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Abstract

Biologic therapies have revolutionized the management of inflammatory bowel disease [IBD], but
primary and secondary non-responses occur in a significant proportion of patients. Therapeutic
drug monitoring [TDM] now has an established role in the treatment algorithm for managing
secondary loss of response to anti-tumour necrosis factor [anti-TNF] agents during maintenance
therapy. Data to support the use of TDM in the management of secondary loss of response to
vedolizumab and ustekinumab are emerging. The potential to prevent primary non-response to
biologic agents during induction is of equal, and potentially greater, clinical importance. Again,
most data supporting the use of ‘proactive' TDM during induction pertains to the use of anti-TNF
agents, but signals of efficacy for the use of TDM during induction with other biologic classes are
now appearing.This review aims to summarize data on the use of TDM during induction to prevent
pharmacokinetic primary non-response to all three classes of biologic therapy currently available
for the treatment of IBD.
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1. Introduction

The management of inflammatory bowel disease [IBD] has been
transformed in recent years by the concurrent emergence of both
highly effective medical therapies and better strategies of using these
agents. The goals of therapy have evolved from clinical remission to
deep remission, including mucosal healing, which has demonstrably
better short- and long-term clinical outcomes in both Crohn’s disease
[CD] and ulcerative colitis [UC].'-> The major advance in treatment
strategy has been the gradual adoption of a ‘treat-to-target' approach
in which therapeutic goals have evolved beyond symptomatic con-
trol to the normalization of objective markers of inflammation, and

mucosal healing in particular. This treatment strategy of tight disease
monitoring, which is probably of equal or greater importance than
the choice of medical therapy used, has recently been prospectively
proven to improve clinical outcomes in CD.* The major advance in
medical therapeutics has been the availability of biologic therapies
which arguably have the highest benefit-risk ratio of all agents used
to treat moderate—severe IBD. Three classes of biologic therapy are
available for the treatment of IBD: anti-tumour necrosis factor agents
(anti-TNFs—infliximab [IFX], adalimumab [ADA], certolizumab
pegol, golimumab), adhesion molecule inhibitors [vedolizumab] and
the anti-interleukin [anti-IL] 12/23 agent ustekinumab.
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Therapeutic drug monitoring [TDM] has emerged as a means
of optimizing biologic therapies, and can be either ‘reactive' or ‘pro-
active'. Reactive TDM is performed when loss of response [LOR] to a
biologic agent has occurred, usually secondary loss of response in a pa-
tient who has initially responded. Proactive TDM involves measuring
and utilizing serum drug levels as an independent treatment target ir-
respective of a patient's disease activity and response status. Most data
pertain to the use of reactive TDM of anti-TNF agents in the setting of
secondary LOR during maintenance therapy. The use of reactive TDM
at secondary LOR allows for rational treatment decision-making to
determine whether an individual patient is most likely to respond to
dose-escalation of the same anti-TNF, switching in class to another
anti-TNE, or switching out of class to an agent with a different mech-
anism of action. Reactive TDM has demonstrable clinical benefits
and is cost-effective, as shown in both retrospective and prospective
studies, and has been endorsed by multiple international consensus
guidelines.”® The role of proactive TDM of anti-TNFs remains to be
determined and is the subject of considerable debate. Two randomized
controlled trials utilizing proactive TDM of anti-TNFs failed to show
significant benefits over clinically based decision-making, although
both had inherent design limitations and some secondary end points
did favour the use of proactive TDM.*!* In contrast, observational
studies, predominantly from a few centres, have demonstrated the
benefits of proactive TDM with anti-TNFs, including less secondary
LOE reduced immunogenicity, and a reduction in hospitalizations
and surgeries.!"'? Of equal importance to the type of TDM [reactive
vs proactive] is the timing of TDM [during induction or mainten-
ance]. Most studies of either reactive or proactive TDM have been
performed during maintenance therapy. More recently, interest has
emerged in the use of proactive TDM during induction with the aim of
preventing primary non-response [PNR].!*'* PNR is usually defined
as non-response by the end of induction and may be for pharmaco-
kinetic or pharmacodynamic [mechanistic] reasons. Pharmacokinetic
PNR is due to increased drug clearance, which may be immune medi-
ated or non-immune mediated [e.g. due to high inflammatory burden].
Pharmacodynamic PNR occurs when active disease persists despite
therapeutic biologic drug levels, implying that disease pathophysi-
ology is driven by an alternative inflammatory pathway.'*

Concurrently, pharmacokinetic models are emerging which
support individualization of anti-TNF dosing during induction to
achieve adequate drug levels to overcome the inflammatory burden
of active disease, after which de-escalation may be attempted during
maintenance therapy when disease is in remission.'® Most data per-
taining to proactive TDM during induction are from studies of anti-
TNFs but such data are now emerging with the newer classes of
biologic therapy. The potential benefits of TDM of biologic agents
during induction are shown in Figure 1. In this review we aim to
summarize the evidence to date on the use of proactive TDM during
induction to prevent primary pharmacokinetic non-response with
anti-TNFs, vedolizumab and ustekinumab.

2. Anti-TNFs

2.1. Infliximab

IFX is a chimeric IgG1 monoclonal antibody targeting soluble and
membrane-bound TNF-a. It is approved for the treatment of mod-
erate—severe adult and paediatric CD and UC. The safety and ef-
ficacy of IFX in IBD was demonstrated in the registration studies
ACCENT 1 and 2 [adult luminal and fistulizing CD respectively],
REACH [paediatric CD], and ACT 1 and 2 [adult UC].!7-2

2.1.1. Pharmacokinetics of infliximab

IFX is administered intravenously, ensuring 100% bioavailability,
after which the concentration-time profile demonstrates high peak-
to-trough ratios. Due to its high molecular weight and hydrophilic
distribution, IFX is restricted to the bloodstream and the volume
of distribution is low at 3-6 L. Clearance is predominantly via
catabolism rather than renal excretion; the half-life of IFX is ap-
proximately 9 days.?! Parameters that may influence IFX pharma-
cokinetics, leading to higher non-immune clearance and lower drug
concentrations, are those associated with high disease activity, such
as high C-reactive protein [CRP], serum and tissue TNF, and white
blood cell counts, and low albumin and haemoglobin concentra-
tions.?! In the ACT 1 and ACT 2 trials of IFX for treatment of active
UC, elevated body weight, lower albumin, the presence of anti-drug
antibodies and male sex independently increased drug clearance

Improved clinical outcomes

e Reduced PNR

e Reduced SLOR

e Less inappropriate switching out of class
for presumed PNR

Improved QOL

® More rapid attainment of remission
e Less corticosteroid exposure
o Less need for combination therapy with IMM

Potential Benefits of TDM
of Biologic Agents
During Induction

Pharmacoeconomic benefits

e Increased patient retention on first biologic
¢ Reduced need for subsequent dose-escalation
e Increased potential for subsequent de-escalation

Pharmacokinetic benefits

e More rapid achievement of therapeutic drug concentrations
e Reduced immunogenicity due to less subtherapeutic drug
concentrations

Figure 1. Potential benefits of TDM of biologic agents during induction. PNR, primary non-response; SLOR, secondary loss of response; QOL, quality of life.
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leading to lower drug concentrations.'”* Immune mechanisms of
clearance include the development of anti-drug antibodies that can
neutralize the drug's effect. In a cohort of 125 consecutive CD pa-
tients, Baert et al. showed that the development of antibodies against
IFX was associated with an increased risk of infusion reactions and
a reduced duration of response to treatment. Concomitant immuno-
suppressive therapy reduced the prevalence and titre of anti-IFX
antibodies.?

2.1.2. Therapeutic drug monitoring of IFX during induction
therapy
Up to 30% of IBD patients do not benefit from IFX induction and
are considered primary non-responders at week 14.172%25 For these
patients, another biologic agent can be considered, although efficacy
rates are low in both CD and UC, meaning that adverse disease out-
comes, including surgery, are common in primary non-responders.?*’
Accordingly, there is a need to improve drug efficacy during induc-
tion; early proactive TDM targeting adequate drug concentrations
during induction could be an effective strategy to achieve this aim. In
a post-hoc analysis of the ACCENT 1 pivotal trial in CD, sustained
clinical response at 1 year was associated with IFX levels >3.5 pg/
mL at week 14.3 More recently, in a small retrospective paediatric
cohort of 35 children receiving IFX [23 CD, 12 UC], week 14 IFX
levels were higher in patients achieving, vs not achieving, clinical re-
mission [4.6 vs 1.5 pg/mL, p < 0.002] and biological remission [4.6
vs 2.6 pg/mL, p < 0.002] at week 52.%% In a large retrospective case-
control study of CD and UC patients, Bar-Yoseph et al. confirmed
that lower IFX levels at week 2 and week 6 were associated with
PNR at week 14.”” Recently, in a small, single-centre retrospective
study of 83 IFX patients [76 CD, 7 UC], proactive TDM of IFX
monotherapy based on dose-adjustment from week 10 IFX levels
aiming for a level of 5-10 pg/mL at week 14 [proactive TDM group,
n = 16] was compared to a strategy of reactive TDM at or after
week 14 in patients on IFX monotherapy [monotherapy standard of
care group, # = 32] or combination therapy [combination therapy
standard of care group, 7 = 35]. During 12 months of follow-up, no
patients in the proactive TDM group discontinued IFX, compared to
8/32 [25%] of patients in the monotherapy standard of care group
and 1/35 [3%] of patients in the combination therapy standard of
care group [p = 0.04 and p = 1.0 respectively]. At the time of first
TDM, no proactive TDM patients had antibodies to IFX [ATI], com-
pared to 41% of monotherapy standard of care patients [p = 0.002]
and 6% of combination therapy standard of care patients [p = 1.0].
Median IFX concentrations throughout maintenance were 9.5 ng/
mL in proactive TDM patients; this was higher than in monotherapy
standard of care patients [6.4 pg/mL, p = 0.04], but not combination
therapy standard of care patients [7.6 pg/mL, p = 0.1].%°

These data have been reproduced in several other small pro-
spective studies. Beltran et al. prospectively followed 35 CD patients
during induction and found significantly lower IFX levels at week
6 and week 14 in primary non-responders compared to responders
[7.3 vs 11.2 pg/mL, p = 0.09; 1.5 vs 4.7 pg/mL p = 0.02, respect-
ively].3! In another small prospective cohort of 17 patients [10 CD, 7
UC] IFX levels >4.8 pg/mL at week 14 were associated with clinical
response at that timepoint.* In a prospective paediatric cohort of 72
CD patients, clinical responders at week 14 had higher IFX levels
than non-responders at week 2 [27.8 vs 18.8 pg/mL, p < 0.001] and
week 6 [14.0 vs 7.8 pg/mL, p < 0.01].33

The personalized anti-TNF therapy in Crohn’s Study [PANTS] is a
prospective observational UK-wide study of anti-TNF use in 1610 bio-
logic naive patients with active luminal CD (955 IFX [753 remicade;

202 biosimilar CT-P13] and 655 ADA]. PNR at week 14 occurred in
21.9% (125/466; 95% confidence interval [CI] 19.1-25.0%) of pa-
tients treated with IFX. On multivariable analysis, only low IFX levels
at week 14 were independently associated with PNR at week 14 (odds
ratio [O]R 0.35, 95% CI 0.20-0.62, p = 0.00038) and subsequent
non-remission at week 54 [OR 0.29, 95% CI 0.16-0.52, p < 0.0001].
The optimal week 14 IFX drug level associated with remission at
weeks 14 and 54 was 7 pg/mL. Low week 14 IFX levels predicted the
development of immunogenicity, which in turn predicted low drug
concentrations at week 54; this relationship was also seen with ADA.
Immunogenicity was reduced by concomitant immunomodulator use
with both TEX [OR 0.39, 95% CI 0.32-0.46] and ADA [OR, 0.44
95% CI 0.31-0.64; p < 0.0001 for both].>* More recently, data from
prospective cohorts using the IFX biosimilar CT-P13 have demon-
strated associations between early threshold trough levels during in-
duction and subsequent clinical outcomes. In a Hungarian cohort,
week 2 IFX levels >20.4 pg/mL in CD [n = 184] and >15.3 pg/mL in
UC [n = 107] were associated with clinical remission at week 14.3

Data supporting the use of proactive TDM during induction
are also emerging from dedicated UC studies. In a post-hoc ana-
lysis from a randomized controlled trial in UC, IFX concentrations
at week 2 were associated with clinical remission at week 14 and
mucosal healing at week 30.°® A further post-hoc analysis of 728
patients from the ACT 1 and 2 trials demonstrated that week 6 IFX
levels >22 pg/mL were associated with clinical response at week 8,
and week 14 IFX levels >5.1 pg/mL predicted clinical response at
week 30.%

In a small cohort of moderate-severe UC patients, Brandse et al.
prospectively studied the relationship between IFX levels and endo-
scopic response at week 8. Median IFX level at week 6 was 8.1 ng/
mL among responders vs 2.9 pg/mL in non-responders [p = 0.03].3”
In another challenging clinical scenario, acute severe UC [ASUC], it
has been suggested that early IFX dose optimization during induc-
tion could improve clinical outcomes. In an Irish retrospective ana-
lysis of 50 patients, colectomy rate during IFX induction was lower
when patients received an accelerated IFX regimen given over a me-
dian of 24 days (6.7% [1/15] vs 40% [14/35], p = 0.04), although
subsequent need for colectomy during the follow-up period was un-
changed between the groups. Unfortunately, no data are available
regarding IFX levels in this study.*® More recently, several observa-
tional studies and one meta-analysis could not confirm these results.
In a retrospective analysis from three centres, colectomy rates during
admission and at 3, 6, 12 and 24 months were no different between
81 patients receiving an accelerated IFX regimen compared to 132
patients receiving a standard IFX regimen [p > 0.20 for all com-
parisons]. A meta-analysis of seven studies reported concurrently
showed no difference in in-hospital colectomy rates between patients
receiving accelerated [ = 181] vs standard [# = 436] IFX regimens
[OR 0.76; 95% CI1 0.36-1.61, p = 0.47].°

Beyond control of symptoms, therapeutic goals in IBD now in-
clude endoscopic healing. Cut-offs for IFX levels depend on the de-
sired therapeutic end point, with higher levels required to achieve
endoscopic rather than clinical remission. In the ACCENT 1 trial
including patients with active luminal CD, the cut-off found for sus-
tained clinical response was as low as 3.5 pg/mL."* Conversely, in a
retrospective study of 101 UC patients, Papamichael et al. found a
cut-off of 15 pg/mL at week 6 to predict mucosal healing at weeks
10-14." In a post-hoc analysis of 484 UC patients from the ACT
1 and 2 trials, endoscopic remission at week 8 [defined as Mayo
Endoscopic Score 0 or 1] was associated with IFX levels >18.6 ng/
mL at week 2,>10.6 pg/mL at week 6 and >34.9 pg/mL at week 8.4
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In a post-hoc analysis of the induction phase of the TAILORIX
study, IFX levels >23.1 pg/mL at week 2 and >10.0 pg/mL at week 6
predicted endoscopic remission at week 12.*! Evidence is emerging
that patients with perianal fistulizing CD require higher anti-TNF
levels to achieve fistula healing than is required to achieve mucosal
healing of luminal CD. Davidov et al. identified an IFX level cut-off
of 9.25 pg/mL at week 2 and 7.25 pg/mL at week 6 for predicting
fistula response at week 14.*> In a post-hoc analysis of 282 perianal
fistulizing CD patients from the ACCENT 2 trial, IFX levels at weeks
2, 6 and 14 were compared with clinical complete fistula response
at week 14 [CFR14]. In patients with CFR14, median IFX levels
were significantly higher at week 6 (18.4 [12.7-27.8] pug/mL vs 15.2
[9.1-26.0] pg/mL; p = 0.038) and week 14 (6.4 [2.3-10.8] pg/mL vs
3.7 [1.5-7.3] pg/mL; p = 0.001). On receiver operating characteristic
[ROC] analysis, IFX level thresholds of 13.9 pg/mL at week 6 (area
under the receiver operating characteristic [AUROC] 0.57, 95% CI
0.51-0.64, p = 0.036) and 4.8 pg/mL at week 14 [AUROC 0.61,
95% CI 0.54-0.68, p = 0.001] were associated with CFR14.%

The pathophysiology of primary non-response has not yet been
elucidated. Several hypotheses have been suggested, including the
development of immunogenicity to biologics, such as IFX. In the
above-cited observational studies, ATI were detected as soon as be-
fore the third infusion and were more prevalent and at higher titres
in non-responders.’”** A week 2 ATI titre above 4.3 pg/mL-eq was
found to be predictive of PNR in the study by Bar-Yoseph et al.?®
The high inflammatory burden of active disease also increases drug
clearance independent of immunogenicity, leading to low serum
drug levels that themselves predispose to increased immunogenicity,
which further accelerates clearance.?®¥## For example, faecal drug
loss in patients with acute severe colitis has been observed. Brandse
et al. showed in a cohort of 30 moderate—severe UC patients that the
IFX faecal concentration was high in the first days after the first in-
fusion, and higher in non-responders than in responders.** However,
no correlation was found between IFX faecal concentration and
serum IFX levels. These findings were consistent with a French co-
hort of ASUC patients, where IFX was detected in the faeces in 6/15
patients but there was no correlation between serum or faecal IFX
levels and the severity of endoscopic lesions when measured during
the first 2 days of IFX therapy.*” Despite a consistent association
between IFX levels and disease outcomes, no causality has been dem-
onstrated to date. High, or ‘therapeutic', IFX levels may rather be a
marker or a consequence of decreasing inflammatory burden. The
mechanism of PNR could also be independent of immunogenicity or
drug clearance and could be due to a non-TNF-mediated inflamma-
tory disease phenotype.

No interventional controlled study to date has evaluated the
benefit of IFX optimization based on IFX levels during induc-
tion. In the Through Concentration Adapted Infliximab Treatment
[TAXIT] trial, the first randomized controlled study to evaluate
concentration-based dosing to maintain remission in IBD pa-
tients treated by IFX, patients were included in the mainten-
ance phase.” In the TAILORIX trial [a randomized controlled
trial investigating tailored treatment with IFX for active luminal
CD], all patients received a standard induction regimen with no
dose-individualization."

2.2. Adalimumab

ADA is a fully human IgG1 monoclonal antibody targeting soluble
and membrane-bound TNF-a. Registration studies confirming the
safety and efficacy of adalimumab in IBD include GAIN, CLASSIC
Iand 11 and CHARM [CD], and ULTRA 1 and 2 [UC].4-53

2.2.1. Pharmacokinetics of ADA

In healthy volunteers the bioavailability after a single 40-mg sub-
cutaneous ADA dose is 64% and time to peak serum concentration
[C,...
CD patients, median clearance is 14.9 mL/h and median volume of
distribution is 8.7 L.** Significant variability in bioavailability after
subcutaneous injection has been demonstrated. In a recent small pro-

] is 5.5 days. In a population pharmacokinetic analysis from

spective cohort of 28 CD patients, a four-fold difference in the range
of ADA concentrations was seen at 7 days on pharmacokinetic mod-
elling; antibodies to adalimumab and higher lean body weight were
associated with increased adalimumab clearance.”

2.2.2. Therapeutic drug monitoring of ADA during induction
therapy

Early evidence of an exposure-response relationship [EER] for ADA
during induction came from post-hoc analyses of the CLASSIC I and
II clinical trials. From CLASSIC I week 4 ADA levels were higher
in responders than in non-responders [8.1 vs 5.1 pg/mL, p < 0.05].
In both CLASSIC I and II week 4 ADA levels were independently
associated with clinical remission, although a cut-off threshold as-
sociated with remission could not be determined due to significant
inter-patient variability in drug levels.’® In a prospective study of
168 CD patients with prior IFX failure, the use of ADA resulted in
a sustained clinical benefit in two-thirds of patients during a median
follow-up period of almost 2 years. In total, 130 patients had TDM
performed, of which 67 had week 4 TDM data during induction;
median week 4 ADA levels were 5.3 pg/mL. Although no direct re-
lationship between week 4 ADA levels and short-term clinical out-
comes was demonstrated, patients who discontinued ADA by week
4 had lower trough levels than those who continued therapy [2.5
vs 5.9 pg/mL, p = 0.12]. Patients who developed anti-adalimumab
antibodies [AAAs] at any time during follow-up were found to have
lower week 4 ADA levels compared to AAA-negative patients [2.1 vs
6.1 pg/mL, p < 0.02].5” In a subsequent post-hoc analysis of the same
cohort, 20% of patients developed AAAs by a median of 34 weeks,
and the presence of AAAs correlated inversely with ADA trough
levels. Week 4 ADA levels <5 pg/mL were associated with the subse-
quent development of AAA [Hazard Ratio (HR) 25.1; 95% CI 5.6—
111.9, p = 0.002], which themselves were associated with secondary
LOF [OR 3.05 95% CI 1.04-9.09, p = 0.034]. Immunogenicity was
reduced by concomitant immunomodulator use [HR 0.23; 95% CI
0.06-0.86, p = 0.03].°7°% More recent studies of ADA in CD have
led to a better understanding of the different mechanisms of PNR
and thus to the increased interest in proactive TDM during ADA in-
duction. The first study was a prospective, multicentre cohort study
from Israel. Ninety-eight CD patients starting ADA were prospect-
ively followed [median follow-up 44 weeks]. Thirty-three patients
[32%] developed AAA, 18/33 [55%] of them as early as week 2,
and 26/33 [79%] by week 14. AAA during induction were strongly
associated with PNR [OR = 5.4, 95% confidence interval 1.6-17.8,
p = 0.005]. At week 2, ADA levels were significantly associated with
clinical remission by the end of induction (week 2 median levels = 6.8
vs 4.85 pg/mL, interquartile range [IQR] 1.5-19.2 and 0-8.2 pg/mL,
among those in clinical remission vs those clinically active at week
14, p = 0.0005). Moreover, on ROC curve analysis, week 2 ADA
levels >6.7 pg/mL were significantly associated with clinical remis-
sion by the end of induction [p < 0.0001, AUC = 0.73].** In a recent
study, the pharmacokinetics of ADA during induction in 116 CD pa-
tients naive to anti-TNF were analysed retrospectively. Patients with
low serum ADA levels at week 4 [median levels <8.3 pg/mL] were
at significantly higher risk to be AAA-positive by week 12 [46.7%
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vs 13.0%, p = 0.009]. The group of patients with AAAs at week 12
[21.4% had significant higher needs for dose escalation [p < 0.001],
and experienced sustained clinical benefit less frequently due to PNR
or secondary LOF [p = 0.02]. Week 4 ADA levels >12 pg/mL were
associated with biological remission at week 12. Moreover, in this
study, a novel lateral flow rapid test assay for quantitative deter-
mination of ADA levels was used which could allow physicians to
optimize therapy immediately at the time of outpatient clinic ap-
pointments.* In another small prospective cohort of 18 patients [CD
13, UC 5], week 4 ADA levels >3.5 pg/mL were associated with clin-
ical response at that time point.>> From the PANTS cohort described
above, PNR at week 14 occurred in 26.8% [125/4665 95% CI 22.9-
31.1%] of patients treated with ADA. Univariable analyses demon-
strated the strongest associations with PNR to ADA were week 14
ADA and AAA levels. Multivariable analyses confirmed that only
week 14 drug level was associated independently with PNR [OR
0.13, 95% CI 0.06-0.28, p < 0.0001]. Week 14 ADA levels were
also independently associated with a lack of remission at week 54
[OR 0.03, 95% CI 0.01-0.12, p < 0.0001]. As with IFX, patients
with PNR who continued standard ADA dosing rarely entered re-
mission, suggesting the need for proactive dose-optimization early in
these patients. A dose-response association for week 14 ADA levels
and remission was observed up to 12 pg/mL.>** Most recently, the
PAILOT study was a multi-centre, non-blinded randomized trial of
bio-naive CD children [6-18 years] commencing ADA. At week 4,
80 responders to ADA induction therapy, 43% of whom were on
concomitant immunomodulators, were randomized to proactive
TDM [where ADA doses were regularly optimized to maintain drug
levels >5 pg/mL], or to reactive TDM, where TDM use was based on
symptoms or biomarkers of active disease. The primary end point,
sustained corticosteroid-free remission between weeks 8 and 72, was
achieved in 87% of the proactive TDM group and 49% of the re-
active TDM group [p < 0.001].%°

In UC, several cohort studies have shown an association between
serum ADA levels during induction and early mucosal healing. In
a retrospective, single-centre study including 43 consecutive UC
patients treated with ADA, five patients had PNR and 12 patients
achieved short-term mucosal healing [STMH]. Patients with STMH
had higher ADA levels at week 4 compared to those without [10.6 vs
7.4 ug/mL, p = 0.014]. Multivariate logistic regression analysis, after
excluding patients with PNR to IFX, identified ADA levels >7.5 pg/
mL at week 4 [OR 15.7; 95% CI 1.3-185; p = 0.029] and baseline
endoscopic Mayo score 3 [OR 0.13; 95% CI 0.02-0.98; p = 0.047]
as factors independently associated with STMH.® In another single-
centre cohort study, 73 UC patients previously exposed to IFX were
assessed for response to ADA at weeks 12 and 52. Prior response to
IFX and early serum ADA concentrations correlated well with clin-
ical response. Independent predictors for response at week 12 were
primary response to IFX [OR 8.33; 95% CI 1.8-33.3; p = 0.006]
and an ADA concentration >4.58 pg/mL at week 4 [OR 4.85; 95%
CI 1.3-18.65 p = 0.009].°' It must be acknowledged that all these
studies demonstrating a relationship between early ADA levels and
clinical remission or early mucosal healing are non-interventional.
However, these studies do confirm an association between serum
ADA levels at week 2 or week 4 and PNR. The presence of AAAs
occurs early and frequently with ADA use. AAAs are associated
with lower serum ADA levels and LOF or PNR in both CD and UC.
Current best practices, including concomitant immunomodulator
use, and dose intensification in at-risk patients during induction
[including the use of TDM], may reduce pharmacokinetic treat-
ment failures. Due to the heterogeneity of study designs to date, no

consistent ADA thresholds have emerged on which to base recom-
mendations for ADA induction TDM.

2.3. Golimumab

Golimumab is a fully human IgG1 monoclonal antibody targeting
TNF and is registered for the treatment of rheumatoid arthritis,
ankylosing spondylitis, psoriatic arthritis and UC. The safety and
efficacy of golimumab in UC was confirmed by the PURSUIT regis-
tration studies.*>%*

2.3.1. Pharmacokinetics of golimumab

From the PURSUIT SC induction and maintenance studies, median
serum golimumab concentrations peaked at week 2 and were ap-
proximately dose-proportional during induction and maintenance
therapy. Steady-state drug concentrations were reached after 8 weeks
of maintenance therapy [14 weeks of golimumab] and were also
dose-proportional. During induction and maintenance, drug concen-
trations in the lower quartiles were associated with increased weight,
low albumin, high faecal calprotectin and CRP, and antibodies to
golimumab. Immunomodulators increased steady-state drug concen-
trations only in the 50-mg, but not 100-mg, golimumab mainten-
ance group. Up to week 54, 3% of patients developed antibodies to
golimumab; immunogenicity rates were lower in patients receiving
immunomodulators compared to golimumab monotherapy patients
[1.5% vs 3.5%].

2.3.2. Therapeutic drug monitoring of golimumab during
induction therapy

In the PURSUIT SC induction study, median week 6 golimumab concen-
trations were 0.8 pg/mL [1.0 = 0.75 pg/mL], 1.9 pg/mL [2.4 + 1.87 pg/
mL] and 3.9 pg/mL [4.5 = 2.89 pg/mL] in the golimumab 100/50-mg,
200/100-mg and 400/200-mg groups, respectively. On quartile analysis
of week 6 drug levels an ERR was demonstrated for clinical response,
remission and mucosal healing. Week 6 golimumab drug levels were
higher in clinical responders vs non-responders [2.96 vs 1.55 pg/mL,
p < 0.001], remitters vs non-remitters [3.14 vs 2.13 pg/mL, p < 0.001]
and patients achieving vs not-achieving mucosal healing [3.14 vs
1.70 pg/mL, p < 0.001]. On multivariate analysis of variables during
induction, only week 6 golimumab levels and female sex were pre-
dictors of all efficacy outcomes, i.e. clinical response, remission and
mucosal healing. Analysis of the association between golimumab levels
at earlier time points and outcomes at week 6 demonstrated that week
2 and 4 golimumab levels were predictive of clinical response and
mucosal healing, but only week 4 levels were predictive of clinical re-
mission rates at week 6. On ROC curve analysis, the optimal week 6
golimumab drug level associated with clinical response at week 6 was
2.5 pg/mL. Optimal golimumab levels at earlier time points associated
with subsequent clinical response at week 6 were 8.9 pg/mL [week 2]
and 7.4 pg/mL [week 4].5°

The only other report of golimumab TDM during induction
therapy comes from Leuven where 21 patients with moderate-severe
UC received golimumab 200 mg at week 0, then 100 mg at week 2
as induction therapy. Median serum golimumab concentrations at
weeks 2 and 6 were 8.0 [5.3-10.3] pg/mL and 4.3 [2.0-6.9] pg/mL,
respectively.

Comparing responders and non-responders, week 2 levels were
10.0 [7.8-10.5] pg/mL vs 7.4 [4.8-8.3] pg/mL [p = 0.035], and week
6 levels were 5.1 [4.0-7.9] pg/mL vs 2.1 [1.8-4.2] pg/mL [p = 0.037],
respectively. On ROC curve analysis a week 6 golimumab level of
2.6 pg/mL was associated with partial clinical response at week 14;
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this optimal week 6 drug level is very similar to that seen in the
PURSUIT analysis.*

2.4. Certolizumab pegol

Certolizumab pegol [CZP] is a PEGylated, humanized, antigen-
binding fragment [Fab’] of an anti-TNF monoclonal antibody.
Unlike other available anti-TNF agents, it has no crystallizable
fragment [Fc] domain. The lack of an Fc domain means it does not
cause complement-dependent cytotoxicity or antibody-dependent
cell-mediated cytotoxicity, nor induce apoptosis.®”*s The safety and
efficacy of CZP in CD was demonstrated in the registration studies
PRECISE 1 and 2.9

2.4.1. Pharmacokinetics of CZP

The pharmacokinetics of CZP are dose-proportional; peak plasma
concentrations occur 54-171 h after injection.®” Clearance is linear
and elimination is via proteolysis and urinary excretion. PEGylation
of CZP delays renal elimination and increases the half-life to
14 days.®® The pharmacokinetics of CZP has been extensively
studied using a population-based pK model which included 12 926
CZP concentrations obtained from 2157 patients with CD from nine
clinical trials.”® CZP drug levels were measured using an ELISA, and
anti-drug antibodies to CZP were measured using a drug-sensitive
ELISA. In this study, clearance was estimated to be 0.53 L/day with
an interpatient variability of 19.6%. Factors which increased CZP
clearance included anti-drug antibodies, increasing patient weight,
low albumin and high CRP. Female sex was associated with a small,
not clinically significant increase in clearance of 7%. This study as-
sessed the impact of covariates both at baseline and during treat-
ment. For example, in patients who responded to CZP, an elevated
CRP at baseline was associated with a subsequent decrease in CRP
during treatment with a concomitant decrease in clearance over time.

2.4.2. Therapeutic drug monitoring of CZP during induction
therapy

Using pooled data from nine clinical trials involving 2157 CD pa-
tients treated with CZP, the exposure-response relationship for CZP
was evaluated for several clinical and biological end points assessed
at weeks 6 and 26. Patients who achieved week 6 clinical response,
clinical remission or biological remission [CRP < 5§ mg/L or faecal
calprotectin <250 pg/g] had higher CZP levels at weeks 2, 4 and 6
for all outcomes compared to patients who did not achieve these
end points [p < 0.001 for all end points]. For the composite end
point of week 6 clinical remission (Crohn’s disease activity index
[CDAI] < 150 points) and faecal calprotectin <250 pg/g, higher CZP
concentrations were observed in patients who achieved this outcome
compared to those who did not, at week 2 [22.1 vs 20.6 pg/mL,
P =0.003], week 4 [34.2 vs 30.3 pg/mL, p < 0.001] and week 6 [38.0
vs 32.0 pg/mL, p < 0.001]. On ROC analysis, CZP concentrations
>36.1 pg/mL at week 6 and >14.8 pg/mL at week 12 were associ-
ated with improved clinical outcomes at weeks 6 and 26 respect-
ively.”" The MUSIC [Endoscopic Mucosal Improvement in Patients
with Active CD Treated with CZP] trial was a 54-week, multicentre,
open-label study assessing endoscopic response to CZP in 89 pa-
tients with endoscopically active CD. Patients received 400 mg CZP
at weeks 0, 2 and 4 and then 4-weekly up to week 52. Endoscopic
evaluations scored by the CD Endoscopic Index of Severity [CDEIS]
were performed at weeks 0, 10 and 54. CZP concentrations were
drawn at weeks 8 and 54, from which quartile analyses were com-
pared to endoscopic outcomes in 45 patients with paired results. On

quartile analysis from CZP levels taken during induction at week 8,
mean CZP levels were 3.6 pg/L [quartile 1], 13.3 pg/L [quartile 2],
19.7 pg/L [quartile 3] and 30.1 pg/L [quartile 4]. Compared to pa-
tients in the lowest week 8 CZP level quartile, patients in the highest
three quartiles had higher rates of endoscopic response [p = 0.002]
and remission [p = 0.03] at week 10.7” A summary of the evidence
supporting threshold drug levels during induction and associated
clinical outcomes for anti-TNF agents is shown in Table 1. A sug-
gested algorithm for the use of induction TDM for anti-TNF agents
is shown in Figure 2.

3. Vedolizumab

Vedolizumab is a recombinant human IgGl monoclonal anti-
body that binds to the a4f37 integrin expressed on gut-selective
lymphocytes; this binding prevents lymphocyte adhesion to mu-
cosal addressin cell-adhesion molecule 1 [MAdCAM-1], which
is expressed in the gut vascular endothelium. It was registered for
the treatment of patients with moderate-to-severe CD and UC in-
tolerant of, or unresponsive to, conventional immunomodulators or
corticosteroids following the GEMINII and II studies.”™ Efficacy as
induction therapy in CD anti-TNF failures was subsequently demon-
strated in the GEMINI III study, albeit not until week 10.7

3.1. Pharmacokinetics of vedolizumab

In healthy volunteers given a single dose of vedolizumab at 0.2-
10 mg/kg, clearance is linear until the concentration reaches 10 pg/
mL; below this clearance is non-linear.”® In repeated doses across
a range of 2-10 mg/kg, pharmacokinetics are dose-proportional.””
No differences in drug levels were observed between patients with
UC and CD at week 6 in the GEMINI I and II studies.””* In these
studies, responders to vedolizumab induction therapy at week 6 who
were intensified to 4-weekly vedolizumab had higher mean drug
levels at week 46 compared to those receiving 8-weekly vedolizumab
[38 and 34 pg/mL vs 11 and 13 pg/mL, in GEMINI I and II, re-
spectively].”® A population pharmacokinetic analysis estimated the
half-life of vedolizumab to be 25.5 days.” Factors which increase
clearance are extreme weight [>120 kg], hypoalbuminaemia [<3.2 g/
dL] and the presence of anti-vedolizumab antibodies. Concomitant
immunomodulation does not influence vedolizumab drug levels. In
GEMINI I, UC patients with higher Mayo endoscopic scores had
lower VDZ concentrations at week 6. CRP and faecal calprotectin
exert a slight influence on clearance, although this is not clinically
significant.”® Complete a4B7 receptor saturation is achieved with
standard vedolizumab dosing regimens and at serum concentrations
of 1 pg/mL.”

3.2. TDM of vedolizumab during induction therapy

The GEMINI studies provide the largest prospectively collected
dataset demonstrating an ERR between vedolizumab drug levels
and outcomes during induction. On quartile analysis in GEMINI
I, patients with UC with drug levels in the highest quartile [Q4:
33.6-65.6 pg/mL] had higher rates of clinical response and re-
mission compared to those in the lowest quartile at week 6 [Q1:
0-16.7 pg/mL; 74.1 vs 29.6% for response and 37.0 vs 5.6% for
remission].”> In GEMINI II, CD patients with drug levels in the
highest quartile [Q4: 33.8-142.0 pg/mL] had higher rates of clin-
ical response and remission compared to those in the lowest quartile
[Q1: 0-15.2 pg/mL; 48.0 vs 20.4% for response and 22.0 vs 6.1%
for remission] at week 6.7* In a post-hoc analysis of these studies,
median vedolizumab trough concentrations at week 6 were higher
in remitters vs non-remitters in GEMINI I [34.7 vs 23.7 pg/mL] and
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Table 1. Biologic induction TDM thresholds and associated therapeutic outcomes for anti-TNF agents.

IBD type Study type and sample size Total N Threshold Associated therapeutic outcome Reference
concentration and time point
[ng/mL]
Infliximab
Week 2
CD Post-hoc analysis of RCT [TAILORIX] 122 >23.1 Endoscopic remission at week 12 Dreesen et al*!
CD Retrospective cohort [fistulizing CD] 36 >9.3 Fistula response at week 14 Davidov et al*
CD Prospective cohort 72 >26.7 Clinical response at week 14 Clarkston et al*
CD Prospective cohort® 184 >20.4 Clinical remission at week 14 Gonczi et al®
CD Prospective cohort® 184 >16.9 Clinical response at week 14 Gonczi et al’
ucC Prospective cohort® 107 >15.3 Clinical remission at week 14 Gonezi et al®
ucC Prospective cohort® 107 >11.5 Clinical response at week 14 Gonczi et al®
ucC Post hoc analysis of RCT [JAPIC] 82 >21.3 Clinical remission at week 14 Kobayashi et al*®
ucC Post-hoc analysis of two RCTs [ACT 1 and 2| 484 >18.6 Mayo endoscopic score <2 at week 8 Vande Casteele et al*
ucC Retrospective cohort 101 >28.3 Mucosal healing at weeks 10-14 Papamichael et al'
CD/UC Retrospective case-control 140 <6.8 Primary non-response at week 14 Bar-Yoseph et al*’
Week 6
CD Post-hoc analysis of RCT [TAILORIX] 122 > 10 Endoscopic remission at week 12 Dreesen et al*!
CD Retrospective cohort [fistulizing CD] 36 >7.3 Fistula response at week 14 Davidov et al*
CD Prospective cohort 72 >15.9 Clinical response at week 14 Clarkston et al*
ucC Post-hoc analysis of two RCTs [ACT 1 and 2] 484 >10.6 Mayo endoscopic score <2 at week 8 Vande Casteele et al*
ucC Post-hoc analysis of two RCTs [ACT 1 and 2] 728 >22 Clinical response at week 8 Adedokun et al**
ucC Prospective cohort 19 > 6.6 Endoscopic response at week 8 Brandse et al’’
ucC Retrospective cohort 101 =15 Mucosal healing at week 10-14 Papamichael et al'
Week 14
CD Post-hoc analysis of RCT [ACCENT 1] 291 >3.5 Sustained clinical response up to week 54 Cornillie et al'
CD Prospective cohort [PANTS] 955 >7.0 Clinical remission at both week 14 and week 54 Kennedy et al**
ucC Post-hoc analysis of two RCTs [ACT 1 and 2] 728 > 5.1 Clinical response at week 30 Adedokun et al**
ucC Post-hoc analysis of two RCTs [ACT 1 and 2] 484 >5.1 Mayo endoscopic score <2 at week 8 Vande Casteele et al*
ucC Post-hoc analysis of two RCTs [ACT 1 and 2] 484 26.7 Mayo endoscopic score = 0 at week 8 Vande Casteele et al*
ucC Retrospective cohort 101 >2.1 Mucosal healing at weeks 10-14 Papamichael et al'’
CD/UC  Prospective cohort 35 >4.8 Clinical response at week 14 Tighe et al’?
Adalimumab
Week 2
CD Prospective cohort 98 >6.7 Clinical remission at week 14 Ungar et al*
Week 4
CD Prospective cohort 116 <8.3 AAA formation at week 12 Verstockt et al*
CD Prospective cohort 116 >12 Biological remission at week 12 Verstockt et al**
CD Prospective cohort 28 >7.3 Clinical remission at week 12 Vande Casteele et al*®
ucC Retrospective cohort 43 >7.5 Mucosal healing at weeks 8-14 Papamichael et al*
ucC Retrospective cohort 73 >4.6 Clinical response at week 12 Baert et al®!
ucC Retrospective cohort 73 >7 Clinical response at week 52 Baert et al°!
CD/UC  Prospective cohort 35 >3.5 Clinical response at week 4 Tighe et al’?
Golimumab
Week 2
ucC Post-hoc analysis of RCT [PURSUIT] 1064 > 8.9 Clinical response at week 6 Adedokun et al®’
Week 6
ucC Post-hoc analysis of RCT [PURSUIT] 1064 >2.5 Clinical response at week 6 Adedokun et al®
ucC Retrospective cohort 21 >2.6 Partial clinical response at week 14 Detrez et al®®
Certolizumab pegol
Week 6
CD Post-hoc analysis of nine RCTs 2157 >31.8 Clinical response/remission at week 6 Vande Casteele et al”
CD Post-hoc analysis of nine RCTs 2157 >31.9 CRP <5 mg/L at week 6 Vande Casteele et al”!
CD Post-hoc analysis of nine RCTs 2157 >32.7 FC <250 mg/g at week 6 Vande Casteele et al”*
CD Post-hoc analysis of nine RCTs 2157 >34.5 FC <250 mg/g and CDAI <150 at week 6 Vande Casteele et al”
CD Post-hoc analysis of nine RCTs 2157 >36.1 FC [<250 mg/g] and CDAI €150 at week 26 Vande Casteele et al”!
Week 8
CD Post-hoc analysis of RCT [MUSIC] 45 >23.3 Endoscopic remission at week 10 Colombel et al”

Abbreviations: CD, Crohn’s disease; UC, ulcerative colitis; RCT, randomized controlled trial; AAA, anti-adalimumab antibodies; FC, faecal calprotectin; CRP,

C-reactive protein; CDAIL Crohn’s disease activity index.
aCT-P13.
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TDM during and early after anti-TNF induction therapy in IBD

Adequate anti-TNF drug

Undetectable or sub-therapeutic anti-TNF

concentration concentration
Optimize
v T dose and/or { interval
v Add IMM -
___________________________________________________________________________________ End of induction
PNR Response ADA (-) ADA (+)
(defined objectively v Continue on
based on endoscopy, maintenance
CRP and/or imaging) .
anti-TNF Optimi
V" Switch out of drug therapy Optumize ADA
class v T dose ADA
v Surgery v | interval (low) (high)
v Add IMM
Optimize Discontinue therapy
V' Add IMM V" Switch to another anti-TNF
V' 7T dose V" Switch out of drug class
v linterval| |V Surgery (if PNR)

Figure 2. Suggested algorithm for induction TDM for anti-TNF agents. IMM, immunomodulator; PNR, primary non-response.

GEMINI II [26.8 vs 23.5 pg/mL], but substantially more overlap
between the groups was observed in GEMINI I1.%° Higher rates
of mucosal healing at week 6 were observed in UC patients with
trough concentrations in the highest quartile [Q4 > 35.7 pg/mL]
compared to the lowest quartile [<17.1 pg/mL; 62.9 vs 20.1%].%° In
GEMINI III the magnitude of the ERR was less robust; at week 6
increasing trough concentrations from the lowest to highest quartile
[€17.1 to >32.5 pg/mL] resulted in an absolute increase in remis-
sion rates of only 5%. However, at week 10 the clinical remission
rate increased 22% when comparing patients with the lowest quar-
tile to the highest, suggesting that in CD, vedolizumab may take
longer to be efficacious.*”” In these studies ROC analyses were
not performed to identify a target drug level threshold associated
with favourable outcomes. The most recent post-hoc analysis of
the vedolizumab registration trials dataset aimed to determine the
ERR of vedolizumab therapy in UC after adjusting for confounding
variables via a propensity-score-based case-matching analysis
using data from GEMINI 1 and a previously published population
pharmacokinetic study.” Variables included in the model included
age, weight, anti-TNF history, albumin and faecal calprotectin. At
week 6, on quartile analysis a robust ERR was observed between
vedolizumab concentration and clinical response, and a similarly
robust inverse correlation was seen between vedolizumab clearance
and response. Proposed target vedolizumab levels associated with
clinical response at week 6, week 14 and steady-state were 37.1,
18.4 and 12.7 pg/mL, respectively. Week 6 was shown to be the
earliest time point at which vedolizumab concentrations were pre-
dictive of clinical remission at weeks 14 and 52.5!

There are a small number of uncontrolled studies comparing
vedolizumab drug levels with outcomes during induction. A French
multicentre study prospectively assessed the relationship between

early vedolizumab drug levels [taken at weeks 2, 6 and 14] and
subsequent rates of mucosal healing between weeks 14 and 52
amongst 82 patients with IBD. In total, 44/82 [54.4%] of patients
were dose-intensified due to inadequate response. Only drug levels
at week 6 differed between patients with and without mucosal
healing within the first year of treatment [26.8 vs 15.1 ug/mL,
p = 0.0035]. A therapeutic cut-off of >18 pg/mL was proposed
with a sensitivity, specificity, positive predictive value [PPV] and
negative predictive value [NPV] of 88.2%, 66.7%, 78.9% and
80.0%, respectively, with an AUROC of 0.735.%2 In another
prospective observational study of 47 consecutive IBD patients,
the same authors found that a week 6 vedolizumab drug level
<18.5 pg/mL was associated with the need for dose intensification
due to inadequate clinical response. All dose-intensified patients
clinically responded.®® A retrospective study from Leuven com-
pared vedolizumab trough drug levels measured by ELISA in 179
patients with IBD [66 UC, 113 CD] and compared these to a range
of outcomes [mucosal healing in UC at week 14 and CD at week
22, physician global assessment at week 14 for UC and week 22
in CD, and biochemical response/remission at weeks 6 and 22 in
CD]. Higher vedolizumab trough levels at weeks 2 and 6 predicted
better outcomes for both UC and CD. Considering UC, a week 2
trough level of >28.9 pg/mL was associated with week 14 mucosal
healing [specificity 0.62, sensitivity 0.73, PPV 0.59 and NPV 0.75,
AUROC 0.7, p = 0.16] and clinical response [specificity 0.59, sen-
sitivity 0.75, PPV 0.4 and NPV 0.87, AUROC 0.67, p = 0.049].
A week 6 trough level of >20.8 pg/mL was associated with clinical
response at week 16 [specificity 0.75, sensitivity 0.69, PPV 0.5,
NPV 0.87, AUROC 0.72, p = 0.08]. Considering CD, a week 2
vedolizumab trough concentration >29.8 pg/mL was associated
with biological remission at week 6 [specificity 0.67, sensitivity
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0.73, PPV 0.88, NPV 0.42, AUROC 0.71, p = 0.026]. Baseline
characteristics associated with higher vedolizumab concentra-
tions on multivariate analysis included female sex, lower body
mass index, non-smoking, lower CRP, higher albumin and higher
haemoglobin.** Summarizing these data across both UC and CD,
the authors concluded that improved clinical and endoscopic out-
comes are associated with vedolizumab trough concentrations
>30.0 pg/mL at week 2, 24.0 pg/mL at week 6 and >14.0 pg/mL
during maintenance therapy.® A further single-centre retrospective
analysis of 81 patients [40 CD, 41 UC] correlated vedolizumab
trough concentrations during induction and subsequent clinical
response during maintenance. Week 6 vedolizumab levels were
higher in patients with sustained clinical response compared to pa-
tients experiencing treatment failure during maintenance therapy
[33.0 vs 24.0 pg/mL, p = 0.02]. A week 6 vedolizumab level
>28.0 pg/mL predicted sustained clinical response [AUC 0.723,
p = 0.017]. Interestingly, week 6 vedolizumab levels were lower in
anti-TNF experienced compared to anti-TNF naive patients [22.5
vs 36.0 pg/mL, p = 0.03].%

Unlike the robust ERR seen with anti-TNF therapy, the rela-
tionship between serum levels of vedolizumab and clinical out-
comes is weaker. In part this may reflect the incomplete and
evolving understanding of the exact mechanism of action of
vedolizumab in IBD. Although the effect of vedolizumab on cir-
culating gut-selective lymphocytes, and the complex interplay
of binding between a4f7 and MAdCAM-1, is well recognized,
recent in vivo data from a single small case series suggest that
some of the mechanism of action may be due to effects on the
innate, rather than adaptive, immune system.® In a prospective
multicentre study of 106 patients with IBD, researchers compared
vedolizumab drug levels with outcomes and with a437 saturation
on peripheral and lamina propria T-lymphocytes during induction
and maintenance. Clinical remission was observed in 45% of pa-
tients at week 6. Vedolizumab drug levels were higher in week 6
clinical remitters vs non-remitters [40.2 vs 29.7 pg/mL, p = 0.05]
and between patients in quartiles 3 and 4 compared to patients
in quartile 2 [p = 0.02 and 0.006, respectively] at the same time
point. Complete 47 saturation on peripheral and lamina pro-
pria T-lymphocytes at weeks 2 and 14 was seen in most patients
and was not different according to clinical outcomes.?” In a retro-
spective proof of concept study in 62 IBD patients responding to
vedolizumab induction therapy at week 10, Paul et al. compared
levels of soluble MAACAM-1 [sMAdCAM-1], retinoic acid [RA]
and vedolizumab drug levels between patients who maintained re-
mission and those that relapsed. RA was chosen as a candidate
biomarker given its effect on inducing expression of 047 on T
cells. During maintenance, sSMAdCAM-1 was significantly lower in
those who maintained remission compared to those who relapsed
[p < 0.001]. On multivariate analysis, undetectable sMAdCAM-1
and a VDZ drug level >19 pg/mL [measured during maintenance,
not induction] were independently associated with maintenance of
clinical remission [OR = 7.5, p = 0.006 and OR = 2.2, p = 0.045,
respectively] with a PPV for remission of 92.5%. At baseline,
only RA > 1.86 ng/mL was predictive of clinical remission during
follow-up [AUROC 80.7%]. The authors propose that, pending
validation in prospective studies, an algorithm incorporating
vedolizumab trough levels, sMAdCAM-1 and RA could be used
to predict clinical response to vedolizumab therapy.®® A summary
of the evidence supporting threshold drug levels during induc-
tion and associated clinical outcomes for vedolizumab is shown
in Table 2.

4. Ustekinumab

Ustekinumab is a fully human IgG1 monoclonal antibody targeting
the shared p40 subunit of IL 12 and 23. It has regulatory approval
for use in psoriasis, psoriatic arthritis and CD, and efficacy and
safety in UC has recently been confirmed.® The registration trials in
CD included two induction studies [UNITI-1 and 2] and one pivotal
maintenance study [IM-UNITI].”®

4.1. Pharmacokinetics of ustekinumab

From population pharmacokinetic studies the median half-like of
ustekinumab in CD patients is 19 days, and bioavailability after
SC injection is 57%.°%** From phase III CD trials, peak serum
ustekinumab concentrations occurred 1 h after the intravenous [IV]
infusion, and steady-state serum concentrations were achieved by
the time of the second 8-weekly or 12-weekly SC dose.”>”* At week 8
median ustekinumab concentrations after 6 mg/kg induction dosing
were 6.4 ng/mL [UNITI-1] and 6.3 pg/mL [UNITI-2]. Throughout
the 44-week IM-UNITI maintenance study ustekinumab concentra-
tions remained stable in both dosing groups [2.0-2.2 pg/mL in the
8-weekly dosing group, and 0.6-0.8 pg/mL in the 12-weekly dosing
group]; trough concentrations were three-fold higher in the 8-weekly
compared to 12-weekly dosing schedule.”* As with other mono-
clonal antibodies, clearance of ustekinumab is affected by multiple
pharmacokinetic variables including body weight, albumin, CRP,
prior anti-TNF status, sex and immunogenicity. Given the weight-
based dosing schedule for ustekinumab IV induction therapy in
CD, body weight is the biggest determinant of ustekinumab volume
of distribution and clearance.”® Unlike anti-TNF agents, concomi-
tant immunomodulators do not significantly modify ustekinumab
pharmacokinetics and clearance.”

4.2. TDM during induction therapy of ustekinumab
The largest analysis to date of the role of TDM during ustekinumab
induction therapy comes from the UNITI studies. At the end of in-
duction at week 8, median ustekinumab concentrations were 6.4
and 2.1 pg/mL for the 6-mg/kg and 130-mg groups, respectively.
Initially, both the 130-mg and 6-mg/kg groups were combined into
ustekinumab week 8 drug concentration quartiles, which demon-
strated a positive ERR between drug concentration and clinical
remission. Higher clinical remission rates were observed in the
two highest quartiles vs the lower quartiles; this relationship was
stronger in UNITI-2 [p = 0.007] than UNITI-1 [p = 0.039]. However,
analysis of just the approved 6-mg/kg group did not show a signifi-
cant ERR between week 8 quartile levels and clinical response in
either UNITI-1 [p = 0.225] or UNITI-2 [p = 0.101]. A combined
week 8 quartile analysis of the 130-mg and 6-mg/kg groups demon-
strated a positive association between drug levels and reduction and
normalization of week 8 CRP levels [p < 0.001 for both analyses in
both UNITI-1 and UNITI-2]. On ROC curve analysis a target week
8 ustekinumab level of 3.3 pg/mL correlated best with week 8 clin-
ical remission, albeit with modest accuracy [AUC 0.57, sensitivity
0.63, specificity 0.52, p = 0.001]. In the UNITI studies the incidence
of anti-ustekinumab antibodies was very low at 0.2%. There was no
association between quartile analysis of week 8 ustekinumab drug
levels and infections, serious infections or serious adverse events.**
Data from other smaller studies supporting an ERR for
ustekinumab during induction therapy are less conclusive. An open-
label pilot study in 19 CD patients with prior anti-TNF failure
studied pharmacokinetic outcomes after subcutaneous [SC], rather
than IV, ustekinumab induction therapy given as 180 mg SC at week
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Table 2. Biologic induction TDM thresholds and associated therapeutic outcomes for vedolizumab and ustekinumab.

IBD type Study type and sample size Total N Threshold Associated therapeutic outcome Reference
concentration  and time point
[ng/mL]
Vedolizumab
Week 2
CD/UC Retrospective cohort 179 >28.9 Clinical response in UC at week 14 Dreesen et al.®
CD/UC Retrospective cohort 179 >35.2 Biochemical remission in CD at week 6 Dreesen et al.®
Week 6
ucC Post-hoc analysis of RCT [GEMINI1] 693 >37.1 Clinical response at week 6 Osterman et al*
CD/UC Retrospective cohort 179 >20.8 Clinical response in UC at week 14 Dreesen et al.®
CD/UC Retrospective cohort 81 >28 Sustained clinical response Liefferinckx et al*
CD/UC Prospective cohort 82 >18 Mucosal healing within 52 weeks Yacoub et al®!
CD/UC Prospective cohort 47 <18.5 Need for dose-escalation within 24 weeks ~ Willett e al*?
Week 14
ucC Post-hoc analysis of RCT [GEMINI1] 693 >18.4 Clinical response at week 14 Osterman et al*
CD/UC Retrospective cohort 179 >12.6 Clinical response in UC at week 14 Dreesen et al.®
CD/UC Retrospective cohort 179 >17 Mucosal healing in UC at week 14 Dreesen et al.®
Ustekinumab
Week 4
CD Prospective cohort 86 >15.9 50% decrease in FC at week 8 Verstockt et al**
CD Prospective cohort 51 >13 Clinical and biochemical response at week 16 Soufflet ez al.”
Week 8
CD Post-hoc analysis of RCTs [UNITI-1 701 >3.3 Clinical remission at week 8 Adedokun ez al.’!
and 2]
CD Prospective cohort 86 >7.2 Biological remission at week 8 Verstockt et al.**
CD Prospective cohort 86 >4.2 50% decrease in FC at week 8 Verstockt ef al.**
CD Prospective cohort 51 >2 Clinical and biochemical response at week 16 Soufflet ez al.”

Abbreviations: CD, Crohn’s disease; UC, ulcerative colitis; RCT, randomized controlled trial; AAA, anti-adalimumab antibodies; FC, faecal calprotectin.

*CT-P13.

0,90 mg SC at week 1 and 90 mg SC at week 2. Trough ustekinumab
levels at weeks 1, 2 and 8 were 16 pg/mL [IQR 14.5-20 pg/mlL],
20 pg/mL [IQR 14.5-20 pg/mL] and 6.1 pg/mL [IQR 14.5-20 pg/
mL] respectively. This week 8 level of 6.1 pg/mL compares favour-
ably with the level of 6.4 ug/mL achieved in the 6-mg/kg IV arm
of the UNITI-1 trial. Although faecal calprotectin levels dropped
significantly overall after ustekinumab therapy, median week 8
ustekinumab trough levels were similar in calprotectin responders
(7.1 pg/mL [IQR 4.60-9.43 pg/mL]) and non-responders (6.1 pg/mL
[3.9-9.7 ug/mL]) [p = 1.00].” In a single-centre prospective study
of 42 CD patients refractory to anti-TNF therapy, patients received
90 mg SC ustekinumab at weeks 0, 4 and 12, and the week 12 clin-
ical response rate [defined as a reduction in Harvey Bradshaw Index
of 3 points] was 57%. However, there was no difference in median
week 12 ustekinumab trough levels between responders [1.16 pg/
mL; IQR: 0.60-1.64] and non-responders [1.56 pg/mL; IQR: 0.49—
2.76,p = 0.24].° In a single-centre prospective cohort of 86 predom-
inantly biologic-experienced CD patients receiving ustekinumab, an
ERR was demonstrated during both induction and maintenance.
Week 24 clinical remission rates were 39.5%, but endoscopic re-
sponse and remission rates were significantly lower at 20.5% and
7.1%, respectively. During induction, median ustekinumab concen-
trations were 21.3 pg/mL at week 4 and 7.2 pg/mL at week 8. Higher
baseline albumin, lower baseline faecal calprotectin and female sex
were predictors of higher ustekinumab concentrations during in-
duction. A 50% decrease in faecal calprotectin at week 8 was as-
sociated with ustekinumab concentrations >15.9 pg/mL at week 4
and >4.2 pg/mL at week 8. Numerically, ustekinumab concentra-
tions were higher in endoscopic responders at all time points up to
week 24.°7 Recently, in a prospective multicentre open-label study

of 52 CD biologic-experienced patients [100% anti-TNF-exposed,
71% vedolizumab-exposed], the ERR of ustekinumab during induc-
tion therapy was assessed. The primary end point was defined as
steroid-free clinical and biochemical remission at week 16 [Harvey
Bradshaw Index <4 points with CRP <5 mg/L and faecal calprotectin
<250 pg/gl. In total, 32 patients [63%] achieved the primary end
point at week 16. At week 8, median ustekinumab levels were signifi-
cantly higher in responders compared to non-responders (6.0 pg/mL
[IQR 3.1-8.0 pg/mL] vs 1.3 pg/mL [IQR, 0.9-5.6 pg/mL]; p = 0.03).
ROC analysis showed that week 8 trough ustekinumab concentra-
tions >2.0 pg/mL were associated with response to induction therapy
[AUROC 0.75, 95% CI 0.53-0.96, p = 0.04]. A decrease in faecal
calprotectin, but not CRP, correlated well with response.”® A sum-
mary of the evidence supporting threshold drug levels during induc-
tion and associated clinical outcomes for ustekinumab is shown in
Table 2.

5. Discussion

PNR and secondary LOF to biological agents in IBD are important
clinical problems. Secondary LOF to anti-TNF agents during main-
tenance therapy is common and reactive TDM is now considered
standard of care in assessing and managing this scenario.”® Data are
gradually emerging to support the use of reactive TDM in managing
secondary LOF to other classes of biologic therapy.””'* Of equal po-
tential significance is the use of proactive TDM to prevent secondary
LOF to biologic agents. The benefits of proactive TDM to prevent
secondary LOF to anti-TNFs have been demonstrated only in ob-
servational studies, but not randomized controlled trials, to date.*!
Of potentially even greater significance is whether PNR to biologic
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agents can be prevented by targeting threshold serum drug levels and
reducing immunogenicity during the induction period, during which
time higher drug levels are required to overcome the high inflamma-
tory burden of active disease. Data from observational studies and
post-hoc analyses of registration trials of all three biologic classes
are evolving to support this practice, and potential threshold drug
level targets at specific time points during induction are emerging. It
must be acknowledged that these emerging data demonstrate an as-
sociation between drug levels and various depths of remission during
induction, but this does not imply causality. An alternative hypoth-
esis is that higher drug levels are themselves secondary to reduced
disease activity leading to reduced drug clearance. A summary of the
evidence supporting threshold drug levels during induction and as-
sociated clinical outcomes for each biologic class is shown in Tables
1 and 2. These studies employed a variety of assays, meaning care
must be taken in directly comparing thresholds between studies. At
present, for [FX we recommend measuring week 14 levels in all pa-
tients, aiming for a target level of 7-10 pg/mL. In patients with a high
baseline inflammatory burden [e.g. ASUC or perianal fistulizing CD]
we also recommend ideally measuring IFX levels earlier in induc-
tion and targeting higher drug concentrations at these time points:
week 2 [20-25 pg/mL] and week 6 [10-15 pg/mL]. Acknowledging
that for ADA there is only recently emerging evidence, we suggest
measuring week 4 ADA levels in all patients, aiming for a target level
of 8-12 ng/mL. Higher levels will again be required for patients with
a high baseline inflammatory burden, although currently there are no
data on which to make specific recommendations in these patients.
Currently, it is not possible to give firm recommendations for induc-
tion TDM targets for vedolizumab and ustekinumab, but emerging
signals suggest that week 6 vedolizumab levels >20 pg/mL and week
8 ustekinumab levels >3 pg/mL are associated with improved clin-
ical outcomes. We acknowledge that these potential target levels will
probably undergo significant refinement as the science of proactive
TDM during induction evolves. Different threshold concentrations
are likely to emerge for CD and UC at the same time point, and the
earliest time point at which drug levels can reliably predict subse-
quent clinical outcomes remains to be determined. Although ran-
domized controlled trials to date have not confirmed the utility of
proactive TDM of anti-TNF agents during either induction or main-
tenance, this may be due to methodological limitations. Hopefully
future studies will incorporate study designs that allow for the in-
tuitive benefits of proactive TDM to be demonstrated. For example,
the SERENE studies, which incorporate TDM, are comparing higher
vs standard ADA dosing regimens for induction and maintenance
therapy in both CD [Clinicaltrials.gov Identifier NCT02065570]
and UC [Clinicaltrials.gov Identifier NCT02065622]. It is likely that
future studies will also include dashboard-guided dosing models that
allow for individualization of dosing by incorporating pharmacokin-
etic variables that affect drug clearance during induction.'® Future
studies using point-of-care rapid testing assays would be particularly
suited to use during induction TDM studies when prompt avail-
ability of results would allow for rapid dose individualization that
would be especially suitable during periods of high inflammatory
burden. Most proactive TDM induction data to date pertain to the
use of anti-TNF agents; more data are required to confirm the utility
of proactive induction TDM of vedolizumab and ustekinumab in
clinical practice. Hopefully future studies will prove the clinical and
economic benefits of proactive TDM of biologic agents during in-
duction, thereby validating the intuitive dictum that ‘an ounce of
prevention is worth a pound of cure'.
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