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Abstract

The introduction of monoclonal antibodies (mAbs) to the treatment of inflammatory bowel disease
(IBD) was an important medical milestone. MAbs have been demonstrated as safe and efficacious
treatments of IBD. However, a large percentage of patients either fail to respond initially or

lose response to therapy after a period of treatment. Although there are factors associated with
poor treatment outcomes in IBD, one cause for treatment failure may be low mAb exposure.
Consequently, gastroenterologists have begun using therapeutic drug monitoring (TDM) to guide
dose adjustment. However, while beneficial, TDM does not provide sufficient information to
effectively adjust doses. The pharmacokinetics (PK) and pharmacodynamics (PD) of mAbs are
complex, with numerous factors impacting on mAb PK and PD. The concept of dashboard-
guided dosing based on Bayesian PK models allows physicians to combine TDM with factors
influencing mAb PK to individualize therapy more effectively. One issue with TDM has been

the slow turnaround of assay results, either necessitating an additional clinic visit for a sample

or reacting to TDM results at a subsequent, rather than the current, dose. New point-of-care
(POC) assays for mAbs are being developed that would potentially allow physicians to determine
drug concentration quickly. However, work remains to understand how to determine what target
exposure is needed for an individual patient, and whether the combination of POC assays and
dashboards presents a safe approach with substantial outcome benefit over the current standard of
care.
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INTRODUCTION TO INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease (IBD) includes two types of auto-immune disorders that cause
prolonged inflammation of the digestive tract: ulcerative colitis (UC) and Crohn’s disease
(CD). One difference between these two types of IBD is the location of inflammation. In
CD, inflammation can occur throughout the entire gastrointestinal tract, from mouth to anus.
In UC, the colon and rectum are primarily affected. Although CD and UC are different
diseases, differentiation based on the clinical picture can be difficult. Both UC and CD may
present with abdominal pain, diarrhea, rectal blood loss, weight loss, vomiting, or signs

of anemia. Diagnosis is usually made based on endoscopic evaluation and biopsies taken

for histopathological assessment. Not only are the locations of these two diseases different,
associated complications also differ. CD can be characterized by late complications such as a
stenosing and/or penetrating phenotype which can result in fibrostenotic strictures, (perianal)
fistula, or abscesses; UC does not have late complications. Although the exact etiology

is unknown, IBD is likely caused by a combination of genetic and environmental factors
leading to an immunological response and intestinal inflammation (1,2). Historically, the
goal of IBD treatment was to relieve symptoms; it has now shifted to the achievement of
mucosal healing.

INFLAMMATORY BOWEL DISEASE TREATMENT OPTIONS

In 1998, approval of the first monoclonal antibody (mAb), infliximab (IFX), for CD,
provided an exciting new treatment option. Since then, multiple mAbs with diverse
mechanisms of action have been marketed for IBD. Currently available drugs for treatment
of IBD include chemical agents such as steroids, immunomodulators, Janus kinase

(JAK) inhibitors, and mAbs such as the anti-integrins, anti-interleukin-12/23p40, and anti-
TNF agents (3,4). Clinical development programs of IBD treatments generally follow a
stepwise approach, beginning with initial evaluations of safety and tolerability, followed by
evaluations of dose—/exposure-response (E-R) in small clinical studies, then phase 3 clinical
trials that provide evidence of clinical efficacy and safety in the target patient population.
Currently, most evidence about clinical and endoscopic outcomes is derived from clinical
trials with mAbs.

Current Recommended Dose Regimen for Inflammatory Bowel Diseases

The treatment paradigm for CD and UC involves two regimens: (1) initial treatment period
(induction) and (2) second regimen (maintenance), which are supported by evaluations
during clinical development programs. Maintenance regimens are typically less intensive
either in the dose or frequency than for induction (Table I). Knowledge about mAb drugs for
IBD continues to grow beyond data that supported regulatory approval, including collective
experience from clinical use and post-marketing clinical trials. The learning continuum has
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influenced the philosophy and practice in IBD treatment, including active discussions of
individualized dosing for biological drugs.

MAb Pharmacokinetic Variation in IBD

MADbs generally exhibit complex pharmacokinetic (PK) behavior, whereby disposition
involves neonatal-Fc receptor (FcRn)-antibody binding, which can be influenced by

FcRn genetic polymorphism. Recently, the VNTR2/3 genotype in the FCRn gene was
shown to be associated with lower mAb exposure during induction in IBD patients

(5,6). Intracellular catabolism, extracellular degradation (proteolysis), receptor-mediated
and fluid-phase endocytosis of the mAb, target-mediated drug disposition, and /n vivo post-
translational modifications (PTM), such as deamidation (7—10) and nonenzymatic glycation
(11), contribute to variability. High glycation is associated with diabetes, which was shown
to result in a 28.7% increase in ustekinumab clearance (12); hyperglycemia was shown

to increase IFX clearance up to 15% (13). Whether and how PTM differ across patients
remain poorly understood; however, it may result in loss of mAb activity prior to clearance
(14,15). In addition, mAbs with multimeric soluble targets can form immune complexes
and be rapidly cleared via phagocytosis (7). Numerous other factors contribute to between-
patient PK variability. These factors include patient demographics such as body size, serum
albumin concentration, C-reactive protein (CRP), formation of anti-drug antibodies (ADAS),
endogenous 1gG concentration, expression/turnover of antibody target, mAb saturation of
target, and drug—drug interactions. Many mAbs and biologics including certolizumab pegol
(16-18), which is indicated only for CD, and golimumab (19,20), which is indicated only for
UC, reported the same factors as influencing PK and showed that observed variability can
negatively impact patient outcomes.

Pediatric patients present unique issues, given both growth and maturation effects (21) and
the fact that diseases can present in a more aggressive form in pediatric patients than adults
(22) suggesting potential etiologic differences from adult disease (23). Other disease-specific
routes of clearance such as protein-losing enteropathy (24-27) can play an important role, as
discussed later. Taken together, these factors contribute to high between-patient variability in
mAb PK in IBD patients.

Two mADbs often used for treatment of IBD are IFX and adalimumab (ADL), administered
intravenously and subcutaneously, respectively. Both anti-TNF agents have proven to be
successful in inducing and maintaining clinical and endoscopic remission (28-32). However,
a proportion of IBD patients do not respond to anti-TNF induction treatment (primary
non-responders) or lose response during maintenance treatment (secondary non-responders)
(33).

Individualized dosing for mAb drugs began to acquire clinical attention many years after
biological drugs had made a substantial, positive impact on patients with CD, UC, and other
disease conditions. Impetus to investigate dose individualization of mAb drugs stems from
findings of IBD trials and clinical practice. Some important common findings are as follows:

1. Only a portion of patients achieve the predefined treatment response at the end of
induction and continue into maintenance treatment.
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2. Only a fraction of patients who receive maintenance treatment achieve treatment
response.

3. Patients can lose treatment response after being in stable response for a period of
time.

Incomplete response to induction treatment may be attributable to inadequate exposure

or patient factors that preclude treatment response. Similarly, loss of response (LOR) to
maintenance treatment may be due to inadequate exposure in general or secondary treatment
failure due to immunogenicity against the mAb drug or non-immune-mediated processes.

Factors associated with primary non-response to anti-TNF agents are smoking, disease
duration of more than two years, small bowel disease, and underdosing during the induction
phase, presumably due to fecal loss. Brandse and colleagues demonstrated that IFX could
be measured in feces of patients with acute severe colitis starting with IFX induction
treatment (34). The highest fecal IFX concentrations were measured during the first few
days after starting treatment. A possible explanation for this phenomenon is protein-losing
enteropathy due to severe intestinal inflammation leading to a “leaky gut.” If IFX is lost via
the feces, IFX exposure following regular induction of 5 mg/kg at week 0, 2, and 6 may

be insufficient, necessitating higher anti-TNF doses or shorter dosing intervals. During IFX
maintenance (5 mg/kg every eight weeks), serum drug levels between 3 and 7 pug/ml are
considered therapeutic (35). However, during the IFX induction phase, higher serum drug
levels are needed (e.g., = 28 pg/ml during the first two weeks and = 15 pg/ml in week 2 to
6) (36,37). In some patients, for example, patients with an increased clearance of the drug,
higher IFX doses or shorter intervals may be needed to achieve these levels (38,39).

Development of Anti-drug Antibodies

Development of immunogenicity against the mAb is a key concern because of the

potential association with reduced systemic drug exposure and treatment effectiveness.
ADA formation, i.e., immunogenicity, can lead to secondary LOR in IBD patients (40-42).
While clinical concerns related to immunogenicity may be apparent today, it was not in
the prescribing information associated with the initial approval of IFX in 1998 (43). The
first mention of an association of immunogenicity with a reduced efficacy and increased
IFX clearance appeared in the prescribing information 6 years later (44). To prevent LOR
during maintenance treatment with mAb drugs, clinical research has led to new institutional
recommendations for dosing in IBD treatment. These efforts are well-documented in
publications (45-47), and encompass approved mAb drugs with diverse mechanisms of
action.

ADA can form complexes with the mAb, either neutralizating biologic effect and/or
accelerating clearance. Since immunogenicity is often accompanied by subtherapeutic
serum drug levels, maintaining adequate mAb concentrations is crucial in the treatment
with anti-TNF agents. Current strategies to reduce the immunogenicity include scheduled
instead of episodic treatment with anti-TNF agents and combination treatment with an
immunomodulator, such as methotrexate or a thiopurine. However, if ADA does occur

in patients treated with anti-TNF monotherapy, addition of immunomodulators during
treatment can be used to suppress ADA. Research in IBD patients showed that addition of
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immunomodulators to anti-TNF monotherapy in patients with LOR due to immunogenicity
led to increased serum drug levels, accompanied by ADA decrease to undetectable levels
(48-50). The exact mechanism behind this observation is unknown, but research in
rheumatoid arthritis patients treated with methotrexate demonstrated downregulation of
activating Fc-gamma receptors, which could be a direct effect of methotrexate on monocytes
potentially associated with the disease-modifying effect of methotrexate (51).

Maintaining Effective mAb Exposure—Introduction of Therapeutic Drug Monitoring

Potential subtherapeutic exposure is another key area of clinical investigations. Most IBD
trials evaluate efficacy and safety at one or two dose regimens, which produce a range of
systemic exposure as measured by the trough concentrations. In some trials, dose escalation
based on clinical response may be an option; however, trial design often hampers robust
evaluation of the benefit of dose escalation. Consequently, clinicians continue to investigate
various dosing paradigms to benefit as many patients as possible with existing medicines, a
quest universally applicable to chemical drugs and biological drugs. Literature reports have
revealed potential reasons for IBD treatment failure as shown in Table Il grouped by two
factors, systemic drug concentration and immunogenicity findings. These findings form the
basis to proposing alternative strategies for clinical management.

Research has indicated that dosing according to a “one size fits all” principle is no longer
optimal in IBD treatment. The observation that not all patients respond the same way to a
certain dosing regimen emphasizes the need for adequate, more personalized dosing using
therapeutic drug monitoring (TDM). There is a shift toward individualized dosing in which
TDM plays an important role and is increasingly utilized by gastroenterologists.

TDM is defined as measuring patient responses (e.g., drug concentrations, ADA,
biomarkers, or clinical outcomes) and adjusting the therapy (e.g., the dose amount or
frequency) accordingly, where ADA is relevant to mAbs for IBD treatment. This is
particularly true for treatment with mAbs and thiopurines, with the former agents exhibiting
highly variable clearance and the latter agents having a narrow therapeutic range. Patient
factors influencing the PK of a drug should also be taken into account. For example,
multiple analyses of IFX population PK data derived from IBD patients identified multiple
factors influencing the clearance of IFX; the presence of ADA, low serum albumin, high
serum CRP, and high body weight are the most important factors associated with increasing
clearance of anti-TNF agents (38,39), and these same factors also influence clearance of
other mAbs.

By incorporating these factors in a PK model and using Bayesian approaches, predictions
can be made to identify dose intervals to maintain a certain serum concentration. Since most
gastroenterologists are not used to working with model-based dosing, a tool for physicians
to apply TDM in the most optimal way is preferred. A dashboard system is an example of
such tool, increasingly used by physicians to individualize dosing of their patients (52,53).
With a PK model, incorporated patient factors, and a Bayesian approach, the dashboard
system utilizes the concentration data from the previous dose and calculates the exact
dosage a patient should receive and the exact date this dosage should be given to maintain

a certain drug concentration. To make this prediction as accurate as possible, frequent
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blood sampling throughout treatment is desirable, although not necessary (54,55). However,
care should be taken to ensure that the underlying structural model in the dashboard is
appropriate. Dubinsky ef al. compared dashboard-driven dosing with actual administered
dosing regimens in the standard-of-care setting (56). Serum drug level measurements were
derived from pediatric IBD patients using IFX at week 14 and 54 after start of therapy.
Dashboard-guided dosing after week 14 was compared to the actual administered IFX

dose and frequency given with standard care. In the majority of the cases, the dashboard-
recommended dose and/or interval changes instead of the regular dosing regimen. To
investigate the clinical benefit of dashboard-driven dosing in IBD patients treated with
mAbs, a prospective trial comparing the two dosing regimens should be performed.

Important Drivers for Individualized Dosing

The success of individualized dosing depends on many important factors, e.g., a predefined
clinical outcome, the desired systemic exposure (range) to achieve the predefined clinical
outcome, patient factors driving PK exposure, patient factors driving the treatment response
(including characteristics of patients who will not respond to treatment), immunogenicity,
and enabling technical tools. The latter covers those for measuring patient factors,
biomarkers, clinical outcomes, drug concentrations, and ADA, and for identifying patient
factors through PK modeling, PD modeling, or integrated PKPD modeling.

Desired treatment outcomes are defined by clinicians and reflected in clinical trials as
study endpoints, which may evolve over time with increasing knowledge of the disease
and the advancement of technology. For example, clinical response, clinical remission,
mucosal healing, and endoscopic remission are some of the endpoints used in IBD trials
in addition to exploratory biomarkers (57,58). While an effective treatment would achieve
the desired clinical outcomes in all treated patients, in reality, there are subgroups that

do not reach the desired effect despite achieving high systemic exposures for reasons that
are not well understood (59). Conversely, some patients may achieve the outcomes despite
having relatively low systemic exposure (59). Pediatric patients present an acute challenge
because of the scarcity of clinical data supporting drug usage and dosing in children, a
need recognized by regulatory agencies (60) and owing to the desire to maintain comparable
exposures in pediatric patients with adults based on the assumption of similar disease
progression and similar exposure-response between adult and pediatric patients.

To move beyond empirical experimentation, proactive identification of patient factors that
influence treatment response is very important as illustrated in Table 11 and is an area for
further research. In contrast, patient factors driving PK are much better studied owing to data
availability and application of PK modeling tools. The experience with use of dashboard
systems (56) for IFX dose optimization shows the potential utility of patient intrinsic factors
in PK-driven individualized dosing in IBD. Acute severe ulcerative colitis patients starting
induction treatment with IFX and patients on IFX maintenance treatment losing response
due to subtherapeutic drug levels will presumably benefit most from dosing based on serum
drug measurements as these patients have very high mAb clearance (61). Notably, some
mAb drugs are supplied with a fixed amount in prefilled syringes or autoinjectors for
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subcutaneous injection intended for self-administration, which may present a challenge to
fine-tuning doses for individual patients.

Defining Desired Systemic Exposure (Range)—Although defining the desired
systemic exposure is not among the preset objectives of confirmatory efficacy and safety
trials, these trials generally report steady-state trough concentrations at the recommended
dose in the intended patient population. Additional real-world data from post-marketing
experience, such as institutional investigations, can contribute to the body of knowledge to
inform the desired systemic exposure. However, uncertainties exist as to the suitability of
using the observed steady-state concentrations as the target concentration for individualized
dosing given that measures for desired outcome differ across various studies and may
differ from that expected in current clinical practice. As shown in the review of IBD
literature conducted by Papamichael et a/. (58), therapeutic concentrations vary with the
desired outcome or the predefined clinical endpoints as well as the timing of clinical
outcome assessment with respect to the treatment duration. Work to identify appropriate
concentrations for certolizumab pegol (16,17) and golimumab (19,20) has also been
published.

Several recent retrospective investigations on proactive dose optimization (52,56) were
published. Publications of institutional experience with IBD treatments have identified the
respective target drug concentrations for reactive dose optimization. For clinically managing
IBD patients each reporting institution naturally would rely on their own scientific findings.
To facilitate a broader application, the American Gastroenterology Association published

a paper with recommendations for reactive TDM (62). Although not all studies used the
same bioanalytical method to measure drug concentrations, independent reviewers from

the society have indicated that results from various assays appear to be generally in good
agreement (62,63) although a retrospective study showed that some assays do not have good
performance (54).

The importance of identifying appropriate drug exposure is highlighted by natalizumab,

a humanized IgG4x mAb initially approved in 2004 for multiple sclerosis (MS) and
approved in 2008 for the treatment of CD. It was subsequently withdrawn from the

market by its manufacturer after being linked with three cases of progressive multifocal
leukoencephalopathy (PML). PML is an often-fatal opportunistic brain infection caused by
the John Cunningham (JC) virus. Patients taking natalizumab are at risk of PML if they are
JC virus antibody positive (~ 55% of all patients). It is hypothesized that high concentrations
of natalizumab may affect immune cells’ ability to traffic to the brain and control the JC
virus (64,65). In MS patients, excessive dosing of natalizumab has been linked to increased
PML risk (66,67). In a recent study, extended-interval dosing (dosing every 5-12 weeks
instead of the standard 4-week dosing) decreased PML risk by 94% (67). Therefore, PML
risk can be mitigated by extended-interval dosing (but not changing the administered dose),
which effectively decreases the concentration of natalizumab.

Defining the Effect of Immunogenicity—Immunogenicity was shown to negatively
affect the systemic exposure and clinical outcomes; however, the role of ADA data in
clinical management of IBD patients is not well defined. The proportion of patients
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who achieved desired clinical outcome is smaller in ADA-positive patients as compared

to ADA-negative patients, and an ADA-positive finding has been associated with lower
systemic drug concentration (68—71). However, it has not been feasible to quantify

the effect of ADA at the subject level or at the population level, in part because the
immunogenicity data have been reported in a dichotomous manner, i.e., ADA positive and
ADA negative, as described above. In recent years, ADA data are increasingly reported with
titer values representing the intensity of the immunogenicity response. Currently, available
data generally suggest that higher ADA titers are associated with worse clinical measures,
such as reductions in systemic drug exposures, which generally precede exposure reduction
or LOR (72). However, identifying the ADA titer thresholds that are clinically relevant is
challenging because the characteristics (e.g., binding affinity, with or without neutralizing
capability, proportion of ADA mixture being neutralizing) and the kinetics of ADA (e.g.,
temporal change in intensity and characteristics) may vary in patients. Furthermore, the
diversity of assays used for measuring ADA titer across reported studies (some developed
by institutional laboratories, others by regional laboratory service providers) presents
challenges to the integration of literature reported data. Although the pursuit of quantifying
the effect of ADA on PK has resulted in limited success (73), the availability of ADA titer
data has fueled a new wave of investigations. From these studies, we will learn more about
the clinical utility of ADA titer data in dose individualization for IBD treatment.

It is worth noting that immune-mediated reduction in systemic exposures is one of several
possible mechanisms for LOR (62). Other processes not mediated by immunogenicity, e.g.,
disease flare-up, also can be associated with a reduction in drug concentrations. Among
patients who experienced immune-mediated reduction in systemic exposure, the timing of
measurement and the extent of exposure reduction can vary, with some patients showing no
measurable concentrations at all. The same variability in drug exposure reduction is seen
with the impact of disease flare. This variability can make dose adjustments difficult to
standardize in the case of either ADA or disease flares.

The use of TDM for IBD has several issues, including the influence of disease activity

on PK and the wide range of target trough values in the literature (74). TDM utility

for mAbs has been questioned, partly because of a lack of powered prospective studies
using TDM-based dosing as compared to standard of care (75). A large prospective trial
(69) showed TDM-based dosing maintained response although in all patients dosing was
optimized using TDM during the initial phase of this study. Even though TDM-based dosing
was not superior compared to clinically based dosing, significantly more patients in the
clinically based dosing group needed an intervention to treat a relapse. Likewise, more
undetectable trough levels and ADA were seen in this group. A small prospective study
(TAILORIX) investigated only dose increases in maintenance therapy over 1 year, but not
shortened dosing intervals, an important adjustment. The study design was not sufficient to
demonstrate an advantage of TDM (76) but suggested no benefit. Both trials only included
patients on IFX maintenance and had a follow-up of 1 year, which, given the annual rate of
LOR for IFX [10-20% (77)], might be too short to show real benefit.
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An important issue that should be addressed is the benefit from proactive TDM compared

to reactive TDM. A recent review of TDM (80) suggested that the true value of TDM may
be preemptive dose optimization to prevent LOR. A randomized controlled trial reported
that preemptive TDM-based dose optimization decreased the risk of LOR compared to
dosing of IFX based on symptoms and inflammatory biomarkers (35). Unfortunately, there
is insufficient evidence to draw robust conclusions. However, in a retrospective analysis of
IBD patients comparing proactive versus reactive monitoring of serum concentration of IFX,
proactive monitoring was associated with better clinical outcomes, including greater drug
durability, less need for IBD-related surgery or hospitalization, and lower risk of ADA or
serious infusion reactions (81).

Most IBD treatment regimens contain a higher-intensity dosing for induction followed by

a lower-intensity dosing for maintenance, indicating that achieving adequate serum drug
levels during induction is as important as during maintenance. Studies have illustrated that
trough concentrations during induction are higher than the trough concentrations during
maintenance (79). However, investigations into whether patients who do not respond to
conventional induction regimen of mAbs for IBD could benefit from dose individualization
have not been conducted. The strategy for dose individualization or preemptive TDM during
induction warrants further research. The anticipated challenges would include defining the
biomarkers to use and their baseline values for guiding the induction dose regimen.

Another area of interest is the economic impact of TDM. The study of Steenholdt ef a/.
showed substantially lower (34%) costs for those randomized to the TDM arm compared
to IFX dose intensification to 5 mg/kg every 4 weeks (€ 6038 vs € 9178, p< 0.001) in
IBD patients with secondary LOR (78). The economic superiority of TDM-based dosing
was maintained throughout 1 year. The TAXIT study (35) also found a slight economic
advantage to TDM-guided dosing. However, evaluating treatment costs is complex, for
example, the costs of additional drugs (steroids, immunosuppressants), laboratory tests,
hospitalization, and surgery should be considered.

For both ustekinumab and vedolizumab, there are currently insufficient data to support
routine use of TDM although data from the confirmatory efficacy and safety studies may
provide insights into the desired trough concentrations in IBD patients (82-85). Further
studies to elucidate the role of TDM in the treatment of these agents are needed. TDM utility
for mAbs has also been questioned due to slow assay turnaround, analytical deficiencies,
assay differences, and difficulties with interpreting results (86). Moreover, immunogenicity
response may differ across treated patients. As such, an overall TDM strategy that considers
patients’ immune responses in addition to drug concentration may be beneficial albeit it
would differ from traditional TDM for small molecule drugs which is largely based on drug
concentrations and aims at reducing the likelihood of adverse events.

TDM ASSAYS FOR PRECISION DOSING OF BIOLOGIC DRUGS

TDM Assays for Biologics

In IBD, multiple diagnostic companies offer TDM tests for IFX, due to the breadth
of published literature identifying specific drug concentration ranges for optimal patient
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outcomes (87-89). MAb TDM test results are then combined with other monitoring tests,
such as ADA, serum albumin, and CRP measurements, to adjust treatment to manage
disease flares and treatment failure (90).

There are currently no FDA-cleared TDM tests for any mAb. Marketed mAb TDM tests

in the USA are all laboratory-developed tests (LDTSs), and cover only a small portion of

the approved biologics (mostly those indicated to treat IBD). Most TDM LDTs utilize

a sandwich or bridging enzyme-linked immunosorbent assay (ELISA). In this format,
either a recombinant antigen or an anti-idiotype antibody is used as a capture reagent. A
recombinant antigen, anti-idiotype antibody, or anti-isotype antibody is used as a labeled
detection reagent. While tests for the same therapeutic mAbs are available from several
different diagnostic companies, there is a lack of standardization for the different assays
(91). Cell-based assays, mass spectrometry, and mobility shift assays for mAb TDM also
exist. In cell-based assays, the target molecule is expressed on a cell line by transfection,
and flow cytometry is used to measure binding of the desired mAb. This method has

been used for PK analysis of alemtuzumab (anti-CD52) (92). Cell-based assays, however,
are labor intensive, requiring specially trained personnel and expensive equipment. Liquid
chromatography-mass spectrometry (LC-MS), monoclonal Ig rapid accurate measurement
(miRAMM), and Orbitrap are different mass spectrometry techniques used to quantitate
mAb concentrations. These methods detect either tryptic peptides or intact light chains to
quantitate mAbs. In the former, digested mAbs must have peptide fragments that are unique
to the drug and not present in the polyclonal antibody background of serum (~ 10 mg/ml);
this poses a problem for some fully human mAbs, such as ADL. In the latter, the reliance on
intact light chains for detection and quantitation allows detection of fully human antibodies;
however, the assay may not be sensitive enough for low-concentration measurements,

such as trough concentration for some drugs (93). Currently, mass spectrometry-based
TDM LDTs for IFX and eculizumab are available (94,95). Finally, homogenous mobility
shift assays (HMSA) incorporate an acid dissociation step to separate serum—mAb/ADA
complexes and then utilize size-exclusion HPLC to quantify drug and ADA concentrations
independently. However, HMSA tests are expensive and require three days to generate
results. Concentration and ADA tests for IFX, ADL, vedolizumab, and ustekinumab are
available commercially (96,97). An LC/MS/MS method has also been recently developed
(98).

The current mAb TDM protocol involves two strategies: either the patient must have blood
drawn approximately 1-2 weeks before treatment to allow time for sample shipment and
running the assay, or the patient has a sample drawn at the clinic visit, and that data is
utilized at the subsequent visit. Taking a sample prior to a clinic visit requires an additional
medical appointment. Also, because the TDM measurement is not taken at trough, which
is when most publications established for target drug levels, translating the resulting TDM
measurement into dose adjustment is more difficult. In the second case, dose adjustments
or treatment changes would not be made until the patient’s next dose, generally 2-8 weeks
later, depending on the drug.
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Point-of-Care TDM Assays for Biologics

Point-of-care (POC) TDM may be particularly valuable in acute settings such as severe
ulcerative colitis. Such patients often clear mAb more rapidly due to drug loss through

the gut (protein-losing enteropathy) (99) and dose escalation is a common approach, as
discussed previously. POC TDM would provide real-time drug-level information to inform
the decision to dose escalate patients to achieve target drug levels, switch therapies, or
consider alternative treatment modalities such as surgery.

POC TDM is currently unavailable for mAb therapeutics in the USA. CE-marked tests for
IFX are commercially available in Europe (100,101). Both utilize a sandwich immunoassay
format. An anti-idiotype antibody is used for capture on the lateral flow membrane and
recombinant TNF-a conjugated to gold colloid as the detection reagent.

MAb TDM tests that utilize mimetope peptides as capture or detection reagents in ELISA
and lateral flow immunoassay (POC device) are also being developed. Peptides specific for
rituximab and alemtuzumab were originally described (102,103), and many others have been
developed. These peptides, which are referred to as Veritopes, are selected via phage display
against mAb targets (novel or biosimilar) or other proteins, such as receptor fusions. They
act as surrogate ligands, binding at the active sites of the antibodies. Veritopes are specific
for their target mAb and compatible with serum, plasma, and whole blood. Veritopes offer
several benefits over current reagents used in TDM, such as anti-idiotype antibodies and
recombinant proteins:

1. Veritope selection is rapid and does not require immunization of animals.
2. Veritopes are easily synthesized and inexpensive to produce.

3. Veritope peptides are easily modified by traditional methods (biotinylation,
acetylation, fluorescent labeling).

In contrast, recombinant protein expression is not always feasible and anti-idiotype antibody
identification is tedious and not always successful. Large-scale production of recombinant
proteins and anti-idiotype antibodies are also costly and stability may be an issue with the
former. Unlike cell-based assays, mass spectrometry, and HMSA, Veritopes are amendable
to multiple immunoassay formats that do not require highly trained users or expensive
equipment. Finally, Veritopes are surrogate ligands that only recognize active (unbound)
drug, unlike mass spectrometry, which quantitates all drugs (e.g., active and inactive) in the
sample.

Assays for Anti-drug Antibodies

Laboratory results for ADA are highly dependent on the assay used to measure ADA.
Historically, ADA assays are prone to interference by the presence of drug in samples

and sensitive assays only detect ADA in the presence of low amounts of drug (104).
However, recent technology advancement has overcome the limitation of drug interference
experienced by many previous ADA assays (105). Reported results from immunogenicity
assays increasingly include the intensity of ADA expressed as semi-quantitative titer values
or other units (106).
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CONCLUSIONS

MADbs such as IFX and ADL have proven to be effective in the treatment of auto-immune
diseases. However, a significant proportion of patients do not respond to induction treatment
or lose response during maintenance, presumably because of inadequate drug exposure.
TDM, with the use of dashboard systems, can contribute to adequate dosing by taking

into account specific patient factors influencing mAb clearance. Clinical trial data can
often illustrate the £~R relationship for mAbs, although this is more often when the data
come from a wide dose range and include data from numerous patients such as phase 3
studies. The £~R curves may suggest that a higher responder rate is associated with higher
exposure, (e.g., steady-state trough concentration), and steeper £~F curves may suggest
greater potential benefit with dose intensification. However, whether intensified dosing
regimens will lead to greater clinical efficacy with acceptable safety profiles remains to be
experimentally demonstrated because extrapolation of efficacy and safety is challenging.
Moreover, understanding patient factors that would drive the treatment response remains an
area for future research.

In summary, TDM is a growing part of the precision medicine approach. Evidence
supporting correlation of interpatient PK variation with treatment outcomes is extensive

and growing. As combination therapy use increases in the treatment of many diseases,

PK variability and factors influencing individual patient exposure are generally different
between drugs, and therefore, exposure to different drugs in a combination setting may
ultimately need to be addressed. While not currently available for all biologics, POC TDM is
warranted in certain circumstances and enables personalized, precision dosing. Most current
methods for TDM are not amenable for rapid POC testing, but alternative technologies are
being developed to make POC TDM reliable and practical for patients treated with biologic
therapies. An unmet clinical need exists to mitigate the risks of interpatient PK variability
among patients treated with mAbs.

ACKNOWLEDGEMENTS

As always, the authors are grateful to the many readers of draft versions for their valuable contributions to the
manuscript.

REFERENCES

1. Park JH, Peyrin-Biroulet L, Eisenhut M, Shin JI. IBD immunopathogenesis: a comprehensive review
of inflammatory molecules. Autoimmun Rev. 2017;16(4):416-26. [PubMed: 28212924]

2. de Souza HS, Fiocchi C. Immunopathogenesis of IBD: current state of the art. Nat Rev
Gastroenterol Hepatol. 2016;13(1):13-27. [PubMed: 26627550]

3. Gomollon F, Dignass A, Annese V, Tilg H, Van Assche G, Lindsay JO, et al.3rd European evidence-
based consensus on the diagnosis and management of Crohn’s disease 2016: part 1: diagnosis and
medical management. J Crohn’s Colitis. 2017;11(1):3-25. [PubMed: 27660341]

4. Harbord M, Eliakim R, Bettenworth D, Karmiris K, Katsanos K, Kopylov U, et al.Third European
evidence-based consensus on diagnosis and management of ulcerative colitis. Part 2: current
management. J Crohn’s Colitis. 2017;11(7):769-84. [PubMed: 28513805]

5. Passot C, Azzopardi N, Renault S, Baroukh N, Arnoult C, Ohresser M, et al.Influence of FCGRT
gene polymorphisms on pharmacokinetics of therapeutic antibodies. MAbs. 2013;5(4):614-9.
[PubMed: 23751752]

AAPS J. Author manuscript; available in PMC 2021 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strik et al. Page 13

6. Billiet T, Dreesen E, Cleynen I, Wollants WJ, Ferrante M, Van Assche G, et al.A genetic variation in
the neonatal Fc-receptor affects anti-TNF drug concentrations in inflammatory bowel disease. Am J
Gastroenterol. 2016;111(10):1438-45. [PubMed: 27481307]

7. Wang W, Wang EQ, Balthasar JP. Monoclonal antibody pharmacokinetics and pharmacodynamics.
Clin Pharmacol Ther. 2008;84:548-58. [PubMed: 18784655]

8. Correia IR. Stability of 1gG isotypes in serum. MADbs. 2010;2:221-32. [PubMed: 20404539]

9. Glassman PM, Balthasar JP. Mechanistic considerations for the use of monoclonal antibodies for
cancer therapy. Cancer Biol Med. 2014;11:20-33. [PubMed: 24738036]

10. Keizer RJ, Huitema ADR, Schellens JHM, Beijnen JH. Clinical pharmacokinetics of therapeutic

monoclonal antibodies. Clin Pharmacokinet. 2010;49:493-507. [PubMed: 20608753]

11. Kaneshige HNonenzymatic glycosylation of serum IgG and its effect on antibody activity in
patients with diabetes mellitus. Diabetes. 1987;36(7):822-8. [PubMed: 3582783]

12. Zhu Y, Hu C, Lu M, Liao S, Marini JC, Yohrling J, et al.Population pharmacokinetic modeling of
ustekinumab, a human monoclonal antibody targeting 1L-12/23p40, in patients with moderate to
severe plaque psoriasis. J Clin Pharmacol. 2009;49(2):162—75. [PubMed: 19179295]

13. Reinisch W, Eser A, Schreiber S, Kwon H-C, Mould DR. Body weight and rapid clearance
determine early formation of anti-drug antibodies against infliximab. UGEW2017Barcelona.

14. Harris RJ, Kabakoff B, Macchi FD, Shen FJ, Kwong M, Andya JD, et al.ldentification of multiple
sources of charge heterogeneity in a recombinant antibody. J Chromatogr B Biomed Sci Appl.
2001;752:233-45. [PubMed: 11270864]

15. Huang L, Lu J, Wroblewski VJ, Beals JM, Riggin RM. In vivo deamidation characterization of
monoclonal antibody by LC/MS/MS. Anal Chem. 2005;77:1432-9. [PubMed: 15732928]

16. Colombel JF, Sandborn WJ, Allez M, Dupas JL, Dewit O, D’Haens G, et al.Association between
plasma concentrations of certolizumab pegol and endoscopic outcomes of patients with Crohn’s
disease. Clin Gastroenterol Hepatol. 2014;12(3):423-31. [PubMed: 24184736]

17. Vande Casteele N, Feagan BG, Vermeire S, Yassine M, Coarse J, Kosutic G, et al. Exposure-
response relationship of certolizumab pegol induction and maintenance therapy in patients with
Crohn’s disease. Aliment Pharmacol Ther. 2018;47(2):229-37. [PubMed: 29159893]

18. Vande Casteele N, Mould DR, Coarse J, Hasan I, Gils A, Feagan B, et al. Accounting
for pharmacokinetic variability of Certolizumab Pegol in patients with Crohn’s disease. Clin
Pharmacokinet. 2017;56(12):1513-23. [PubMed: 28353055]

19. Adedokun OJ, Xu Z, Marano CW, Strauss R, Zhang H, Johanns J, et al.Pharmacokinetics
and exposure-response relationship of golimumab in patients with moderately-to-severely active
ulcerative colitis: results from phase 2/3 PURSUIT induction and maintenance studies. J Crohns
Colitis. 2017;11(1):35-46. [PubMed: 27440869]

20. Detrez I, Gils A. Pharmacokinetics and exposure-response relationship of Golimumab in patients
with moderately-to-severely active ulcerative colitis: results from phase 2/3 PURSUIT induction
and maintenance studies. J Crohns Colitis. 2017;11(1):1-2. [PubMed: 27481879]

21. Edlund H, Melin J, Parra-Guillen ZP, Kloft C. Pharmacokinetics and pharmacokinetic-
pharmacodynamic relationships of monoclonal antibodies in children. Clin Pharmacokinet.
2015;54(1):35-80. [PubMed: 25516414]

22. Dubinsky MSpecial issues in pediatric inflammatory bowel disease. World J Gastroenterol.
200821;14(3):413-20. [PubMed: 18200664]

23. Van Limbergen J, Russell RK, Drummond HE, Aldhous MC, Round NK, Nimmo ER, et
al.Definition of phenotypic characteristics of childhood-onset inflammatory bowel disease.
Gastroenterology. 2008;135(4):1114-22. [PubMed: 18725221]

24. Levy J, Barnett EV, MacDonald NS, Klinenberg JR. Altered immunoglobulin metabolism
in systemic lupus erythematosus and rheumatoid arthritis. J Clin Invest. 1970;49(4):708-15.
[PubMed: 5309797]

25. Beeken WL, Busch HJ, Sylwester DL. Intestinal protein loss in Crohn’s disease. Gastroenterology.
1972;62(2):207-15. [PubMed: 4637981]

26. Kapel N, Meillet D, Favennec L, Magne D, Raichvarg D, Gobert JG. Evaluation of intestinal
clearance and faecal excretion of alpha 1-antiproteinase and immunoglobulins during Crohn’s

AAPS J. Author manuscript; available in PMC 2021 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strik et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,
45.

Page 14

disease and ulcerative colitis. Eur J Clin Chem Clin Biochem. 1992;30(4):197-202. [PubMed:
1525248]

Zheng WJ, Tian XP, Li L, Jing HL, Li F, Zeng XF, et al.Protein-losing enteropathy in systemic
lupus erythematosus: analysis of the clinical features of fifteen patients. J Clin Rheumatol.
2007;13(6):313-6. [PubMed: 18176138]

Hanauer SB, Feagan BG, Lichtenstein GR, Mayer LF, Schreiber S, Colombel JF, et al. Maintenance
infliximab for Crohn’s disease: the ACCENT I randomised trial. Lancet (London, England).
2002;359(9317):1541-9. [PubMed: 12047962]

Hanauer SB, Sandborn WJ, Rutgeerts P, Fedorak RN, Lukas M, MaclIntosh D, et al. Human
anti-tumor necrosis factor monoclonal antibody (adalimumab) in Crohn’s disease: the CLASSIC-I
trial. Gastroenterology. 2006;130(2):323-33. quiz 591 [PubMed: 16472588]

Reinisch W, Sandborn WJ, Hommes DW, D’Haens G, Hanauer S, Schreiber S, et al. Adalimumab
for induction of clinical remission in moderately to severely active ulcerative colitis: results of a
randomised controlled trial. Gut. 2011;60(6):780-7. [PubMed: 21209123]

Rutgeerts P, Sandborn WJ, Feagan BG, Reinisch W, Olson A, Johanns J, et al.Infliximab for
induction and maintenance therapy for ulcerative colitis. N Engl J Med. 2005;353(23):2462-76.
[PubMed: 16339095]

Sandborn WJ, Hanauer SB, Rutgeerts P, Fedorak RN, Lukas M, Maclntosh DG, et
al.Adalimumab for maintenance treatment of Crohn’s disease: results of the CLASSIC Il trial.
Gut. 2007;56(9):1232-9. [PubMed: 17299059]

Ben-Horin S, Chowers Y. Review article: loss of response to anti-TNF treatments in Crohn’s
disease. Aliment Pharmacol Ther. 2011;33(9):987-95. [PubMed: 21366636]

Brandse JF, van den Brink GR, Wildenberg ME, van der Kleij D, Rispens T, Jansen JM, et al.Loss
of infliximab into feces is associated with lack of response to therapy in patients with severe
ulcerative colitis. Gastroenterology. 2015;149(2):350-5.e2. [PubMed: 25917786]

Vande Casteele N, Ferrante M, Van Assche G, Ballet \V/, Compernolle G, Van Steen K, et
al.Trough concentrations of infliximab guide dosing for patients with inflammatory bowel disease.
Gastroenterology. 2015;148(7):1320-9.e3. [PubMed: 25724455]

Papamichael K, Van Stappen T, Vande Casteele N, Gils A, Billiet T, Tops S, et al.Infliximab
concentration thresholds during induction therapy are associated with short-term mucosal healing
in patients with ulcerative colitis. Clin Gastroenterol Hepatol. 2016;14(4):543-9. [PubMed:
26681486]

Ungar B, Mazor Y, Weisshof R, Yanai H, Ron Y, Goren I, et al.Induction infliximab levels

among patients with acute severe ulcerative colitis compared with patients with moderately severe
ulcerative colitis. Aliment Pharmacol Ther. 2016;43(12):1293-9. [PubMed: 27091119]

Brandse JF, Mould D, Smeekes O, Ashruf Y, Kuin S, Strik A, et al. A real-life population
pharmacokinetic study reveals factors associated with clearance and immunogenicity of infliximab
in inflammatory bowel disease. Inflamm Bowel Dis. 2017;23(4):650-60. [PubMed: 28195852]
Dotan I, Ron Y, Yanai H, Becker S, Fishman S, Yahav L, et al.Patient factors that

increase infliximab clearance and shorten half-life in inflammatory bowel disease: a population
pharmacokinetic study. Inflamm Bowel Dis. 2014;20(12):2247-59. [PubMed: 25358062]

Su CG, Lichtenstein GR. Influence of immunogenicity on the long-term efficacy of infliximab in
Crohn’s disease. Gastroenterology. 2003;125(5):1544—-6. [PubMed: 14598275]

Hanauer SB, Wagner CL, Bala M, Mayer L, Travers S, Diamond RH, et al.Incidence and
importance of antibody responses to infliximab after maintenance or episodic treatment in Crohn’s
disease. Clin Gastroenterol Hepatol. 2004;2(7):542-53. [PubMed: 15224278]

Ungar B, Chowers Y, Yavzori M, Picard O, Fudim E, Har-Noy O, et al.The temporal evolution

of antidrug antibodies in patients with inflammatory bowel disease treated with infliximab. Gut.
2014;63(8):1258-64. [PubMed: 24041539]

FDA. Remicade prescribing information. 824, 1998

FDA. Remicade prescribing information. 929, 2004.

Ordas I, Feagan BG, Sandborn WJ. Therapeutic drug monitoring of tumor necrosis factor
antagonists in inflammatory bowel disease. Clin Gastroenterol Hepatol. 2012;10(10):1079-87.
quiz €1085-1076 [PubMed: 22813440]

AAPS J. Author manuscript; available in PMC 2021 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strik et al.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 15

Sofia MA, Rubin DT. Current approaches for optimizing the benefit of biologic therapy in
ulcerative colitis. Therap Adv Gastroenterol. 2016;9(4):548-59.

Moss AC. Optimizing the use of biological therapy in patients with inflammatory bowel disease.
Gastroenterol Rep (Oxf). 2015;3(1):63-8. [PubMed: 25567472]

Strik AS, van den Brink GR, Ponsioen C, Mathot R, Lowenberg M, D’Haens GR. Suppression
of anti-drug antibodies to infliximab or adalimumab with the addition of an immunomodulator
in patients with inflammatory bowel disease. Aliment Pharmacol Ther. 2017;45(8):1128-34.
[PubMed: 28230306]

Ong DE, Kamm MA, Hartono JL, Lust M. Addition of thiopurines can recapture response in
patients with Crohn’s disease who have lost response to anti-tumor necrosis factor monotherapy. J
Gastroenterol Hepatol. 2013;28(10):1595-9. [PubMed: 23662928]

Ben-Horin S, Waterman M, Kopylov U, Yavzori M, Picard O, Fudim E, et al. Addition of an
immunomodulator to infliximab therapy eliminates antidrug antibodies in serum and restores
clinical response of patients with inflammatory bowel disease. Clin Gastroenterol Hepatol.
2013;11(4):444-7. [PubMed: 23103905]

Wijngaarden S, van Roon JA, van de Winkel JG, Bijlsma JW, Lafeber FP. Down-regulation

of activating Fcgamma receptors on monocytes of patients with rheumatoid arthritis upon
methotrexate treatment. Rheumatology (Oxford, England). 2005;44(6):729-34. [PubMed:
15757966]

Mould DR, Dubinsky MC. Dashboard systems: pharmacokinetic/pharmacodynamic mediated dose
optimization for monoclonal antibodies. J Clin Pharmacol. 2015;55(Suppl 3):S51-9. [PubMed:
25707964]

Mould DR, D’Haens G, Upton RN. Clinical decision support tools: the evolution of a revolution.
Clin Pharmacol Ther. 2016;99(4):405-18. [PubMed: 26785109]

Eser A, Primas C, Reinisch S, Vogelsang H, Novacek G, Mould DR, et al.Prediction of individual
serum infliximab concentrations in inflammatory bowel disease by a Bayesian dashboard system. J
Clin Pharmacol. 2018130;58:790-802. 10.1002/jcph.1069. [PubMed: 29381220]

Ternant D, Passot C, Aubourg A, Goupille P, Desvignes C, Picon L, Lecomte T, Mulleman D,
Paintaud G. Model-based therapeutic drug monitoring of infliximab using a single serum trough
concentration. Clin Pharmacokinet. 20171213. [epub].

Dubinsky MC, Phan BL, Singh N, Rabizadeh S, Mould DR. Pharmacokinetic dashboard-
recommended dosing is different than standard of care dosing in infliximab-treated pediatric IBD
patients. AAPS J. 2017;19(1):215-22. [PubMed: 27739008]

Cholapranee A, Hazlewood GS, Kaplan GG, Peyrin-Biroulet L, Ananthakrishnan AN. Systematic
review with meta-analysis: comparative efficacy of biologics for induction and maintenance of
mucosal healing in Crohn’s disease and ulcerative colitis controlled trials. Aliment Pharmacol
Ther. 2017;45(10):1291-302. [PubMed: 28326566]

Papamichael K, Cheifetz AS. Use of anti-TNF drug levels to optimise patient management.
Frontline Gastroenterol. 2016;7(4):289-300. [PubMed: 28839870]

Paul S, Del Tedesco E, Marotte H, Rinaudo-Gaujous M, Moreau A, Phelip JM, et al. Therapeutic
drug monitoring of infliximab and mucosal healing in inflammatory bowel disease: a prospective
study. Inflamm Bowel Dis. 2013;19(12):2568-76. [PubMed: 24013361]

Mulugeta Y, Barrett JS, Nelson R, Eshete AT, Mushtaq A, Yao L, et al.Exposure matching for
extrapolation of efficacy in pediatric drug development. J Clin Pharmacol. 2016;56(11):1326-34.
[PubMed: 27040726]

Kevans D, Murthy S, Mould DR, Silverberg M, Zane C. Accelerated clearance of infliximab is
associated with treatment failure in patients with corticosteroid refractory acute ulcerative colitis. J
Crohns Colitis. in press;12:662—-9. 10.1093/ecco-jcc/jjy028.

Feuerstein JD, Nguyen GC, Kupfer SS, Falck-Ytter Y, Singh S. American Gastroenterological
Association Institute clinical guidelines C. American Gastroenterological Association Institute
guideline on therapeutic drug monitoring in inflammatory bowel disease. Gastroenterology.
2017;153(3):827-34. [PubMed: 28780013]

AAPS J. Author manuscript; available in PMC 2021 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strik et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 16

Marini JC, Sendecki J, Comnillie F, Popp JW Jr, Black S, Blank M, et al.Comparisons of serum
infliximab and antibodies-to-infliximab tests used in inflammatory bowel disease clinical trials of
Remicade(R). AAPS J. 2017;19(1):161-71. [PubMed: 27600137]

Polman CH, O’Connor PW, Havrdova E, Hutchinson M, Kappos L, Miller DH, et al.A
randomized, placebo-controlled trial of natalizumab for relapsing multiple sclerosis. N Engl J
Med. 2006;354:899-910. [PubMed: 16510744]

Vennegoor A, Rispens T, Strijbis EM, Seewann A, Uitdehaag BM, Balk LJ, et al.Clinical relevance
of serum natalizumab concentration and anti-natalizumab antibodies in multiple sclerosis. Mult
Scler J. 2013;19:593-600.

Foley J, Gudesblatt M, Zarif MEL. Low body weight as a potential surrogate risk factor for
progressive multifocal leukoencephalopathy. 66th Annu Meet Am Acad Neurol2014:P2-244.
Zhovtis Ryerson L, John F, Chang I, et al.Natalizumab extended interval dosing is associated with
a reduction in progressive multifocal leukoencephalopathy (PML) risk in the touch® registry. In:
ACTRIM; 2018.

Vande Casteele N, Khanna R. Therapeutic drug monitoring of Golimumab in the treatment of
ulcerative colitis. Pharm Res. 2017;34(8):1556—63. [PubMed: 28374338]

Van Stappen T, Vande Casteele N, Van Assche G, Ferrante M, Vermeire S, Gils A. Clinical
relevance of detecting anti-infliximab antibodies with a drug-tolerant assay: post hoc analysis of
the TAXIT trial. Gut. 272017.

Christensen KR, Steenholdt C, Brynskov J. Clinical outcome of adalimumab therapy in patients
with ulcerative colitis previously treated with infliximab: a Danish single-center cohort study.
Scand J Gastroenterol. 2015;50(8):1018-24. [PubMed: 25861832]

Lichtenstein GR, Rutgeerts P. Importance of mucosal healing in ulcerative colitis. Inflamm Bowel
Dis. 2010;16(2):338-46. [PubMed: 19637362]

Ridker PM, Tardif JC, Amarenco P, Duggan W, Glynn RJ, Jukema JW, et al.Lipid-

reduction variability and antidrug-antibody formation with bococizumab. N Engl J Med.
2017;376(16):1517-26. [PubMed: 28304227]

Wang YM, Wang J, Hon YY, Zhou L, Fang L, Ahn HY. Evaluating and reporting the
immunogenicity impacts for biological products—a clinical pharmacology perspective. AAPS J.
2016;18(2):395-403. [PubMed: 26721560]

Passot C, Pouw MF, Mulleman D, Bejan-Angoulvant T, Paintaud G, Dreesen E, et al. Therapeutic
drug monitoring of biopharmaceuticals may benefit from pharmacokinetic and pharmacokinetic-
pharmacodynamic modeling. Ther Drug Monit. 2017;39(4):322—6. [PubMed: 28703717]

Mould DR. Commentary: why therapeutic drug monitoring is needed for monoclonal antibodies
and how do we implement this?Clin Pharmacol Ther. 2016;99(4):351-4. [PubMed: 26479415]
D’Haens GR, Vermeire S, Lambrecht G, Baert FJ, Bossuyt P, Nachury M, et al.692 Drug-

level based dosing versus symptom-based dose adaptation in patients with Crohn’s disease: a
prospective, randomized multicenter study (TAILORIX). Gastroent. 2016;150(4):S143.

Gisbert JP, Panes J. Loss of response and requirement of infliximab dose intensification in Crohn’s
disease: a review. Am J Gastroenterol. 2009;104:760-7. [PubMed: 19174781]

Steenholdt C, Brynskov J, Thomsen OO, Munck LK, Fallingborg J, Christensen LA, et
al.Individualised therapy is more cost-effective than dose intensi- fication in patients with
Crohn’s disease who lose response to anti-TNF treatment: a randomised, controlled trial. Gut.
2014;63:919-27. [PubMed: 23878167]

Roblin X, Marotte H, Rinaudo M, Del Tedesco E, Moreau A, Phelip JM, et al. Association
between pharmacokinetics of adalimumab and mucosal healing in patients with inflammatory
bowel diseases. Clin Gastroenterol Hepatol. 2014;12(1):80—4. [PubMed: 23891927]

Vande Casteele N, Gils A. Preemptive dose optimization using therapeutic drug monitoring

for biologic therapy of Crohn’s disease: avoiding failure while lowering costs?Dig Dis Sci.
2015;60(9):2571-3. [PubMed: 25917050]

Papamichael K, Chachu KA, Vajravelu RK, Vaughn BP, Ni J, Osterman MT, et al.Improved
long-term outcomes of patients with inflammatory bowel disease receiving proactive compared
with reactive monitoring of serum concentrations of infliximab. Clin Gastroenterol Hepatol.
2017;15(10):1580-8. [PubMed: 28365486]

AAPS J. Author manuscript; available in PMC 2021 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strik et al.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.
95.
96.

97.

98.

99.

Page 17

Rosario M, Dirks NL, Gastonguay MR, Fasanmade AA, Wyant T, Parikh A, et al.Population
pharmacokinetics-pharmacodynamics of vedolizumab in patients with ulcerative colitis and
Crohn’s disease. Aliment Pharmacol Ther. 2015;42(2):188-202. [PubMed: 25996351]

Rosario M, French JL, Dirks NL, Sankoh S, Parikh A, Yang H, et al.Exposure-efficacy
relationships for vedolizumab induction therapy in patients with ulcerative colitis or Crohn’s
disease. J Crohns Colitis. 2017;11(8):921-9. [PubMed: 28333288]

Mould DR, Frame B. Population pharmacokinetic-pharmacodynamic modeling of biological
agents: when modeling meets reality. J Clin Pharmacol. 2010;50(9 Suppl):91S-100S. [PubMed:
20881222]

Frame B, Miller R, Hutmacher MM. Joint modeling of dizziness, drowsiness, and dropout
associated with pregabalin and placebo treatment of generalized anxiety disorder. J Pharmacokinet
Pharmacodyn. 2009;36:565-84. [PubMed: 19904583]

Stroh M, Lum BL. Commentary: should therapeutic drug monitoring for monoclonal antibodies
remain the exception or become the norm?Clin Pharmacol Ther. 2016;100(6):215-7. [PubMed:
26971373]

Afif W, Loftus EV, Faubion WA, Kane SV, Bruining DH, Hanson KA, et al.Clinical utility

of measuring infliximab and human anti-chimeric antibody concentrations in patients with
inflammatory bowel disease. Am J Gastroenterol. 2010;105:1133-9. [PubMed: 20145610]

Yanai H, Hanauer SB. Assessing response and loss of response to biological therapies in IBD. Am
J Gastroenterol. 2011;106:685-98. [PubMed: 21427713]

Ordas I, Mould DR, Feagan BG, Sandborn WJ. Anti-TNF monoclonal antibodies in inflammatory
bowel disease: pharmacokinetics-based dosing paradigms. Clin Pharmacol Ther. 2012;91:635-46.
[PubMed: 22357456]

Roblin X, Marotte H, Leclerc M, Del Tedesco E, Phelip JM, Peyrin-Biroulet L, et al. Combination
of C-reactive protein, infliximab trough levels, and stable but not transient antibodies to infliximab
are associated with loss of response to infliximab in inflammatory bowel disease. J Crohn’s
Colitis. 2015;9:525-31. [PubMed: 25895875]

Oude Munnink T, Henstra M, Segerink L, Movig KL, Brummelhuis-Visser P. Therapeutic drug
monitoring of monoclonal antibodies in inflammatory and malignant disease: translating TNF-a
experience to oncology. Clin Pharmacol Ther. 2016;99:419-31. [PubMed: 26265133]

Rebello P, Hale G. Pharmacokinetics of CAMPATH-1H: assay development and validation. J
Immunol Methods. 2002;260:285-302. [PubMed: 11792397]

Ladwig PM, Barnidge DR, Willrich MA V. Mass spectrometry approaches for identification and
quantitation of therapeutic monoclonal antibodies in the clinical laboratory. 2017; Clin Vaccine
Immunol 24: . doi: 10.1128/CV1.00545-16.
https://www.mayomedicallaboratories.com/test-catalog/Overview/63437 accessedMay 11 2018.
https://www.mayomedicallaboratories.com/test-catalog/Overview/65676 accessedMay 11 2018.

Wang S-L, Hauenstein S, Ohrmund L, Shringarpure R, Salbato J, Reddy R, et al.Monitoring of
adalimumab and antibodies-to-adalimumab levels in patient serum by the homogeneous mobility
shift assay. J Pharm Biomed Anal. 2013;78-79:39-44. [PubMed: 24333706]

Wang S-L, Ohrmund L, Hauenstein S, Salbato J, Reddy R, Monk P, et al.Development and
validation of a homogeneous mobility shift assay for the measurement of infliximab and
antibodies-to-infliximab levels in patient serum. J Immunol Methods. 2012;382:177-88. [PubMed:
22691619]

Jourdil JF, Némoz B, Gautier-Veyret E, Romero C, Stanke-Labesque F. Simultaneous
quantification of adalimumab and infliximab in human plasma by liquid chromatography-tandem
mass spectrometry. Ther Drug Monit. 2018.

Rosen MJ, Minar P, Vinks AA. Review article: applying pharmacokinetics to optimise dosing of
anti-TNF biologics in acute severe ulcerative colitis. Aliment Pharmacol Ther. 2015;41:1094-103.
[PubMed: 25809869]

100. Afonso J, Lopes S, Gongalves R, Caldeira P, Lago P, Tavares de Sousa H, et al.Proactive

therapeutic drug monitoring of infliximab: a comparative study of a new point-of-care
quantitative test with two established ELISA assays. Aliment Pharmacol Ther. 2016;44:684-92.
[PubMed: 27507790]

AAPS J. Author manuscript; available in PMC 2021 August 14.


https://www.mayomedicallaboratories.com/test-catalog/Overview/63437
https://www.mayomedicallaboratories.com/test-catalog/Overview/65676

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Strik et al.

101.

102.

103.

104.

105.

106.

Page 18

Van Stappen T, Bollen L, Vande Casteele N, Papamichael K, Van Assche G, Ferrante M, et
al.Rapid test for infliximab drug concentration allows immediate dose adaptation. Clin Transl
Gastroenterol. 2016;7:€206. [PubMed: 27929524]

Sanchez AB, Nguyen T, Dema-Ala R, Kummel AC, Kipps TJ, Messmer BT. A general

process for the development of peptide-based immunoassays for monoclonal antibodies. Cancer
Chemother Pharmacol. 2010;66:919-25. [PubMed: 20087593]

Brown JR, Messmer B, Werner L, Davids MS, Mikler E, Supko JG, et al.A phase |

study of escalated dose subcutaneous alemtuzumab given weekly with rituximab in relapsed
chronic lymphocytic leukemia/small lymphocytic lymphoma. Haematologica. 2013;98:964—70.
[PubMed: 23645694]

Vande Casteele N, Buurman DJ, Sturkenboom MG, Kleibeuker JH, Vermeire S, Rispens T, et
al.Detection of infliximab levels and anti-infliximab antibodies: a comparison of three different
assays. Aliment Pharmacol Ther. 2012;36(8):765-71. [PubMed: 22928581]

Wang YM, Fang L, Zhou L, Wang J, Ahn HY. A survey of applications of biological products
for drug interference of immunogenicity assays. Pharm Res. 2012;29(12):3384-92. [PubMed:
22903525]

Shankar G, Arkin S, Cocea L, Devanarayan V, Kirshner S, Kromminga A, et al. Assessment
and reporting of the clinical immunogenicity of therapeutic proteins and peptidesharmonized
terminology and tactical recommendations. AAPS J. 2014;16(4):658-73. [PubMed: 24764037]

AAPS J. Author manuscript; available in PMC 2021 August 14.



Page 19

Strik et al.

SI11109 AITRIADN D) ‘3SB3SIP S,UL0ID 72 ‘SH9aM 8 AIaA3 30U 190 ‘SHeaM { KIaAs 80U0 MED ‘SHaaM Z AIana 80Uo 20 Naemm

M8O B 06 *0S (@2) (s1911 €) WBram Aq Buisop ‘Al (@D) (9702) qewnuasn
(T Aq 1yauaq ou J1 anunuodsip) M8O B 0og ‘Al (ON ‘ad) 92 ‘oM ® Bw 00¢g ‘Al (ON ‘@d) (¥702) qewnzijopap
MpO Bw 00T *0S (ON) ZM ® B 00T ‘oM @ Bw 00z ‘0S (ON) (€702) qewnwijoo
(8M\ Ag uoissIwal [ea1ul]d J1 AJUO 3nunuod (DN)

MzO Bu or *0s (ON ‘ad) M © Bw v ‘2Mm @ Bw 08 ‘om @ Bw 09T 'S (0N ‘ad) (2702 '£002) Qewnwifepy
‘Adelay) uononpul Jo syeam ZT Aq 1yauaq onnadelay) paousiiadxa Jou ey eyl siuaired ul anunuodsip ApyO Bw 0og (D) (8002) qewnzijeleN
My Bw gov *0S (a2) v '2‘'0M @ Bw 0ov '0S (@D)  (800%) 106ad qewnzijonad

M8O Bx/Bw G ‘Al (ON) 9 ‘2 'oM © By/buw G ‘Al (ON)
(/6w QT 0} aseasour 03 uondo) M8D Bx/Bw G ‘Al (@d) 9 ‘'z 'oM © By/bw G ‘Al (@D) (866T) qeluIxipyu

uswiBal 8SOp ‘UOIHEIISIUILIPE JO 81N0. ‘UCITEDIPU| JUSWILaI) SdUBUBIUIRIA  UBWIBaJ 8S0p ‘UOIIRIISIUILIPE JO 81N0J ‘UOIRIIPU| JUsWIeal] uoinonpu|  (1eah [eacadde) sweu Bnig

SII0D 3AIIRIBI|N PUR aseasIq S, Uyold JO Juawieal] ayl 10} panoiddy sbnig Apognuy [euojoouolA Jo suawibay asoq Jo 1517

‘I 8lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

AAPS J. Author manuscript; available in PMC 2021 August 14.



Page 20

Strik et al.

Author Manuscript

Bnip 8y JO UONDE JO WISIUBYIBW U1 0} ALAINISUSS MO YIIM IO BAISUOdSal Jou sjuaied se uons,

anss| Yd pareIpaw-sunuiwl 8q ABN  anssi Md parelpaw-sunwiwi-uou ‘asop fewndogns aq Aej\  (1aAs] annadessyigns 1o) Mo

mmEu 1O UON2E JO WSIUBYaW 0 palejal aq A\ mmEu 10 UOII0B JO WSIUBYIaW 0) pajejal aq Ae\ (129] onnadesauy 10) UBIH

(1 vav ybuy J0) +vav (4213 VAV mo| J0) -vav uoiea1uadu0d bnug

uonenusouo) Bnig pue YAy 10 sluswainses| syl Aq padnols) ainjie Juswiesl] J0) SUOSEaY [enualod

‘Il |1qeL

Author Manuscript Author Manuscript Author Manuscript

AAPS J. Author manuscript; available in PMC 2021 August 14.



	Abstract
	INTRODUCTION TO INFLAMMATORY BOWEL DISEASE
	INFLAMMATORY BOWEL DISEASE TREATMENT OPTIONS
	Current Recommended Dose Regimen for Inflammatory Bowel Diseases
	MAb Pharmacokinetic Variation in IBD
	Development of Anti-drug Antibodies
	Maintaining Effective mAb Exposure—Introduction of Therapeutic Drug Monitoring
	Important Drivers for Individualized Dosing
	Defining Desired Systemic Exposure (Range)
	Defining the Effect of Immunogenicity

	TDM Utility

	TDM ASSAYS FOR PRECISION DOSING OF BIOLOGIC DRUGS
	TDM Assays for Biologics
	Point-of-Care TDM Assays for Biologics
	Assays for Anti-drug Antibodies

	CONCLUSIONS
	References
	Table I.
	Table II.

