ADA
were exclusively detected by ELISA (n = 26, 20.3 %), as compared to sera with exclu-
sive ADAmon-positive status (n = 13, 10.1 %). The respectively applied IFX drug had
no influence on ADA quantification by ADAmon, as demonstrated by Figure [3.19A. It
should be mentioned that only two patients in the ADAmon cohort received the originator
preparate Remicade®. The observation that Remicade-treated sera were ADA-negative is
attributed to insufficient patient count and not to higher immunogenicity of IFX biosimi-
lars, since the safety (including immunogenicity) of IFX biosimilars has been demonstrated

to be indifferent from Remicade® B33,
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Figure 3.18.: ADA quantification comparison between ADAmon and ELISA. (A)
Linear method comparison regression with n = 127 ADA quantification results obtained by
ADAmon and ELISA from n = 43 patients. 95 % confidence band is depicted as light blue
shading. Two sera were excluded (one outlier and one missing ELISA result). (B) ADA

detection by ADAmon and ELISA in n = 128 sera. One serum was exluded (missing ELISA
result). Adapted from 822l
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Figure 3.19.: Evaluation of ADAmon analysis depending on applied IFX drug.
(A) ADA concentrations of individual sera grouped by applied IFX drug. (B) DissR of

individual sera grouped by applied IFX drug. Rec, Remicade®; Rs, Remsima®; I, Inflectra®;
?, applied drug unknown.

In order to investigate whether analytic drug tolerance does also apply to authentic ADA
in patient sera, and not only artificially spiked ADA calibrator sera, the patient data were
grouped by subtherapeutic, therapeutic and supratherapeutic IFX concentrations. Figure
[3.20/A+B demonstrates that presence of free serum IFX does not impair the capacity to
detect ADA neither for ADAmon nor ELISA. As expected, ADA were detected in least

sera with supratherapeutic IFX, since high IFX levels are correlated with reduced IFX
immunogenicity (235339340
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Figure 3.20.: Validation of ADAmon analytic drug tolerance with patient sera.
(A) ELISA results grouped by IFX concentration determined by ELISA (n = 126). (B)
ADAmon results grouped by IFX concentration determined by ELISA (n = 125). Three
sera were excluded: Two due to missing ELISA results for either IFX or ADA concentration
and one serum was an outlier. Adapted from 3221,

3.2.7.3. Diagnostic implications of DissR

Median DissR in all ADAmon-positive sera was 1.835, ranging from 1.088 — 3.458. The
relationship between ADA quantification and DissR was investigated, as a correlation
could represent a hint that (i) ADA quantification is biased by ADA binding stability
and/or (ii) the abundance of ADA depends on their binding properties. Answering these
hypotheses delivers new information on ADA immunoassay analytics and ADA pathophys-

iology. The results of this investigation are shown in Figure grouped by method
and DissR.

A B
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ELISA vs. DissR, linear regression ADAmon vs. DissR, linear regression
n R? p Line equation n R? p Line equation
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Figure 3.21.: Regression of ADA concentration with DissR. As DissR can only be
determined for ADAmon-positive sera, the presented analysis was restricted to n = 54 sera.
(A) Regression of ELISA results with DissR (n = 53 due to lacking ELISA result for one
serum). (B) Regression of ADAmon results with DissR (n = 54). Symbol color and shape
indicate low (teal circles) or high DissR (dark blue squares), which are separated by the
overall median DissR, (1.835). Adapted from 522,
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The strongest association was found for ELISA quantification in the low DissR group (see
Figure ; R? = 0.581, p < 0.0001), while the corresponding association between
ADAmon and DissR was less strong (see Figure ; R? = 0.292, p < 0.004). The
linear regression fits for the high DissR group comprised non-significant p values for both
methods. Additionally, DissR was compared between positive and negative ADA status,
as determined by ELISA (see Figure . Sera, in which ADA were exclusively detected
by ADAmon, had a higher median DissR (2.117), as compared to sera, in which ADA were
detected by both methods (1.758, p = 0.052). These results suggest that in contrast to
ADAmon, ELISA is less capable of assessing fast-dissociating ADA.

Especially interesting insights were gained by investigating the temporal evolution of DissR,
in individual patients (see Figure ), which has never been analyzed before. The
median time interval between the ADAmon-positive TDM visits was 14.8 weeks (range:
4.9 — 96.1 weeks). The data demonstrate that DissR - and therefore, ADA binding stabil-
ity - was very constant over time for most patients. Three patients, however, exhibited a
clear change in DissR and interestingly, two of these patients experienced LOR. In general,
patients with confirmed LOR tended to have lower DissR and higher ADA concentrations
as compared to patients in remission. As therapy outcome was not known for all patients,
other prognostic markers for IFX therapy outcome were evaluated. Subtherapeutic IFX,
i.e., concentrations below 0.6 pg/mL with the IDKmonitor ELISA, are well-known to in-
dicate increased risk for LORB4342 - Thys, the relationship between IFX concentration
and DissR was investigated (see Figure ) At earlier TDM visits, it is possible to
measure high IFX concentrations, even if the patient experiences (secondary) LOR later.
Since DissR was observed to be mostly timely stable, only the respectively last collected
TDM serum was considered in the analysis schown in Figure [3.23B. With this data se-
lection, the IFX concentration data represent a better reflection of the respective therapy
outcome, since it considers possible changes of responsiveness to IFX therapy throughout
the observation time. (Final) DissR tended to be lower for low IFX and additionally clus-
tered for the different therapy outcomes. IFX-independent comparison of DissR between
therapy outcomes showed significant differences, as depicted in Figure [3.23]C+D: LOR
patients had significantly lower DissR as compared to patients in remission (p = 0.0053
for all, p = 0.0055 for over-representation-corrected sera, respectively). With help of ROC
analysis, a DissR cut-off indicative of undetectable IFX was determined: DissR < 1.524
indicated IFX < 0.6 pg/mL with 71.4 % sensitivity and 88.9 % specificity (AUC = 0.825,

see Figure 3.23E).
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Figure 3.22.: DissR of ADAmon-positive sera grouped by ELISA result. n =
13 sera were ADAmon-only positive, while 40 sera were classified ADA-positive by both
ADAmon and ELISA. Symbol color and shape indicate low (teal circles) or high DissR

(dark blue squares), which are separated by the overall median DissR (1.835). Adapted
from 822
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Figure 3.23.: Evaluation of the association between DissR and IFX therapy
outcome. (A) Temporal evolution of DissR. Shown are TDM results (ADA concentrations
determined by ADAmon, DissR, therapy outcome) of all patients (n = 14), which had n > 2
ADAmon-positive sera. Symbol colors represent the number of the respective TDM visit
in chronologic order. Median DissR and DissR range are indicated by black bars. (B)
Relationship between IFX concentrations and DissR for n = 52 sera from n = 26 different
patients. Here, only ELISA results for IFX were considered. The over-representation of
patients with multiple available DissR results was corrected to provide a less biased analysis:
To do so, only the respectively last available serum of each patient is shown as filled symbol.
DissR from the serum collected at the latest available TDM visit was selected in order to
obtain a better reflection of therapy outcome. Importantly, the high-IFX serum from LOR
patient MRI-IFX-26 was mistakenly collected three weeks after the prior IFX infusion and
is hence no true trough concentration. (C) DissR grouped by therapy outcome for all n =
52 sera (**, p = 0.0086). (D) DissR grouped by therapy outcome restricted to the n = 26
over-representation-corrected sera (**, p = 0.0014). (E) ROC analysis of all n = 52 sera
with respect to undetectable IFX concentration (< 0.6 ng/mL). DissR cut-off at maximum
Youdlen JIndexz 1.524; sensitivity: 71.4 %; specificity: 88.9 %; AUC = 0.825. Adapted
from 8221
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Figure 3.24.: Temporal evolution of IFX and ADA concentrations in patient
W-IFX-21. (A) IFX concentrations determined by ELISA (dark blue squares) and ADA
concentrations determined by ADAmon (circles; teal, ADA > LOQ; gray, ADA < LOQ).
(B) IFX concentrations determined by ELISA (dark blue squares) and ADA concentrations
determined by ELISA (circles; teal, ADA > LOQ; gray, ADA < LOQ). Adapted from 8221,

The utility of the reference flow channel Fcl in the Biacore X100 instrument is not re-
stricted to signal referencing. As it serves to assess non-specific binding, it can be exploited
to detect implausibly high unspecific binding, which may indicate that the sample mate-
rial is inadequate (e.g., due to pre-analytic errors). For this means, all analytic runs were
re-evaluated, during which the n = 26 ADAmon-negative and ELISA positive sera were
measured (see Figure [3.18B). For each run, mean and SD of relative binding to Fcl were
calculated for all pulldown eluates other than the samples in question (data not shown).
Two sera were classified as critically odd, as they comprised relative Fcl binding that
deviated by > 3 SD from the respective run mean: For W-IFX-21b and MRI-IFX-17, the

relative Fcl binding differences from run mean were 3.07 and 3.24 SD, respectively.

The TDM data time course of patient W-IFX-21 was exploited for a preliminary valida-
tion of the Fcl-based plausibility testing strategy (see Figure +B): The second
serum (collected 5 weeks after the first serum) was the serum classified as odd, due to
its extremely high Fcl binding. By ELISA, this serum was ADA-positive, while in ADA-
mon, the excessive Fcl binding led to an overall negative Fc2-Fcl binding below LOQ.
Importantly, ELISA does not comprise a similar sample-individual negative control as
the reference channel in SPR. Thereby, inadequate sample material with excessive non-
specific binding will remain unrecognized in ELISA and lead to false-positive results. The
fact that antagonistic IFX and ADA levels was observed for ADAmon, but not ELISA in
patient W-IFX-21, may provide first hints that the ELISA results are less plausible for
this patient. Additionally, the fifth serum (collected 20 weeks after the first serum) was
observed to contain high-DissR ADA (DissR = 2.721) by ADAmon, while no ADA were

detected by ELISA. This result supports our observations that fast-dissociating ADA are
more likely missed by ELISA.
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3.3. ADA epitope mapping

ADA epitope characterization was performed with the ADAmon-derived biosensor ADA-
mon-EpiM, which carried IFX F(ab’)s fragments on Fc2. Only ADA that bind at or close
by the IFX paratope can be assessed. By this means, the ADA assessed by ADAmon-EpiM
are highly likely to be of IF X-neutralizing nature, i.e., interfere with IFX function by block-
ing its TNF binding site. IFX F(ab’)s fragments were generated with in-house-expressed
IdeS protease. The donated plasmid coded for the TrxA-IdeS fusion protein, such that
removal of the TrxA tag was required prior to employing IdeS for IFX digestion.

3.3.1. Yield, purity and activity of in-house-expressed IdeS

The sampling time row of IdeS expression culture showed a high level of TrxA-IdeS over-
expression that was continuously increasing over 6 h until the expression culture was
harvested (see Figure ) Even before expression induction, a band at the expected
MW (nominal MW 49.4 kDa, apparent MW 40 kDa) was observed, indicating a leaky
promoter. IMAC-FPLC purification of expression culture lysate SN pool was observed
to have highest TrxA-IdeS content in the manually collected fractions M3 and M4 (see
Figure —|—C). To increase yield, additional fractions expected to contain TrxA-IdeS
were pooled. As shown in Figure [3.25[D, TEV protease digestion of TrxA-IdeS fusion
protein was complete after 60 min. Of note, TEV protease and IdeS bands overlapped
on the SDS gels due to similar MW (TEV protease apparent MW according to manu-
facturer: 28 kDa; untagged IdeS: 35.2 kDa). Re-purification of untagged IdeS from the
TEV protease digestion batch via IMAC-FPLC yielded highest IdeS content in fractions
M2 and M4, which were pooled (V &~ 2.5 mL). Fraction M5 supposedly contained TEV
protease-IdeS complexes that were dissociated by SDS-PAGE sample preparation and was
therefore discarded (see Figure [3.25D+E). The protein concentration in the fraction
pool was determined as ~ 2.0 mg/mL by NanoDrop (IdeS molar extinction coefficient =
49390 L/(mol cm)). In view of the high protein purity observed in SDS-PAGE, it can be
concluded that 5.0 mg of untagged IdeS protein were obtained from the 800 mL TrxA-IdeS

expression culture.

Results of the subsequent function test with purified IdeS protease are depicted in Figure
As expected, IdeS exhibited high proteolytic activity towards both polyclonal IgG
and IFX. The reaction was observed to be very efficient and fast, since 1 pg IdeS dilution

led to complete digestion of 200 pug substrate within 15 — 30 min.
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Figure 3.25.: Expression and purification of IdeS. (A) Test expression analysis by
SDS-PAGE. (B) FPLC chromatogram of IdeS purification via IMAC. M fractions were col-
lected manually, while F fractions were collected with the automated fraction collector. Gray
shading marks the entire collected fractions without indication of single fractions. More rel-
evant collected fractions are shaded in light blue with teal lines indicating single fractions.
All fractions pooled for subsequent TEV protease digestion are marked by brackets. (C)
SDS-PAGE analysis of collected FPLC fractions. B, buffer B; L, cell lysate; SN, supernatant
(of pelleted lysate). (D) SDS-PAGE analyses of TEV protease digestion success (left) and
FPLC re-purification of TEV protease-digested IdeS via IMAC. (E) FPLC chromatogram of
IdeS re-purification via IMAC. M fractions were collected manually, while F fractions were
collected with the automated fraction collector. Gray shading marks the entire collected
fractions without indication of single fractions. More relevant collected fractions are shaded
in light blue with teal lines indicating single fractions. All fractions pooled for subsequent
TEV protease digestion are marked by brackets. All shown SDS-PAGE analyses employed
reduced samples.
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Figure 3.26.: Investigation of IdeS activity. Activity of purified IdeS was tested by
sampling the digestion mix at the indicated time points after reaction start and analysis
via non-reducing SDS-PAGE. Either a mix of purified IgG or IFX served as substrate

(m = 200 pg). Diges, IdeS dilution; spl., sample.
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3.3.2. Generation and purification of IFX F(ab’), fragments

For preparation of the ADAmon-EpiM biosensor, 700 pg of Remicade® were digested
by IdeS and the reaction batch (V = 350 pL) was purified via SEC-FPLC (see Figure
3.27/A). SDS-PAGE analysis of SEC fractions under reducing and non-reducing conditions
(see Figure [3.27B) showed that fractions F10 — F15 contained IFX F(ab’)s fragments,
while fractions F16 — F19 contained predominantly IFX Fc/2 fragments. Of note, IFX
F(ab’)2 bands were observed at higher apparent MW than expected (observed MW: 130 —
180 kDa, expected MW: 100 kDa). Fractions F10 — F14 were pooled (V = 2.5 mL). After
concentration and dialysis against PBS (V ~ 600 uL), IFX F(ab’)y concentration was
determined via Bradford assay as 717 ug/mL. Considering that the IFX F(ab’)y fragment
comprises two thirds of the Remicade® MW, the purification yield was determined to be

nearly complete (= 92 %).
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Figure 3.27.: Purification of IFX F(ab’);via SEC-FPLC. (A) FPLC chromatogram
of IFX F(ab’)s purification via SEC. Gray shading marks the entire volume range, within
which 0.5 mL fractions were collected. More relevant collected fractions are shaded in light
blue. Teal lines marking the respective first fraction in the indicated volume range. (B)
SDS-PAGE analysis of collected FPLC fractions. Spl., sample.
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Figure 3.28.: ADAmon-EpiM validation with patient sera. (A) Comparison of
ADAmon results with ADAmon-EpiM results for n = 9 patient sera. (B) Comparison of
normalized ADA concentrations for ELISA and ADAmon-EpiM results for n = 9 patient
sera. HC, healthy control serum. LOQ for the respective methods is marked by black
dashed lines. As ADAmon-EpiM LOQ has not been determined, it was assumed to equal
ADAmon LOQ.

3.3.3. ADA epitope mapping via the ADAmon-EpiM biosensor

In order to test its functionality, n = 9 patient sera were analyzed with the ADAmon-
EpiM biosensor and the obtained data were compared with both ADAmon (see Figure
3.28/A) and ELISA (see Figure ) results. The n = 3 healthy control sera were
exclusively analyzed with the two SPR biosensors, but not ELISA, whereby no ADA were
detected. n = 3 patient sera (MRI-IFX-4, MRI-IFX-15b, MRI-IFX-23) were classified as
ADA-positive by both ADAmon and ELISA. n = 2 sera (W-IFX-5g, W-IFX-5h; both in
remission) were A<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>