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Abstract: Therapeutic drug monitoring (TDM) is a useful strategy to optimize biologic medications
for inflammatory bowel disease not responsive to standard dosing regimens. TDM is cost effective for
anti-tumor necrosis factor agents in the setting of loss of response (reactive TDM). Optimizing drug
dosing when patients are in remission (proactive TDM) may be beneficial in certain circumstances.
However, frequently the serum drug concentration in isolation becomes the focus TDM. Addition-
ally, the lines of reactive and proactive TDM can quickly blur in many common clinical settings.
Physicians employing a TDM based strategy need to place the drug concentration in context with
the inflammatory status of the patient, the underlying pharmacokinetics and pharmacodynamics of
the drug, the risk of immunogenicity, and the therapeutic goals for the patient. Physicians should
understand the limits of TDM and feel comfortable making therapeutic decisions with imperfect
information. The goal of this narrative review is to provide a framework of questions that physicians
can use to employ TDM effectively in practice.

Keywords: infliximab; adalimumab; vedolizumab; ustekinumab; Crohn’s disease; ulcerative colitis

1. Introduction

“What levels do you aim for?” This might be the most consistently asked question at
any modern inflammatory bowel disease (IBD) conference. It is the wrong question. The
goal of using biologic therapy in IBD is to suppress inflammation (i.e., pharmacodynamics
or what the drug does to the body). Biologic therapies approved by the US FDA at the time
of this writing include monoclonal antibodies to anti TNF-α (infliximab, adalimumab, cer-
tolizumab, and golimumab) along with their related biosimilars, agents targeting leukocyte
trafficking (the anti-integrin α4β7 monoclonal antibody vedolizumab) and monoclonal
antibodies binding the p40 subunit of the pro-inflammatory interleukins (IL)-12 and-23
(ustekinumab). All current biologic therapies have assays in clinical use to measure the
serum drug concentration and anti-drug antibody (ADA) concentration. Overreliance on
targeting a serum concentration (i.e., pharmacokinetics) without an accurate clinical and
inflammatory context will leave providers confused and patients underserved. “Targeting
a level” for clinical decision-making is similar to a platitude, a flat truth. On one level, it is
an easy to measure endpoint; but focusing only on the concentration belies the difficult,
complex decisions involving IBD therapy. Serum drug concentrations are one of many
important data points. Using serum drug concentrations appropriately requires knowledge
of drug mechanism, the risk of immunogenicity, the inflammatory status of the disease,
and realistic therapy goals.

The fact that therapeutic drug monitoring (TDM) is complex, should not dissuade the
provider from the practice. Rather, with a few well-posed questions, this strategy can be
easily implemented in practice. There are a number of excellent reviews that summarize
the literature on TDM in IBD [1,2]. The goal of this review is to provide a useful framework
for implementing the literature in practice. Providers should ultimately feel more confident
in a TDM based strategy and less confident in any specific serum concentration. If “what
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levels do you aim for?” is the wrong question, then what is the right question? This review
sets out to outline the right question(s) to effectivity use TDM in practice.

2. Association versus Causation

Drug concentrations are inversely associated with inflammation. In almost all post-
induction studies, serum drug concentrations are significantly higher in patients who are
in remission [3–5]. Ongoing inflammation is associated with lower drug concentrations.
One important reason for this association is the protein losing colopathy seen with severe
intestinal inflammation [6,7]. As the molecules constituting biologic therapies are roughly
the same size (100–150 kilodaltons), this phenomenon is likely true for biologics as a class
of therapy. There are other mechanisms for increased biologic metabolism. In states of
inflammation monoclonal antibodies undergo increased proteolytic degradation [8]. These
effects occur with a number of proteins that are negatively associated with inflammation,
albumin being the most common. Albumin likely acts as a surrogate marker for monoclonal
antibody turnover.

Therefore, on a population level, any cross-sectional analysis will have a trend of
higher drug concentrations with increased remission rates. Importantly, these do not
provide insight into a threshold effect (i.e., a limit at which higher concentrations would
not decrease inflammation further). It is appealing to identify of a threshold effect, but the
study designs prohibit that type of interpretation. It is problematic to use population level
associations as actionable data on an individual level. For a given individual, a biologic
concentration threshold may exist; but population pharmacokinetic studies do not provide
that information. For example, a given cohort of IBD patients, infliximab concentrations
>4 μg/mL may be associated with remission. However, specific individuals in that cohort
will vary. A given individual with severe penetrating Crohn’s disease may only achieve
remission once the infliximab concentration is >15 μg/mL. Or perhaps, infliximab is
targeting the wrong inflammatory pathway in this that patient. Population association
studies are important and hypothesis generating, but they should not be over-relied on to
identify thresholds for individual patients in clinical practice.

3. What Is the Target?

The ideal target would directly inform the activity of the inflammatory pathway in-
volved in the biologic mechanism of action. Rather than make changes based on a drug
concentration, changes would be made based on a direct measure of the targeted inflamma-
tory pathway. Some individuals would have pathway suppression at a low concentration,
while some would require higher doses. However, the drug concentration itself is sec-
ondary to the measurement of the pathway. In this theoretical model, measurements of
inflammatory pathways would also help guide biologic therapy choice.

Unfortunately, there is no current measurement in clinical practice of a specific inflam-
matory pathway. When considering TDM it is essential to first establish inflammation and
use inflammation as the target over time [9,10]. While our measure of inflammation are not
pathway specific, trends over time can aide in assessing a therapeutic response [11]. Low
drug concentrations typically also predict who will respond to a dose intensification [12,13].
The combination of active inflammation and low drug concentration suggests that the
inflammatory pathway is not saturated, and dose escalation is likely to capture or recapture
a response. However, some biologic concentrations may be less predictive of response than
others. Typically the cytokine based biologic therapies (anti-TNFs and anti-IL-12/23) have
a high correlation between concentration and response to dose escalation [12,13], while the
anti-integrins may not [14]. Other factors to consider in how helpful a drug concentration
will be in predicting a response to dose intensification include the current dose/frequency,
the underlying risk of immunogenicity, and if the patient had a primary response. An
overview of key questions to consider with TDM is found in Figure 1.
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Figure 1. Algorithm of key questions to consider prior to implementing therapeutic drug monitoring (TDM) in clinical
practice. Clinical benefit refers to immediate symptomatic improvement. Clinicians should have a clear understanding of
the disease status prior to TDM and be able to articulate to the patient the benefit of a dose change in response to the natural
history of the disease. In some cases of low-level antibodies, it may be appropriate to add an immunomodulator (IMM)
to the current therapy to eliminate anti-drug antibodies. This choice should be individualized based on other available
therapies and risks of dual immunosuppression for patient.

4. Reactive Therapeutic Drug Monitoring for Secondary Loss of Response in the
Maintenance Phase of Biologic Therapy

Patients with an initial clinical response who then lose response in the maintenance
phase with recurrence of inflammation are likely benefit from a therapeutic dose escalation
in two settings: (1) lack of anti-drug antibodies (2) low serum trough concentrations.

4.1. Anti-Drug Antibodies

Anti-drug antibodies (ADAs) effectively eliminate a given biologic and can also lead
to infusion or injection related reactions [15,16]. The reference range of ADA detection
varies with different assays. Most assays in clinical use are drug intolerant, meaning ADAs
are only detectable when low or absent serum drug concentration. Compared to drug
intolerant assays, drug tolerant assays (i.e., assays that can detect ADAs in the presence of
serum drug) appear to be more consistent in ADA detection [17]. Some ADAs are clinically
significant, while other appear to be transitory [18]. Non-neutralizing ADAs may bind the
drug without inhibiting the pharmacologic effect [19]. An ADA is likely neutralizing in the
setting of high ADA concentrations with low/absent serum drug. If the measurement is a
trough measurement and the drug concentration is low/absent with ADA, then the ADA is
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likely neutralizing the drug. A drug concentration of zero is clearly the easiest to interpret,
although understanding the limitations of the specific assay being used remains important.
My research group previously identified a subset of individuals with positive ADA to
adalimumab and a drug concentration of zero who had a detectable drug concentration
after dose escalation, even though ADAs persisted [20]. In these settings it is imperative to
closely follow the clinical course for changes in inflammation and drug related side effects.

Low level ADAs, particularly if using a drug tolerant assay, are common and often
disappear over time [21]. These likely represent clinically insignificant, non-neutralizing
antibodies. Addition of an immunomodulator can eliminate these ADAs [22,23]. High
antibody concentration with a non-low drug concentration may reflect lab error. In these
cases, repeating the drug concentration and ADA with a different assay (e.g., drug tolerant)
may provide more data. Ultimately, clinical context is still required. Table 1 summa-
rizes the likelihood of neutralizing antibodies based on the serum drug and anti-drug
antibody concentration.

Table 1. Framework for evaluating detectable biologic trough concentration and detectable anti-drug antibodies.

Serum Drug Concentration

“High” concentration “Low” concentration

Serum Anti-drug
Antibody

Concentration

“High”
antibodies

• Neutralizing antibodies unlikely
• Consider lab error
• Consider repeating

• Neutralizing antibodies likely
• Consider within class change

“Low”
antibodies

• Neutralizing antibodies unlikely
• Consider repeating

• Neutralizing antibodies possible
• Consider dose escalation or addition of IMM

IMM: Immunomodulator. Assuming trough concentrations at standard maintenance dosing, anti-drug antibodies in the presence of
adequate or high serum drug concentration are unlikely to be neutralizing. Low serum drug concentrations increase the chance of
neutralizing antibodies. Any antibody in the setting of probable drug mediated side effects may still be clinically significant.

In the setting of recurrent inflammation with low/absent serum trough concentrations,
and high ADAs, the best choice is to stop the current therapy and proceed to another
biologic. The provider must consider the future risk of anti-drug antibodies with another
biologic therapy. Patients who develop ADAs to one biologic are more likely to develop
repeat ADAs to another biologic [24]. Consideration should be given to adjunct therapy
with an immunomodulator to prevent ADAs, [25] using a biologic with a baseline low
immunogenicity rate, or using a non-biologic therapy to avoid the concern for ADAs
all together.

4.2. Low Trough Concentrations

Active inflammation may improve with a biologic dose escalation in the presence of
low serum trough concentrations. However, there is no universal definition of low. There
is substantial variation in an individual’s drug concentration-clinical response, making id
challenging to identify universal concentration threshold values. The best data regarding
a target concentration are from the TAXIT study, a randomized controlled trial of a TDM
strategy versus empiric dose escalation for patients with Crohn’s disease on infliximab. In
the optimization phase, patients with Crohn’s disease were more likely to be in remission
after a dose escalation for infliximab trough concentrations under 3 μg/mL [26]. However,
using other outcomes different infliximab cut-offs can be identified: 3–5 μg/mL for clinical
disease, [27] 8–12 μg/mL for endoscopic remission, [28] and 18–20 μg/mL for fistula
healing [29,30]. As noted above, low trough concentrations from population cohort studies
are problematic as they do not inform an individual’s inflammatory pathway activity. The
concentration is not the target. The true target is suppression of an inflammatory pathway,
which we cannot effectively measure. The appropriate clinical question is not “what drug
level should I aim for”, but “will this patient’s inflammation regress with a dose escalation?” There
is no simple answer.
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The main benefit to reactive-TDM is in the identification of ADAs. Sparing a patient
any dose of a biologic that is no longer effective is beneficial and cost effective [31–33].
However, in the absence of ADAs it is unclear what the upper limit of a serum drug
concentration should be. If on standard maintenance dosing without ADAs, dose escalation
should strongly be considered. For patients already dose escalated, but with still low
levels, there are little data to guide. Patients with concentrations under 10–12 μg/mL (for
anti-TNFs) may still benefit from dose escalation. Some early data suggest that trough
concentrations have little effect on predicting dose escalation to vedolizumab [14,34].
Ultimately, having objective measures of inflammation, and prespecified time points to
assess a change in inflammation (6–12 weeks typically) are key to determining success or
failure of a dose change.

4.3. Subclinical Inflammation

Until now, no distinction has been made between inflammation causing clinical
symptoms and ongoing intestinal inflammation without any gastrointestinal symptoms, i.e.,
subclinical inflammation. In the setting of subclinical inflammation, therapy optimization
based on trough concentrations can be quite helpful. This is essentially “reactive TDM”,
although with some important nuance. Consider the following scenario. Biologic A gets a
patient into clinical remission, but the patient has ongoing endoscopic inflammation. The
provider checks a trough concentration of biologic A, which returns in the “therapeutic”
range. In typical reactive TDM (i.e., with clinical symptoms from inflammation), changing
biologics to a different mechanism would be appropriate. However, in this case, presumably
the clinical remission is due to biologic A. Changing to therapy B could lead to a clinical
disease recurrence. This is not to say that changing biologic therapy is wrong. Changing to
therapy B could lead to both clinical and endoscopic remission. Or increasing the dose of
biologic A further could result in complete suppression of inflammation. In these situations,
a discussion with the patient on the risks and benefits is essential. The decision should
include how many other therapies have been tried, the risks of ongoing inflammation (e.g.,
colon cancer in the setting of PSC), and the patient’s treatment goals. A holistic approach
to an individual can help determine the need for treatment modification. For example,
certain comorbidities (e.g., venous thromboembolism) or extra-intestinal manifestations of
IBD (e.g., arthritis) may sway a provider to escalate or change a biologic despite the lack of
GI symptoms. Managing subclinical inflammation does not lend itself well to an algorithm,
and falls more into an art.

5. Reactive Therapeutic Drug Monitoring during Induction Therapy

The concept of “primary non-response” is simple on face value: A medication fails
to control inflammation because it is not targeting the correct inflammatory pathway(s).
Unfortunately, as noted previously, we do not have a measurement what inflammatory
pathways are overactive in an individual patient; nor do we have a measure of if that
pathway responded to a given therapy. Thus, two problems exist with primary non-
response: (1) was the therapy underdosed and (2) was enough time given to see a benefit.
TDM may help a provider determine if a primary non-responder is due to underdosing of
a biologic therapy.

To date, drug trials in IBD use fixed dosing strategies for large, randomized placebo-
controlled studies. For medications with reproducible pharmacokinetics, this process works
well. However, with biologic therapy, there is wide individual variation in the serum con-
centration that is also dependent on the disease. In cases of acute-severe colitis, infliximab
loss in the stool through a protein losing colopathy is well documented [6]. The disease
process has a negative feedback loop on the drug itself. As such, there are observational
data that accelerated induction dosing of infliximab for acute, severe ulcerative colitis
decreases the early colectomy rates [35]. However, increasing all induction dosing is not
likely to be an effective strategy. A recent study of high dose adalimumab versus standard
dose adalimumab did not improve post induction remission rates for Crohn’s disease or
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ulcerative colitis [36,37]. These are important studies, yet they are not evaluating TDM in
induction. The goal of TDM in induction is to identify the subpopulation that is most likely
to benefit from escalated induction dosing.

An induction TDM strategy presents some practical problems. First, and most im-
portantly, there is a dearth of data on drug concentrations in the induction phase. An
extensive review by Sparrow et al. thoroughly summarizes the post induction concentra-
tion data to date [38]. The authors note the current data are from observational studies
and post-hoc analysis of clinical trials. While this is currently a knowledge gap, there exist
several ongoing trials incorporating TDM into the induction period (e.g., NCT03029143).
Second, the turnaround time for the results of drug concentration testing can make dose
adjustments in the induction phase difficult. Most clinicians do not have “in-house” drug
concentration assays and rely on a runaround time of a week or more for the information
to return. Fortunately, ADAs are less common in the induction phase. Therefore, empiric
dose escalation may be a more useful clinical strategy. Risk calculators or dashboards exist
and are being developed (e.g., NCT04835506) aid in induction TDM decisions [39,40].

A recent trial of randomized controlled trial of proactive TDM dosed infliximab versus
standard dosed infliximab in Norway (NOR-DRUM Part A) did not identify a benefit of
clinical remission across a number of inflammatory conditions (including IBD) [41]. This
trial highlights the importance of clinical context paired with TDM. The trial protocol had
strict escalation and de-escalation criteria to achieve infliximab concentrations in a pre-set
therapeutic range, regardless of inflammatory status. While “proactive”, this approach
is not “personalized”. Strict therapeutic ranges without the context of the inflammatory
status are not likely to be useful strategies.

Overall, reactive TDM in the induction phase is like TDM in the maintenance phase.
On standard dosing, if a patient is not responding to a therapy, the goal of TDM is to
identify anti-drug antibodies. Without anti-drug antibodies, it is likely that standard dosed
biologic therapy should be escalated.

6. Therapeutic Drug Monitoring When a Patient Is in Deep Remission

In the absence of inflammation or a suspected antibody mediated side effect, TDM
does not have a direct clinical benefit to a patient. Meaning the knowledge of the serum
drug concentration and ADA status and subsequent therapeutic changes will not immedi-
ately improve a patient’s quality of life. The most important role of TDM in this setting
is the identification of anti-drug antibodies. Potentially 15% of patients with a stable
clinical response or remission will have undetectable serum drug and positive ADAs to
infliximab [26,27]. At this point the provider needs to determine if the patient should be de-
escalated from biologic therapy completely or transition to a new therapy. The decision to
perform TDM in deep should depend on the underlying risk of immunogenicity. If the risk
of immunogenicity is quite small (no prior history of ADA, patient on combination therapy
with immunomodulator, or using a biologic with low ADA rate), then the benefit of TDM
is low. Likely the greatest benefit of TDM in deep remission is with anti-TNF monotherapy.

7. Special Situations

7.1. Reinduction of a Biologic Therapy

Re-starting a biologic runs the risk of inducing anti-drug antibodies [42]. The greatest
risk of infusion reaction is with the second re-induction dose. Identification of anti-drug
antibodies after the first dose can spare a patient an infusion reaction with the second
dose [43]. A practical way to implement this strategy is to alter the induction dose for
infusions. For infliximab, an induction schedule could be at week 0, 4, and 8. A serum
drug concentration and antibody status at week 2 can inform the presence of antibodies
and determine subsequent dosing. For self-injectable biologic therapies, it is not possible
to alter the induction schedule in the same way. Obtaining a drug level 1–2 weeks after
the first dose is helpful, but given the typical turnaround time, the information may not be
back before administration of the second dose.
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7.2. De-Escalation of Therapy

After a patient is in remission on combination therapy with a biologic therapy and
immunomodulator, a provider may consider stopping the immunomodulator and con-
tinuing biologic monotherapy to maintain remission. This is a reasonable strategy to
minimize long term side effects of dual immunosuppression. Immunomodulator cessation
may reduce serum biologic concentrations. Obtaining a serum drug concentration while
on combination therapy can help to guide de-escalation. The risk is the development of
ADAs after stopping the immunomodulator. In the case of very low trough concentrations,
providers may consider dose escalating the biologic prior to stopping the immunomod-
ulator. Or at a minimum, repeating the serum drug concentration on monotherapy soon
after de-escalation.

TDM may also aide in biologic de-escalation in the maintenance phase. Some patients
can successfully de-escalate the dose of a biologic [44]. In the STORI trial, where patients on
infliximab and a thiopurine stopped the infliximab, those with low trough concentrations
(<2 mg/ul) were less likely to experience a clinical relapse [45]. Measuring both biologic
and thiopurine concentration can help inform de-escalation. If one is “subtherapeutic”
that may be the best to de-escalate [46]. Informing the patient on the potential long-term
risks of therapy de-escalation is essential, and this strategy should be individualized with
close follow-up.

7.3. Suspicion for Antibody Mediated Side Effects

ADAs can cause a number adverse clinical effects. Most common is disease recurrence
in the setting of rapidly cleared drug. ADAs can also lead to infusion reactions, both acute
and delayed [47]. Most data on TDM to guide dosing are based on trough concentrations.
However, when the question pertains to a potential side effect, non-trough levels may
be helpful. Knowledge of the drug and antibody assay is essential in these cases. As
noted before, most assays in clinical practice can only detect ADAs when the serum drug
concentration is very low or absent. In this case, drawing the drug concentration too early
may fail to identify antibodies. For infusion-based biologics, waiting 4-weeks post infusion
should be sufficient for clinically significant antibodies to clear the serum drug and be
identified. For subcutaneous biologics, it is likely best to obtain a trough measurement.
Alternatively, use of a TDM assay that can measure ADAs in the presence of circulating
drug can circumvent this issue.

8. Conclusions

TDM is an extremely useful tool in the management of IBD patients on biologic
therapies. However, TDM is only helpful in the context of the patient’s inflammatory
status and response to therapy. Population pharmacodynamic studies can identify helpful
trends in serum drug concentrations but should not be mistaken for individual therapeutic
thresholds. Practically, clinicians should always objectively measure inflammation at the
time of TDM. Clinicians should also have a working understanding of the risk of immuno-
genicity of a given biologic therapy in a patient. Finally, clinicians using a TDM based
strategy should understand what question they are trying to answer before a drug concen-
tration is measured (Figure 1). TDM should be used as a form of personalized medicine
incorporating the clinical inflammatory status, therapeutic options, and individual goals
of care. Rather than focus too much on reactive or proactive TDM, we should focus on
personalized TDM.
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Abstract: Perianal fistulas are a common complication of Crohn’s disease (CD) that has, historically,
been challenging to manage. Despite the strong available evidence that anti-tumor necrosis factor
(anti-TNF) agents are useful in the treatment of perianal fistulizing Crohn’s disease (PFCD), a signifi-
cant number of these patients do not respond to therapy. The use of therapeutic drug monitoring
(TDM) in patients with CD receiving biologic agents has evolved and is currently positioned as an
important tool to optimize and guide biologic treatment. Considering the treatment of PFCD can
represent a challenge; identifying novel tools to improve the efficacy of current treatments is an
important unmet need. Given its emerging role in other phenotypes of Crohn’s disease, the use of
TDM could also offer an opportunity to enhance the effectiveness of available therapies and improve
outcomes in the subset of patients with PFCD receiving biologics. Overall, there is mounting evidence
that higher anti-TNF drug levels are associated with better rates of “fistula healing”. However, studies
have been limited by their use of subjective outcomes and observational designs. Ultimately, further
interventional, randomized controlled trials looking into the relationship between drug exposure and
fistula outcomes are needed.

Keywords: Crohn’s disease; therapeutic drug monitoring; anti-tumor necrosis factor; perianal fistulas;
infliximab; ustekinumab; vedolizumab; adalimumab

1. Introduction

Crohn’s disease (CD) is an increasingly prevalent chronic inflammatory bowel disease
(IBD) characterized by the development of inflammation in the gastrointestinal tract [1,2].
Among those patients with Crohn’s disease, some develop perianal fistulizing Crohn’s
disease (PFCD). This is a debilitating phenotype that can be seen in up to a third of
patients [3–5]. Its incidence increases with distal disease and its presence is associated with
an overall worse prognosis [3,6]. It can lead to significant pain, perineal disfigurement,
and fecal incontinence. Furthermore, patients with severe, refractory disease may also
require proctectomy and permanent ostomy [7]. A multidisciplinary approach that includes
combined medical and surgical therapies guided by radiologic and endoscopic diagnostics
has shown to have a higher success rate in managing this phenotype than medical therapy
alone [8]. Although there are multiple medical options available for the management of
PFCD, most of them are limited in their overall efficacy.

Over the last decade, anti-tumor necrosis factor (anti-TNF) agents, particularly in-
fliximab (IFX), have demonstrated their effectiveness in this subset of patients and have
become first-line medical therapy in the treatment of PFCD. However, as with luminal
Crohn’s disease, a significant fraction of patients do not respond to therapy. This has led
into the investigation of pharmacokinetic mechanisms of non-response, such as low drug
levels and anti-drug antibodies with fistula healing. Observational studies have revealed
limited evidence that the use of TDM in patients with PFCD on biologics may potentially
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have a role in improving outcomes. In this narrative review, we sought to summarize the
current evidence behind those biologic therapies utilized in PFCD while highlighting the
emerging role of TDM in patients presenting with this phenotype.

2. Evidence behind the Current Biologic Therapies Utilized in the Management of
Perianal Fistulizing Crohn’s Disease

Although there is growing evidence supporting the role of biologics in PFCD, there
is a significant gap in knowledge regarding the positioning, optimization, and use of the
biologics that are now available. Within these agents, IFX is one of the most recognized
options due to the availability of randomized controlled trials supporting its efficacy in
this patient population. The exact role of the newer generations of biologics, such as
vedolizumab (VDZ) and ustekinumab (UST), remains less clear [9,10].

The first double-blind, placebo-controlled trial which studied anti-TNFs in PFCD
was published in 1999 by Present et al. [11]. The study included 94 patients who were
randomized to induction therapy with IFX dosed at 5 mg/kg, 10 mg/kg, or placebo
at 0, 2, and 6 weeks. The primary endpoint of the trial was defined as a reduction of 50% or
more in the number of draining fistulas at two or more consecutive study visits, which were
required to be 21 days apart. The resolution of a draining fistula was defined as the lack of
drainage upon gentle finger compression. The authors found that 68% of those patients
receiving IFX at a dose of 5 mg/kg and 56% of those receiving IFX at a dose of 10 mg/kg
achieved this primary endpoint. This rate of effectiveness was significantly higher than
the 26% seen in the group that received placebo. Complete response, defined as absence of
drainage on two consecutive visits, was seen in 55%, 38%, and 13% of patients treated with
IFX 5 mg/kg, IFX 10 mg/kg, and placebo, respectively. The response rate in this initial trial
did not appear dose related, with the 5 mg/kg group having a higher rate of response than
the 10 mg/kg group.

A subsequent multicenter, double-blind, randomized, placebo-controlled trial per-
formed by Sands et al. investigated the efficacy of IFX as a maintenance therapy for
PFCD [12]. In this study, patients received an open label induction regimen of IFX 5 mg/kg
at weeks 0, 2, and 6. Those patients that responded to treatment were then randomized to
continue IFX 5 mg/kg or placebo every 8 weeks for 54 weeks. Response to treatment was
defined as a reduction of at least 50% from baseline in the number of draining fistulas at
weeks 10 and 14 after the induction regimen. The primary outcome was loss of response
through week 54 of treatment defined as: recurrence of draining fistulas, need for additional
or alternate therapy for worsening or persistent (luminal) disease, need for surgery, or
self-discontinuation of the medication by the patient due to lack of efficacy. At the end of
the follow-up, those patients that received IFX therapy had a significantly lower rate of
loss of response when compared to those that received placebo (more than 40 weeks vs.
14 weeks, respectively [p < 0.001]).

What makes these trials unique is that they are among the few randomized controlled
trials investigating a biologic agent for PCFD. However, a considerable limitation is the
subjective nature of the primary endpoint of “fistula closure”, as it was based on the
investigators’ physical evaluation of the patients and did include a more objective endpoint
such as cross-sectional imaging. Additionally, the endpoint of “50% reduction in fistulas
from baseline” was also left to the clinician’s assessment and different clinicians may have
interpreted this endpoint differently. In an ideal scenario, a clinical trial should have a more
objective, centrally read primary outcome. This has been recognized by investigators and a
recent systematic review noted that radiologic outcomes are becoming more increasingly
incorporated into the primary endpoints of trials investigating PFCD [13].

The efficacy of another anti-TNF, adalimumab (ADA), was shown in a sub-group
analysis of the CHARM trial which demonstrated that at week 26 of treatment, complete
fistula closure (defined as closure of all fistulas that were draining at screening visits) was
achieved in 30% in the ADA-treated patients versus 13% of those receiving placebo [14].
This difference remained significant through week 56. Most notably, all the patients that
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achieved complete fistula closure at week 26 remained in remission at week 56. Another
retrospective cohort study conducted in 15 tertiary centers in Spain showed that at 6 months
of therapy, 66% of patients treated with ADA experienced an improvement in complex
fistulas [15]. A particular strength of this study was the use of magnetic resonance imaging
to assess PFCD activity. The authors did find a correlation between clinical and radiological
disease activity (κ = 0.68). A more recent meta-analysis consisting of seven studies and
379 patients found that 36% (95% CI: 0.31–0.41) of patients receiving ADA had obtained
complete fistula closure (defined as no draining fistulas on examination) at follow up
periods ranging from 4 to 56 weeks [16].

Unlike IFX and ADA, the role of other biologics, such as certolizumab-pegol, VDZ, and
UST, is less certain. Sub-group analysis of larger studies such as the GEMINI II trial and
registry data show that a higher percentage of patients on VDZ experience fistula closure
when compared to placebo [17–23]. This association is supported by the recent ENTERPRISE
trial, a phase 4, randomized, double- blind, multicenter trial which evaluated the efficacy of
VDZ in PFCD in patients with CD with 1-3 MRI-confirmed perianal fistulas [10]. One arm
received VDZ, 300 mg IV at weeks 0, 2, 6, 14, and 22, while the other arm received the same
regimen with an additional VDZ dose at week 10. At week 30, 53.6% of all subjects included in
the study achieved the primary endpoint of having greater than a 50% decrease from baseline
in the number of draining perianal fistulae (defined as no longer draining despite gentle
finger compression). The arm randomized to receive an extra dose of VDZ at week 10 did not
have better outcomes when compared to the arm that had the standard treatment regimen.
However, despite the strength of being a prospective study, the generalizability of this trial
was limited due to its small sample size and lack of a placebo-arm.

Regarding ustekinumab, the recent BioLAP multicenter retrospective study showed
that, out of patients who had been received ustekinumab (UST) therapy for at least 3 months,
38.5% with active PFCD at initiation of treatment reached the endpoint of “clinical success”
at 6 months [9]. Clinical success was defined by the absence of draining purulent material
as determined by a clinician, as well as not having a need for new medical or surgical
intervention. This study also showed that, among patients with a history of PFCD that was
inactive at the time of ustekinumab initiation, only 22% had a recurrence of perianal disease.
Despite the encouraging results, the study is limited by its poor definition of fistulas and
retrospective design.

3. Therapeutic Drug Monitoring: Current Application in Inflammatory Bowel Disease

Despite the proven efficacy of biologics in IBD, up to 30% experience primary non-
response, while approximately another 40% develop secondary non-response over time,
requiring dose optimization or the need to switch therapy. The development of immuno-
genicity against the drug and/or sub-optimal drug levels can explain a significant number
of therapeutic failures [24].

The advent of therapeutic drug monitoring, defined as the evaluation of serum drug
concentrations and the presence/titers of anti-drug antibodies at a specific point in time
has helped clinicians guide treatment by allowing them to identify those patients that
may experience a benefit with dose optimization versus those where increase the dose
is likely futile and should switch therapies and/or strategies. Numerous studies have
demonstrated that higher serum biologic concentrations are associated with improved
objective therapeutic outcomes, such as mucosal healing and normalization of inflammatory
markers [25–32]. However, these studies have shown an association and not causation.
Drug levels may be lower in patients with a higher disease burden and higher drug
clearance. An important debate has been regarding the use of “pro-active” TDM of anti-
TNFs, where drug doses are adjusted with the goal of maintaining a specific drug threshold,
independently of disease activity [33,34]. The results have been conflicting, mainly due
to the heterogenicity in the characteristics of patients, potential difference in target drug
levels, and limitations in study design, among others.

13



J. Clin. Med. 2022, 11, 1813

4. Anti-Tumor Necrosis Factor Drug Levels and Outcomes in Perianal Fistulizing
Crohn’s Disease

Studies looking into TDM and the association of anti-TNF drug levels and drug efficacy
have also been conducted in sub-group of CD disease patients with specific phenotypes
(Table 1). Emerging evidence has shown a strong association between higher anti-TNF
drug levels and fistula healing in PFCD. A retrospective cohort study by Davidov et al.
included 36 patients with active PFCD who received IFX at a standard dose of 5 mg/kg at
weeks 0, 2, and 6, followed by every 8 weeks and looked at the association of drug levels
and clinical response at week 14, defined as “decreased drainage of fistulas as reported by
the patient and verified by a physician” [35]. The authors found that the group of patients
with “clinical response” had higher median trough IFX levels when compared to those
that did not (week 2, 20 vs. 5.6 μg/mL, p = 0.0001; week 6, 13.3 vs. 2.55 μg/mL p = 0.0001;
and week 14, 4.1 vs. 0.14 μg/mL, p = 0.01). Specifically, IFX serum levels ≥ 9.25 μg/mL
at Week 2 and ≥7.25 μg/mL at Week 6 were noted to be best associated with response
to treatment at week 14. Despite its positive findings, this study had several limitations
including a small sample size, retrospective study design, lack of follow up fistula imaging
on most patients and the inherent subjective nature in which the outcomes were measured.

A larger retrospective study performed by Yarur et al. included 117 PFCD patients
with an active fistula and showed that, at a median of 29 weeks of IFX therapy, those with
healing of perianal fistula (defined as absence of drainage after gentle compression) had
higher trough IFX concentrations in comparison to those with active disease (15.8 μg/mL
versus 4.4 μg/mL; p < 0.001) [36]. Quartile analysis of serum IFX concentrations showed
that IFX levels > 10.1 μg/mL and >20.3 μg/mL were associated with three- and eight-
fold chance of fistula healing, respectively. Additionally, patients with fistula healing
had a lower likelihood of having serum anti-IFX antibodies (OR, 0.04; 95% CI, 0.004–0.3,
p < 0.0001) and IFX levels ≥ 10.1 mcg/mL were significantly associated with fistula closure
(OR, 2.9; 95% CI, 1.1–8.7, p < 0.036). Notably, a subset of included patients achieved
fistula healing only at levels of ≥20 mcg/mL, which potentially supports the approach
of optimizing drug levels to this threshold prior to abandoning therapy in patients who
have not experienced fistula healing at lower trough IFX levels. The study was limited
given its retrospective study design and due to its failure in distinguishing simple vs.
complex fistulas. As in other TDM studies, the results only proved an association and
not causation. A particular strength of the study was that it contained the largest sample
size of any study investigating this topic and did include patients who had received dose
optimization/escalation, opening the possibility to assess the rates of fistula healing on
those patients with a high IFX exposure.

Strik et al. added to this growing body of literature with a retrospective study in-
vestigating ADA in addition to IFX in the treatment of PCFD [37]. Patients maintained
on these anti-TNFs were separated into two groups based on the status of their fistulas
(actively draining or non-draining). Fistula closure was defined as the absence of purulent
discharge upon gentle finger compression and/or fistula closure on MRI of the pelvis. The
authors found that serum trough levels were significantly higher in patients with fistula
closure as compared to those with active drainage in both IFX (6.0 μg/mL vs. 2.3 μg/mL;
p < 0.001) and ADA groups (7.4 μg/mL vs. 4.8 μg/mL; p = 0.003). An IFX trough level
of ≥5μg/mL and an ADA trough level ≥ 5.9 was significantly associated with perianal
fistula closure. For IFX, higher closure rates were seen in those naïve to biologics and with
combination therapy as opposed to the patients receiving monotherapy. In the ADA group,
the treatment duration and combined use of a seton was associated with higher rates of
fistula closure. The objectivity provided by MRI (as opposed to the subjectivity of physical
exam) was a particular strength of this study.
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Plevris et al. also investigated both IFX and ADA for PFCD with a retrospective cross-
sectional study including 64 patients on maintenance therapy for at least 24 weeks [38].
Drug levels were measured ±4 weeks of the clinical assessment of the fistula. IFX drug
and antibody levels were measured at trough, while for ADA drug and antibody levels
were measured at any time between doses. The primary outcome was perianal fistula
healing (defined as the absence of drainage) and the secondary outcome was perianal
fistula closure (defined as no external skin opening in the peri-anal area). Patients with
fistula healing had higher levels of anti-TNF trough levels vs. those without fistula healing
(ADA: 12.6 vs. 2.7 μg/mL, p < 0.01; IFX: 8.1 vs. 3.2 μg/mL, p < 0.01). Patients with fistula
closure also had significantly higher anti-TNF trough levels vs. those without fistula closure
(ADA: 14.8 vs. 5.7 μg/mL, p < 0.01; IFX: 8.2 vs. 3.2 μg/mL, p < 0.01). Receiver operating
characteristic analysis revealed a cutoff of ≥6.8 μg/mL for fistula healing and ≥9.8 μg/mL
for fistula closure in patients receiving ADA and an optimum trough of ≥7.1 μg/mL for
both fistula healing and closure for IFX. Again, the retrospective design of the study and
lack of objective evaluation of the fistulas with imaging were limitations of this study.

El-Matary et al. performed a multicenter prospective cohort study including 27 pedi-
atric patients (<17 years) with PCFD who were treated with IFX and who had serum trough
drug titers measured before the fourth dose [39]. The median IFX pre-fourth dose level in
the responders (defined as a decrease in drainage of fistulas) was 12.7 ug/mL, compared
with 5.4 ug/mL in the group with no response (p = 0.02). A particular strength of this study
was its prospective study design; however, the small sample size, lack of long term follow
up, and the subjective primary outcome were notable limitations.

In a post-hoc analysis, Ruemmele et al. performed a sub-analysis of the data from
the IMAgINE 1 and IMAgINE 2 trials [40]. These trials cumulatively followed pediatric
patients for 292 weeks and demonstrated the efficacy of ADA in fistula closure and fistula
improvement (as defined as closure of all baseline fistulas or decrease in number by ≥50%,
respectively, for at least two consecutive visits). The patients were randomly assigned
to receive either high dose ADA (defined as 20 mg every other week [EOW] or 40 mg
EOW if >40 kg) or standard doses (defined as 10 mg every other week [EOW] or 20 mg
EOW if >40 kg). Although the concentration of ADA in patients with fistula closure
trended slightly higher than those not achieving fistula closure at weeks 16 (7.4 μg/mL
vs. 7.0 μg/mL) and 52 (10 μg/mL vs. 6.1 μg/mL), there was no statistically significant
difference between the two groups. While this contradicted the adult studies and findings
of El Matary et al., the limited study was not powered to detect statistical differences
between treatment groups, did not have a placebo-arm, and lacked objective assessment of
fistula closure with pelvic MRI.

The most recent evidence supporting optimizing post-induction IFX levels arises
from a post hoc analysis of the ACCENT-II trial by Papamichael et al., which evaluated
patients with fistulizing CD receiving induction and maintenance infliximab therapy [41].
Measured outcomes included fistula response (defined as a reduction of at least 50% of
draining fistulas from baseline), complete fistula remission (defined as absence of draining
fistulas), CRP normalization (defined as a CRP level ≤5 mg/L), and, finally, a composite
outcome of both complete fistula remission combined with CRP normalization at week
14 and week 54. Higher week 14 IFX concentrations were independently associated with
week 14 fistula response (odds ratio [OR]: 1.16; 95% confidence interval [CI]: 1.02–1.32;
p = 0.019), and composite remission (OR: 2.32; 95% CI: 1.55–3.49; p < 0.001). Higher
week 14 IFX concentrations were also independently associated with week 54 composite
remission (OR: 2.05; 95% CI: 1.10–3.82; p = 0.023). ROC curve analysis identified an IFX con-
centration of ≥9.6 μg/mL at week 6 to be associated with complete fistula response at week
54. Most notably, the analysis revealed that IFX concentrations of ≥ 26.1 μg/mL at week
6 and ≥8.7 μg/mL at week 14 were associated with the highest rates of early composite
remission (36% and 48%, respectively). Furthermore, IFX concentrations ≥ 11.3 μg/mL at
week 14 were associated with the highest rate of long-term composite remission. These find-
ings are interesting and open the debate on whether proactively increasing infliximab doses
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early on therapy may improve short- and long-term outcomes. Randomized controlled
trials are warranted to support this hypothesis.

A cross-sectional retrospective study by De Gregario et al. added a more objective
viewpoint to existing evidence by documenting the association of anti-TNF levels and radi-
ologic fistula outcomes [42]. This study included 193 patients with PFCD on maintenance
IFX or ADA who had drug levels checked within 6 months of a pelvic MRI. Radiologic dis-
ease activity was scored using the Van Assche Index (VAI) with an inflammatory subscore
calculated using multiple indices: T2-weighted imaging hyperintensity, collections > 3 mm
diameter, and rectal wall involvement. The primary endpoint was radiologic healing (in-
flammatory subscore ≤ 6). The secondary endpoint was radiologic remission (inflammatory
subscore = 0). Patients with radiologic healing had higher median drug levels compared
with those with active disease (IFX 6.0 vs. 3.9 μg/mL; ADA 9.1 vs. 6.2 μg/mL; p < 0.05 for
both). Patients with radiologic remission also had higher median drug levels compared
with those with active disease (IFX 7.4 vs. 3.9 μg/mL; p < 0.05; ADA 9.8 vs. 6.2 μg/mL;
p = 0.07). This study is unique because most of the other retrospective trials had a largely
subjective definition of fistula healing and lacked the objectivity provided by imaging
studies. Despite this distinguishing attribute, the study does have multiple limitations. The
VAI is not a validated scoring index and since the imaging was not centrally reviewed,
there was inherent risk of variability and bias from the different radiologists interpreting
the images.

Prospective randomized studies looking into the association of fistula healing and
VDZ and UST serum levels are scarce. Data from the ENTERPRISE study did show
that, in the group that received VDZ with an extra dose at week 10, patients with fistula
healing had a higher pooled VDZ trough concentration between weeks 6 and 22 of the
study. However, since more patients terminated treatment early in this group, and given
the overall small sample size, the authors were unable to draw a definitive conclusion
regarding the relationship between VDZ drug exposure and treatment response [10].

5. Discussion

The management of PFCD typically combines a medical and surgical approach. Bio-
logics, especially anti-TNF agents, have demonstrated an important role in the treatment
of PFCD. The current evidence supports an association between higher IFX and ADA
serum drug levels with higher rates of fistula healing. Considering these findings, it would
be tempting for many clinicians to assume that increasing drug doses could improve
outcomes. However, randomized controlled trials are needed to prove this hypothesis.
The lower drug levels seen in those patients that do not achieve fistula healing could
potentially be explained by a higher inflammatory burden and higher drug clearance. The
current literature is also significantly limited by deficits in study design, low sample sizes,
variability in patient selection, failure to stratify different types of fistulas, and lack of
objective endpoints.

One ongoing interventional randomized controlled study by Gu et al. may offer a
better insight on how TDM could effectively be used in PFCD [43]. The PROACTIVE trial
(Prospective randomized controlled trial of adults with perianal fistulizing Crohn’s disease
and optimized therapeutic IFX levels) is enrolling patients with active PFCD randomized
to either a proactive TDM group or standard dosing group with a 54 week follow up
period. The proactive TDM group will have IFX dosing optimized to target higher trough
concentrations at various time points (≥25 μg/mL at week 2, ≥20 μg/mL at week 6 and
≥10 μg/mL during maintenance therapy). The standard arm will be treated with the
standard 5 mg/Kg dose of IFX at weeks 0, 2, and 6 weeks followed by every 8 weeks. The
primary outcome of the study will be fistula healing at week 32 and secondary outcomes
include fistula closure, fistula healing, radiological fistula healing, economic costs, and
patient-reported outcomes. The addition of a radiologic outcome will serve to support the
more subjective, clinical primary outcome. This is helpful as many of the studies reviewed
lack this level of objectivity.
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This randomized trial may also help prove causation and not just correlation when it
comes to increased drug levels and improved fistula healing. Currently there is a strong
association between the two, but the decreased serum levels in non-healing fistulas may be
due to other factors, such as increased drug clearance and a higher inflammatory burden.
This concern is supported by the ATLAS study which showed that there are also localized
tissue factors that play a role in variations of local and systemic drug levels [44]. This study
was unique in that it not only reported an accurate measurement of tissue levels of anti-TNF
drug in luminal Crohn’s disease, but also found that these levels correlated well with the
serum drug levels. The key finding of the study suggested that areas of severe luminal
inflammation act as a ‘sink’ for the drug and resulted in diminished localized tissue drug
levels. This drop in specific tissue drug levels may, thereby, be reducing its concentration
and, therefore, efficacy in another area of inflammation, thus, leading to a mismatch in
serum and tissue drug levels in these patients. The authors proposed this as an explanation
for why patients with “normal” serum drug levels may still have uncontrolled disease and
suggested that increasing these levels may result in improved outcomes. More recently, the
same authors observed that increased serum infliximab levels were also associated with
improved fistula healing in PFCD as compared to those with luminal disease. This leads to
the question of possibly insufficient drug concentrations within the perianal tissues as a
possible mechanistic explanation in treatment failure.

This question was recently explored by a pilot study assessing the fistula tissue
levels of anti-TNF agents (infliximab and adalimumab) by use of ultraperformance liquid
chromatography-mass spectrometry [45]. The authors obtained tissue samples from the
fistula tracts of seven patients with Crohn’s perianal disease (five patients on adalimumab
and two patients on infliximab) on maintenance treatment and compared tissue drug
activity to negatives controls and spiked positive controls. They observed a lack of drug
activity in all fistula samples taken from Crohn’s on maintenance therapy despite activity
in positive controls. This raises the question on how tissue and serum pharmacokinetics
are related and what role that the administration of higher doses may have on outcomes.

Higher dosing sub-groups do not always have better outcomes, as seen in the study
cited above by Present et al. [11]. Although increasing dose and shortening intervals be-
tween doses has been shown to increase drug levels and clinical response in luminal disease
there is significant pharmacologic variation between individuals. Patient characteristics
such as high body weight, low albumin, and presence of ATI have been documented factors
in increasing clearance of serum anti-TNF and leading to decreased serum levels [46]. There
is also evidence that suggests shortening dose intervals may be a better way in increas-
ing serum drug concentrations as opposed to simply increasing the medication dosage,
especially in patients with low serum albumin levels. The development of an optimal,
individualized dosing strategy for PFCD must consider all of these factors.

Another major question that warrants further investigation is the role that non-anti-
TNF biologics can play in the treatment algorithm of PFCD and how the use of TDM for
those drugs may help to optimize therapy in this patient population. Aside from observa-
tional evidence showing a possible dose-related response, there are limited randomized
controlled data to guide the incorporation of these agents into the management of PFCD.

A recent multicenter randomized, controlled trial (ENTERPRISE) supported the use of
VDZ in the treatment algorithm of PFCD by demonstrating a 53.6% pooled success rate
in achieving the primary endpoint of having greater than a 50% decrease from baseline
in the number of draining perianal fistulae [10]. This study also boasted a 71.4% fistula
closure rate during the 30 week follow up period. Additionally, patients that responded to
treatment trended towards a higher VDZ trough concentration between weeks 6 and 22 in
the study arm that administered an extra dose of VDZ at week 10. However, despite these
significant findings, the study was substantially limited by its lack of placebo-arm, small
sample size (n = 38) and inability to support the findings with radiographic data.

No randomized controlled trials have assessed the efficacy of UST in PFCD; however,
the recently published BioLAP multicenter, retrospective study showed that, out of patients
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who had been received UST therapy for at least 3 months, 38.5% with active PFCD at
initiation of treatment reached the endpoint of “clinical success” at 6 months [9]. The
interpretation of these data is limited by the subjective definition of the main outcome as it
relied on a physician’s interpretation of fistula drainage and not a more objective outcome
such as radiographic healing. Additionally, due to the retrospective nature of this study,
the authors were not able to assess the relationship between serum UST levels and fistula
response. They did find, however, that the lack of optimization of UST was associated
with improved outcomes, but this was attributed to the refractory nature of disease in
those that required aggressive drug optimization. Given this potential confounder and
lack of drug level comparison between responders and non-responders in this study, the
role of TDM with UST and PFCD remains unclear. Although this study shows a definite
correlation between UST use and fistula healing, the exact role of UST in the treatment of
PFCD remains uncertain and further prospective, randomized studies are needed.

Lastly, although this review focuses on the optimization of medical therapy with
TDM, it is important to remember the crucial role of surgery in the management of PFCD.
A combined medical and surgical approach in managing PFCD has shown to have bet-
ter outcomes than medical therapy alone [47–49]. Irrespective of the prescribed medical
therapies, individualized interventions, such as abscess drainage, seton placement, fistulec-
tomy, fistulotomy, ligation, and advancement flaps, may be needed and, therefore, surgical
consultation should be obtained to further guide these decisions.

6. Conclusions

PFCD is a challenging and debilitating phenotype of CD that has been historically
difficult to manage. Anti-TNF agents, especially IFX, have emerged as the cornerstone of
medical management in these patients. High quality evidence supporting the efficacy of
most biologics and the potential role of TDM in PFCD is limited. Overall, the evidence
supports that higher anti-TNF drug levels correlate with higher efficacy; however, no
high quality, interventional data are available. This is partly because performing high
quality clinical trials in PFCD can be challenging and costly. Moreover, conducting, and
interpreting TDM studies impose their own challenges. Drug level concentrations may
vary between laboratories and assays, which limits the extrapolation and comparison
of results. Moreover, endpoints may vary across studies and patient demographics and
selection may also complicate the interpretation of the data. Despite these challenges,
further investigations in TDM are undergoing and may lead to a future of individualized
and optimized management in patients not only with PFCD, but with IBD in general.
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Abstract: Despite significant development in the pharmacological treatment of inflammatory bowel
diseases (IBD) along with the evolution of therapeutic targets and treatment strategies, a significant
subset of patients still requires surgery during the course of the disease. As IBD patients are fre-
quently exposed to biologics at the time of abdominal and perianal surgery, it is crucial to identify
any potential impact of biological agents in the perioperative period. Even though detectable serum
concentrations of biologics do not seem to increase postoperative complications after abdominal
procedures in IBD, there is increasing evidence on the role of therapeutic drug monitoring (TDM)
in the perioperative setting. This review aims to provide a comprehensive summary of published
studies reporting the association of drug concentrations and postoperative outcomes, postoperative
recurrence (POR) after an ileocolonic resection for Crohn’s disease (CD), colectomy rates in ulcerative
colitis (UC), and perianal fistulizing CD outcomes in patients treated with biologics. Current data
suggest that serum concentrations of biologics are not associated with an increased risk in postop-
erative complications following abdominal procedures in IBD. Moreover, higher concentrations of
anti-TNF agents are associated with a reduction in colectomy rates in UC. Finally, higher serum drug
concentrations are associated with reduced rates of POR after ileocolonic resections and increased
rates of perianal fistula healing in CD. TDM is being increasingly used to guide clinical decision
making with favorable outcomes in many clinical scenarios. However, given the lack of high quality
data deriving mostly from retrospective studies, the evidence supporting the systematic application
of TDM in the perioperative setting is still inconclusive.

Keywords: therapeutic drug monitoring; inflammatory bowel disease; surgery; Crohn’s disease;
ulcerative colitis; anti-TNF therapy; vedolizumab; ustekinumab
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1. Introduction

Inflammatory bowel disease (IBD) is characterized by a course of chronic and recur-
rent bowel inflammation and eventually cumulative and irreversible bowel damage [1,2].
In cases where moderate to severe disease activity is present, biological therapy is the
cornerstone treatment as it can prevent disease progression [3]. There are several biological
agents approved globally to treat both Crohn’s disease (CD) and ulcerative colitis (UC),
with different mechanisms of action: tumor-necrosis factor (TNF) inhibitors, anti-integrins,
and anti-interleukins [4,5].

One of the most challenging decisions in the treatment of patients with IBD is the
choice of the biological agent. Although each of the different biologics has the potential
to induce remission, one cannot predict individual response. Approximately one-third of
patients may have a primary nonresponse to an initial agent. Secondary loss of response,
after initial improvement, is also frequent in the management of CD and UC [6,7]. Data on
genetic and microbiological signatures and new biomarkers are needed in order to guide
this appropriate medication choice [8]. This is a critical aspect for precision medicine in
IBD [9].

Another feature of precision medicine in IBD is founded on the pharmacokinetic study
of currently approved drugs, also known as therapeutic drug monitoring (TDM). This
strategy, based on measurement of serum concentrations and antibodies to a specific agent,
assumes that there are specific thresholds for concentration of biologics above which there
is increased chance of induction and maintenance of remission [10]. TDM can be used
reactively on evidence of therapy failure or proactively with the goal of anticipating and
preventing therapeutic failure [11,12]. There are still many controversies regarding TDM in
regard to when it should be performed and which range of drug concentrations should be
considered adequate for each agent and clinical scenario.

Currently, the management of IBD is based in a multidisciplinary approach, including
medical and surgical options for different disease phenotypes. Despite the approval of new
biologics and small molecules, and newer strategies such as earlier treatment and treat-
to-target, surgery is still required in a substantial portion of CD and UC patients [13–15].
Patients who are refractory to optimal medical therapy and those with disease complica-
tions (e.g., dysplasia, perforation, and strictures) comprise the most common indication for
surgery in IBD [16–18]. Most patients who undergo surgery have been previously exposed
to biologic therapy. Thus, it is essential for the surgeon to understand the relationship
between biologic agents and surgery, including situations where serum drug concentra-
tions can influence perioperative outcomes [19,20]. The aim of this review is to summarize
essential concepts of TDM for IBD surgeons, by discussing the common clinical situations
where it can influence pre-, peri-, and postoperative scenarios in CD and UC, specifically
examining TDM in postoperative morbidity, CD recurrence, need for colectomy in UC and
perianal fistula treatment.

2. Tdm and Postoperative Complications in IBD

2.1. Anti-TNF Agents

Currently, there is still controversy whether the preoperative use of biologics impacts
postoperative outcomes in IBD. Data regarding serum concentrations of biologics in the
perioperative period are based on one large multicenter prospective trial (The Postoperative
Infection in Inflammatory Bowel Disease—PUCCINI) and few prospective single-center
studies [21–23].

A large retrospective study from Waterman et al. [24] including 473 CD-related surgical
procedures (195 in patients previously treated with anti-TNFs and 278 in matched controls)
was the first to evaluate the association between serum biologic drug concentrations and
postoperative complications. It found that detectable infliximab concentrations did not
increase the rates of postoperative wound infection (p = 0.21). However, only 16 UC
patients had preoperative levels measured.
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A study from Lau et al. was the first prospective study in patients undergoing surgery
for IBD with preoperative evaluation of serum concentrations of infliximab [22]. In this
study, 123 patients with CD underwent abdominal surgery. Infliximab concentration higher
than 3 μg/mL was related to an increased rate of overall complications (Odds ratio (OR) 2.5;
p = 0.03) and infectious complications (OR 3.0; p = 0.03). Overall complications and read-
missions rates were significantly higher in patients with drug concentrations higher than
8 μg/mL. In the UC cohort (n = 94), patients with infliximab concentrations > 3 μg/mL
compared to those with drug concentrations ≤ 3 μg/mL had similar rates of adverse post-
operative outcomes when stratified according to the specific type of surgery. Postoperative
morbidity was seen in 31/77 (40%) patients with undetectable concentrations and in 8/17
(41%) patients with detectable infliximab concentrations (p = 0.61).

The large multicenter PUCCINI trial [21], prospectively assessed the risk of surgery
and biologics, including IBD patients who underwent abdominal operations. Among
955 procedures (ileocolonic resections (n = 410), small bowel or colonic segmental resections
(n = 185), and subtotal colectomy with ileostomy (n = 168)), 382 with use of anti-TNFs
up to 12 weeks before surgery, the rates of overall infectious complications were similar
between patients previously treated with anti-TNFs and controls (20% vs. 19.4%, p = 0.801)
or detectable anti-TNF drug concentrations (19.7% vs. 19.6%, p = 0.985). In the same vein,
similar rates of surgical site infections were found in patients with prior anti-TNF therapy
exposure (12.4% vs. 11.5%, p = 0.692) or detectable drug concentrations (10.3% vs. 12.1%,
p = 0.513). Both prior anti-TNF exposure and detectable drug concentrations were not
significantly associated with the risk of overall infectious complications or surgical site
infections. Data regarding serum concentrations of vedolizumab and ustekinumab and
their relationship with postoperative outcomes from the same study are eagerly awaited.

A French study also prospectively analyzed the possible influence of serum concen-
trations of anti-TNFs on postoperative outcomes after ileocolic resection in patients with
CD [23]. From the 209 patients initially included, 76 had serum concentrations of infliximab
or adalimumab available prior to surgery. Trough concentrations > 1 ug/mL (OR = 0.69,
95% (confidence interval) CI 0.21–2.22) and > 3 ug/mL (OR = 0.95, 95% CI 0.28–2.96) were
not related to an increased rate of postoperative complications.

2.2. Anti-Integrins and Anti-Interleukins

Regarding vedolizumab, only one study has assessed the impact of preoperative
vedolizumab drug concentrations on postoperative outcomes in patients undergoing major
abdominal surgery for IBD [25]. Of the 72 patients with preoperative exposure, 38 (53%)
patients had detectable (>1.6 μg/mL), and 34 (47%) had undetectable vedolizumab con-
centrations. In the UC cohort (n = 42), 48% hadundetectable vedolizumab concentration
in contrast to 52% who had a detectable one. Postoperative morbidity was comparable
between these groups. The CD cohort included 27 patients, of which 48% had undetectable
vedolizumab concentrations. Similar to UC, in the CD cohort (n = 27) there were no sta-
tistically significant differences in overall complications between patients with (48%) or
without (52%) undetectable vedolizumab concentrations. Interestingly, there was a signifi-
cantly lower incidence of postoperative ileus in CD patients with detectable vedolizumab
concentrations compared to patients with undetectable concentrations (p < 0.04). Although
the association between vedolizumab and postoperative ileus needs to be validated, it may
reflect the ability of this specific agent to bind to the integrin α4β7 receptor present on mast
cells [26,27].

Similar to vedolizumab, there are limited data on the effect of preoperative ustek-
inumab concentrations on postoperative surgical outcomes in IBD. The only report, pre-
sented at DDW 2021, included 36 patients with IBD. Ustekinumab concentrations were
detectable (≥0.9 μg/mL) in 25 (69%) and undetectable in 11 (31%) patients [28]. Among
the patients with detectable drug concentrations, the median ustekinumab concentration
was 6.4 μg/mL (range 0.9–25). Overall postoperative morbidity (27% vs. 28%, p = 0.72),
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30-day readmission rate (18% vs. 8%, p = 0.57), postoperative ileus (18% vs. 8%, p = 0.57),
and wound infection (9% vs. 4%, p = 0.52) were comparable between the two groups.

It is clear that our knowledge gap in the evaluation of serum drug concentrations and
postoperative outcomes for non-TNF agents is significant. As previously stated, we eagerly
await data from the PUCCINI trial, where serum concentrations of both vedolizumab and
ustekinumab and their relationship with postoperative outcomes will be analyzed [21].
Table 1 summarizes available data with anti-TNF agents, vedolizumab, and ustekinumab
regarding influence of serum drug concentrations on postoperative outcomes.
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3. Tdm and Postoperative Recurrence in CD

Even though there is appropriate evidence on the role of anti-TNFs in the prevention
of endoscopic recurrence after ileocolonic resection, the effect of drug concentrations on
recurrence rates has not been adequately explored and available data is scarce. A recent
systematic review identified only four studies which assessed infliximab concentrations
and endoscopic postoperative recurrence (POR) in CD, with higher concentrations mostly
associated with lower POR rates [29].

The PREVENT (Prospective, Multicenter, Randomized, Double-Blind, Placebo-Controlled
Trial Comparing Infliximab and Placebo in the Prevention of Recurrence in Crohn’s Disease
Patients Undergoing Surgical Resection Who Are at an Increased Risk of Recurrence) trial [30]
evaluating 297 patients who had an ileocolonic resection for CD and received either infliximab
or placebo showed that among patients who had endoscopic POR, 52.4% had a week 72 un-
detectable drug concentration; 31.3% had infliximab concentrations 0.1 to 1.85 μg/mL; 18.8%,
1.85 to 4.44 μg/mL; 26.7%, 4.44 to 7.77 μg/mL and 13.3% had drug concentrations higher than
7.77 μg/mL. Patients with positive, negative, or inconclusive antibodies to infliximab (ATI),
had an endoscopic POR rate of 64.7% (11/17), 46.7% (7/15), and 30.1% (22/73), respectively.

A study from Israel showed that lower infliximab trough concentrations and ATI were
associated with endoscopic POR [31]. Significantly higher median infliximab concentra-
tions were found in patients with a Rutgeerts’ score of i0 (3.1 [interquartile range (IQR)
0.1–4.1] μg/mL) as compared to those with a score of i4 (0.1 [IQR 0.1–3] μg/mL; p = 0.037).
When limited to patients naïve to anti-TNF prior to surgery the difference in infliximab
concentrations (2.3 [IQR 0.3–3.8] vs. 1.1 [IQR 0.1–3.3] μg/mL, p = 0.048) and ATI (7.7%
vs. 60%, p = 0.044) remained significant. In the same study, the same association was not
observed for 41 adalimumab patients.

In a post hoc analysis of a small randomized controlled trial (RCT), Bodini et al. de-
scribed the correlation between adalimumab concentrations and POR in six patients treated
with monotherapy [32]. Serum concentrations were evaluated every 8 weeks for 2 years.
Patients with clinical or endoscopic POR compared to those with clinical or endoscopic
remission had lower adalimumab concentrations (median (IQR) [7.5 (4.4–9.8) μg/mL vs.
13.9 (8.9–23.6) μg/mL, p < 0.01).

Boivineau et al. [33], presenting results of 19 CD patients on adalimumab after ileocolic
resections showed that serum adalimumab concentrations measured 3 months after surgery
were higherin patients with normal mucosa (Rutgeerts’ score ≤ i1) versus those with endo-
scopic POR (Rutgeerts’ score ≥ i2) (7.95 μg/mL vs. 3.25 μg/mL, respectively, p = 0.0485).
The same study found an inverse correlation between adalimumab concentrations Rut-
geerts’ score (p = 0.004), and 86% of patients with concentrations less than 4.2 μg/mL had
endoscopic POR compared to 15% of patients with concentrations ≥ 4.2 μg/mL (p = 0.025).

A sub-analysis from the POCER (Postoperative Crohn’s Endoscopic Recurrence)
trial demonstrated opposite results. In this study, there were 52 patients with serum
concentrations of adalimumab measured after ileocolic resection [34]. When combining
endoscopic outcomes from 6 and 18 months, patients in endoscopic remission compared to
those with POR (Rutgeerts ≥ i2) had similar adalimumab concentrations (9.98 μg/mL vs.
8.43 μg/mL, respectively, p = 0.387). There were also no statistically significant differences
(p = 0.495) when adalimumab concentrations were compared between each different
Rutgeerts’ score category (i0 to i4).

Table 2 summarizes data on the application of TDM in POR in CD. Low serum
concentrations of anti-TNF agents and immunogenicity seem to be associated with a
higher risk of endoscopic POR in patients undergoing an ileocolonic resection for CD.
The role of TDM to better optimize not only anti-TNF therapy, but also biologics with a
different mechanism of action for preventing and treating POR, should be evaluated in
large prospective studies and RCTs.
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4. Tdm and Colectomy Rates in UC

Recent data demonstrated a possible relation between low serum concentrations of
infliximab and the need for colectomy in UC patients. Papamichael et al. assessed the long-
term follow-up of 99 UC patients with primary non-response to infliximab [35]. Lower
week 2 and week 6 infliximab concentrations at were found in patients who required
colectomy (n = 55) as compared to patients with no need for surgery. An infliximab
concentration ≤ 16.5 μg/mL at week 2 week 6 was an independent predictor of colectomy.
When stratification of infliximab concentrations was performed in quartiles, patients with
concentrations in the lower quartiles (<10 μg/mL) had higher rates of colectomy at weeks
2 (70%) and 6 (89%).

Similar data from the Leuven group described the outcome of 285 UC patients with
refractory disease on infliximab [36]. Overall, 57/285 (20%) patients needed colectomy
during the disease course. Week 14 infliximab concentrations were available in a subset of
patients (n = 112). A serum week 14 infliximab concentration greater than 2.5 ug/mL was
predictive both for relapse-free survival (p < 0.001) and colectomy-free survival (p = 0.034).

Acute severe ulcerative colitis (ASUC), refractory to intravenous corticosteroids (CS),
is a challenging condition to treat, and colectomy rates remain high regardless of the
efficacy of salvage therapies such as cyclosporine and infliximab [37,38]. A substantial
portion of patients do not respond to infliximab, possibly due to low drug exposure as a
result of increased disease inflammatory burden and high drug clearance and drug fecal
loss [39–42].

The relation of colectomy rates in ASUC and the clearance of infliximab was also
recently studied. Battat et al. demonstrated that, in 39 patients with ASUC, those with
colectomy at 6 months had higher median baseline calculated infliximab clearance com-
pared to those without (0.733 vs. 0.569 L/day, respectively, p = 0.005) [41]. A clearance
threshold of infliximab of 0.627 L/day identified patients who underwent colectomy with a
sensitivity (SN) and specificity (SP) of 80% and 82.8%, respectively (AUC 0.80). These data
described that with higher clearance of the drug, consequent lower serum concentrations
are associated with greater chance of colectomy [41]. A study from Kevans et al. including
36 patients with steroid-refractory ASUC showed that longer induction infliximab half-life
and lower drug clearance were associated with week 14 clinical response and week 54 at
CS-free remission [42].

Based on the currently available data, emphasis should be given to studying the role
of TDM in ASUC and choosing the optimal infliximab dosing. Table 3 describes the main
studies regarding this topic in detail. Due to paucity of data from prospective studies
and RCTs, the American Gastroenterological Association makes no recommendation on
routine use of intensive versus standard infliximab dosing in hospitalized adult patients
with ASUC being treated with infliximab [43]. The prospective multi-center PROTOS
(Pharmacokinetics of IFX and TNF Concentrations in Serum, Stool, and Colonic Mucosa in
Acute Severe Ulcerative Colitis) study is currently underway aiming to define infliximab
pharmacokinetics and guide infliximab dosing strategies in patients with ASUC.
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5. TDM and Perianal Fistulizing CD

Current data on the use of TDM and perianal fistulizing CD are limited to anti-TNF
agents. Data from adult populations are based on cross-sectional studies or retrospective
observational cohorts (Table 4). Most studies demonstrate that there is a positive correlation
between infliximab and adalimumab concentrations and fistula closure

A post hoc analysis of ACCENT-II RCT (282 patients after induction therapy and
139 patients on maintenance therapy) recently published by Papamichael et al. [48] demon-
strated that higher concentrations of IFX at week 14 were independently associated with
composite remission defined as complete fistula closure and CRP normalization at week 14
(OR: 2.32; 95% CI: 1.55–3.49; p < 0.001) and week 54 (OR: 2.05; 95% CI: 1.10–3.82; p = 0.023).
IFX concentrations predictive of composite remission were ≥20.2 μg/mL, ≥15 μg/mL
and ≥7.2 μg/mL at weeks 2, 6, and 14, respectively. These correlations comprise the only
evidence derived from a prospective trial, despite it being a post hoc analysis.

On the pediatric population, two prospective studies were conducted. El-Matary et al.
followed 27 patients prospectively and found that an IFX concentration higher than
12.7 μg/mL at week 14 was associated with fistula healing at week 24 (SN 0.62, SP: 0.65) [50].
In addition to this study, Ruemmele et al. randomly assigned 36 patients to receive standard
or high doses of ADA. No statistical difference in fistula closure was demonstrated between
the different dosing regimens, and ADA levels at weeks 16 and 52 did not correlate with
fistula closure in this underpowered study [51].

The studies of TDM and perianal fistulizing CD are associated with some important
limitations, mainly related to how the response to treatment was evaluated (with MRI
outcomes), as well as for not clearly defining fistula classification (simple versus complex).
Prospective data on TDM for perianal fistulizing CD are awaited. The results of the
PROACTIVE (Prospective Randomised Controlled Trial of Adults with Perianal Fistulising
Crohn’s Disease and Optimised Therapeutic Infliximab Levels) RCT regarding adults
with perianal fistulizing CD and proactively optimized infliximab concentrations) [52] is
expected to shed more light regarding the role of proactive TDM in this situation.
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6. Discussion

This review provides a comprehensive assessment of the data on the role of TDM
and surgical outcomes in patients with IBD (Figure 1). Although there are limited studies
supporting the widespread use of the TDM in the perioperative setting, there is growing
evidence demonstrating its potential benefits.

Figure 1. Multi-utility of TDM of biologics for the surgical IBD patient. Legend: UC—ulcerative colitis, POR—post-operative
recurrence, CD—Crohn’s disease.

Abdominal and perianal surgery in IBD patients demands high expertise and a multi-
disciplinary approach. IBD patients are frequently malnourished, with a high inflammatory
burden, often have a past history of previous surgeries, and are frequently exposed to
biologics, corticosteroids, and immunomodulators [53]. Consequently, the surgical compli-
cations are expected to be higher among these patients than among patients undergoing
abdominal surgery for other reasons [54,55]. Thus, early studies identifying the poten-
tial relation between postoperative complications and preoperative exposure to biologics
should be considered carefully, as numerous confounding factors might influence surgical
outcomes in this population. Prospective studies with precise biomarkers, such as quan-
tification of tissue penetration of the drugs in surgical specimens are encouraged to better
describe the effect of preoperative biologics on postoperative complications.

Although a positive exposure–response relationship between higher drug concentra-
tions and favorable therapeutic outcomes has been consistently demonstrated [10], this
association seems less clear in the context of postoperative recurrence of CD. In the study
by Fay et al. [31], despite the significant difference between groups with or without POR,
low IFX concentrations (2.4 [0.45–4.1] μg/mL) were still observed in patients with no POR
supporting the hypothesis that the actual threshold in the postoperative scenario can be
somewhat different than in luminal CD, without a prior surgery. Moreover, it should be
emphasized that disease recurrence could be significantly influenced by the higher biologic
clearance as a consequence of more severe disease at baseline along with the amount of
residual inflamed bowel, a confounding factor poorly explored in the available literature.

There is growing data suggesting the use of proactive TDM during induction for UC
and likely for ASUC. Post hoc analyses of the ACT-1 and ACT-2 RCTs demonstrate a posi-
tive correlation between infliximab concentrations and favorable outcomes, such as clinical
response and remission as well as mucosal healing. Higher infliximab concentrations
were also associated with higher rates of week 8 mucosal healing in patients with UC [56].
However, trials evaluating accelerated IFX induction regimen in the setting of ASUC are
controversial. A recent meta-analysis of seven studies did not show any difference in
in-hospital colectomy rates between accelerated infliximab induction therapy and standard
induction therapy [57]. However, there were likely significant confounding factors in these
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studies. Given that ASUC constitutes a life-threatening condition with reported mortality
rates reaching 1% in a recent systematic review and meta-analysis from population-based
studies [58], RCT accounting for disease severity and IFX pharmacokinetics are warranted
to define the best IFX dosing strategy.

Perianal fistulas are a disabling complication of CD and can have a significant impact
on patients’ quality of life [59]. Unfortunately, closure of fistula tracts and radiologic
healing are considered ambitious outcomes with low remission rates with any therapy,
even anti-TNF. Recent studies regarding anti-TNF therapy have shown that higher than
previously reported drug concentrations might be needed to attain complete healing of
fistulae [44,45]. It has been suggested that increasing the dose of anti-TNFs with the aim
of achieving higher drug concentrations could be helpful in this setting [18]. However,
whether this is related to improved mucosal healing rather than a direct action of the drug
on fistula tracks remains unclear. Notably, a recent pilot study investigating the role of
tissue drug concentrations in fistula tracts of CD patients on anti-TNF therapy found an
absence of drug detection in fistula tissue [60]. These observations increase uncertainties
surrounding the potential role of tissue penetrance of anti-TNF agents of in response
to treatment.

7. Conclusions

The use of TDM is becoming more available globally. Application of serum concen-
trations and antibody measurement with anti-TNF agents is most commonly used. As
indications for surgery in CD and UC persist, despite important advances in medical
management of IBD, it is important to define the possible impact of biological agents in the
perioperative period. Thus, surgeons should be aware of the possible practical application
of the use of TDM in the treatment of IBD and in the peri-surgical period.

Detectable serum concentrations of biologics do not appear to increase postoperative
complications after abdominal procedures in IBD. Higher concentrations of anti-TNF agents
are associated with a reduction in colectomy rates in UC and may have a role in those
admitted with ASUC. Mirroring luminal disease, higher concentrations of anti-TNF agents
seem to be associated with reduced rates of postoperative recurrence after ileocolonic
resections and higher rates of perianal fistula healing in CD.

Precision medicine is a natural consequence of the development of diagnostic methods
and therapeutic agents in IBD. Application of TDM in surgical patients may be an important
piece of the “right therapy to the right patient at the right time” aphorism. More prospective
data analyzing the relation of serum concentrations of biologics in the perioperative period
are awaited.
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Abstract: Therapeutic drug monitoring (TDM) is a useful strategy in ulcerative colitis (UC). Nearly a
quarter of UC patients will experience acute severe UC (ASUC) in their lifetime, including 30% who
will fail first-line corticosteroid therapy. Steroid-refractory ASUC patients require salvage therapy
with infliximab, cyclosporine, or colectomy. Fewer data are available for the use of TDM of infliximab
in ASUC. The pharmacokinetics of ASUC make TDM in this population more complex. High
inflammatory burden is associated with increased infliximab clearance, which is associated with
lower infliximab drug concentrations. Observational data support the association between increased
serum infliximab concentrations, lower clearance, and favorable clinical and endoscopic outcomes, as
well as decreased rates of colectomy. Data regarding the benefit of accelerated or intensified dosing
strategies of infliximab—as well as target drug concentration thresholds—in ASUC patients remain
more equivocal, though limited by their observational nature. Studies are underway to further
evaluate optimal dosing and TDM targets in this population. This review examines the evidence for
TDM in patients with ASUC, with a focus on infliximab.

Keywords: acute severe ulcerative colitis; therapeutic drug monitoring; infliximab; pharmacokinetics;
dose optimization; inflammatory bowel disease; ulcerative colitis

1. Introduction

Ulcerative colitis (UC) is one of two major chronic inflammatory bowel diseases
(IBD). Up to 25% of UC patients will experience an episode of acute severe ulcerative colitis
(ASUC) that requires hospitalization [1,2]. Delayed management of ASUC is associated with
significant morbidity and mortality, including toxic megacolon, fulminant colitis, bowel
perforation, refractory bleeding, venous thromboembolism, and bacterial infection [3,4].
Colectomy rates for hospitalized patients with ASUC range from 25% to 30%, including
20% of patients requiring colectomy during their first hospital admission [1,2,5,6]. Despite
the advent of biologic therapy and advances in the management of ASUC, there is still
measurable mortality associated with it [6].

First-line medical therapy in patients with ASUC remains intravenous corticosteroids.
However, 30% of ASUC patients will fail steroid therapy, of whom up to 50% will require
colectomy [3,7–9]. Patients who do not demonstrate improvement within 3–5 days of
initiation of corticosteroids are unlikely to respond to steroids and require either rescue
therapy or colectomy [10].

Rescue therapy for ASUC includes infliximab (IFX) and intravenous cyclosporine.
Multiple trials have shown that infliximab is beneficial in steroid-refractory ASUC patients,
including one randomized controlled trial (RCT) which demonstrated that infliximab
decreased short-term colectomy rates compared to placebo (29% vs. 67%) [11–13]. Cy-
closporine has similarly been proven to be superior to placebo in these patients [14,15]. In
multiple head-to-head RCTs of infliximab and cyclosporine in ASUC, there have been no
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differences in short- or long-term rates of clinical response, colectomy, or mortality [16,17].
A recent meta-analysis of trials compared rescue IFX to cyclosporine therapy in steroid-
refractory ASUC [1]. In RCTs of severe UC patients receiving infliximab, pooled rates of
therapeutic response, 3-month colectomy, and 12-month colectomy were 43.8%, 26.6%, and
34.4%, respectively. Similar results were observed with cyclosporine (41.7%, 26.4%, and
40.8%, respectively). In nonrandomized studies, rates were considerably higher for both
infliximab (74.8%, 24.1%, and 20.7%, respectively) and cyclosporine (55.4%, 42.5%, and
36.8%, respectively) [1].

Infliximab is generally preferred over cyclosporine in ASUC patients for ease of use.
Initial responders to infliximab remain on maintenance infliximab therapy. Cyclosporine
requires frequent dose adjustments due to a narrow therapeutic window. In addition,
responders to cyclosporine must be converted to alternate therapies, and the most robust
data exist for subsequent thiopurines, which is no longer preferred as a first-line UC therapy.

For cyclosporine, data do not support intensive dosing. In a RCT of high-dose intra-
venous cyclosporine (4 mg/kg) versus standard dose intravenous cyclosporine (2 mg/kg),
there was no significant difference in short-term colectomy rates, despite the high-dose
group having significantly increased mean cyclosporine blood levels [18]. However, data
regarding dose optimization and therapeutic drug monitoring (TDM) in infliximab are still
being elucidated. For this reason, in this review, we will discuss TDM in ASUC, with a
focus on infliximab.

2. Pharmacokinetics of Infliximab in ASUC

It is well understood that the clearance of anti-TNF (tumor necrosis factor) agents in
ASUC is propagated by numerous mechanisms related broadly to increased inflammatory
burden. The pharmacokinetics of infliximab in ASUC are impacted by increased levels of
TNF-α, anti-TNF neutralization, heightened proteolytic degradation of immune complexes,
and reduced tissue penetration, all of which leads to low serum concentrations of infliximab,
which may subsequently augment immunogenicity [8,19–25]. Moreover, many ASUC
patients suffer from malnutrition in the acute setting, and thus drug levels of infliximab
may be negatively affected by both decreased protein intake as well as increased intestinal
protein loss, resulting in hypoalbuminemia and increased infliximab clearance, as infliximab
is albumin-bound [8,10,26,27].

Fecal drug loss can occur in the setting of a severely impaired mucosal barrier in
patients with ASUC. Not only does this lead to lower drug levels, but it also results in
effectively decreased episodic doses of infliximab, which promotes immunogenicity and
antibody formation against infliximab [9]. The formation of antibodies to infliximab has
ramifications on dose optimization of infliximab, and it impacts treatment decisions. In
one large study using an IBD database, in infliximab-treated patients (n = 63,176) with
antibodies to infliximab (ATI), dose escalation was associated with adequate infliximab
levels (>5 μg/mL) at the subsequent assessment [28]. Dose escalation was also associated
with a greater increase in drug concentration (5.9 vs. 0.2 μg/mL) and ATI reductions
(1.9 vs. 4.3 U/mL) compared to patients with no escalation [28].

Little is known about the relationship between efficacy and serum, colonic mucosa,
and stool concentrations of drugs. Mucosal 5-acetylsalicylic acid (5-ASA) concentrations are
associated with endoscopic outcomes [29] but there is a paucity of data on the relationship
of infliximab concentrations between tissue, serum, and fecal compartments. A recent
study on TNF antagonist concentrations in colonic tissue provides minimal information
on infliximab in UC. Only six patients with UC were included, of which an unspecified
number received infliximab or adalimumab. Furthermore, a majority of samples analyzed
in the study were from uninflamed tissue and neither clinical outcomes nor objective
endoscopic scores were assessed [23]. The study demonstrated a positive correlation
between serum and tissue TNF antagonist concentration in uninflamed tissue but not in
inflamed tissue. Serum TNF antagonist concentrations only correlated with the degree of
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endoscopic inflammation in uninflamed tissue. Patients with active mucosal disease had
high rates of discordant serum to tissue drug concentrations [23].

Data in ASUC are consistent with observations that infliximab concentrations are lower
with higher inflammatory burden. In an observational retrospective study, Ungar et al.
demonstrated that mean infliximab trough levels at day 14 were significantly lower in pa-
tients with ASUC compared to patients with moderately severe UC (7.1 vs. 14.4 μg/mL) [30]
(Table 1). As ASUC impacts the pharmacokinetics of infliximab and decreases drug levels,
there may be benefit to TDM in this population.

Table 1. Summary of Pharmacokinetic Studies of Infliximab in ASUC.

Author
(Year)

Study Design Population Number of Subjects
Measurement of IFX

Pharmacokinetics
Outcomes

Yarur
(2016)
[23]

Prospective
Cross-Sectional

IBD patients on
maintenance IFX
or adalimumab

30 (including 6 UC)

Anti-TNF serum
concentration and

anti-TNF tissue
concentration (from

colonic and
ileal biopsies)

Anti-TNF tissue
concentrations correlated

with anti-TNF serum
concentrations, except in

inflamed tissue
Ratio of anti-TNF to TNF in

tissue was highest in
uninflamed tissue and lowest

in severely inflamed tissue

Dotan
(2014)
[25]

Prospective
Observational

IBD patients
receiving IFX

54 patients (25 UC,
25 Crohn’s disease,

and 4 indeterminate)
with 169 IFX

concentrations

IFX trough
concentrations and
antibodies against

IFX prior to
IFX infusion

Low albumin, high body
weight, and presence of

antibodies against IFX were
associated with higher

IFX clearance

Fasanmade
(2009)
[26]

Post-hoc analysis of
2 RCTs (ACT 1 and 2)

Moderate-to-severe
UC randomized to

IFX 5 mg/kg or
10 mg/kg or placebo

482

IFX serum
concentrations

immediately before
and after IFX doses

and antibodies
against IFX

IFX clearance was higher in
patients with antibodies

to IFX
IFX clearance was inversely

correlated with
serum albumin

Brandse
(2016)
[20]

Prospective Cohort

Anti-TNF naïve
moderate–severe UC
patients receiving IFX

induction therapy

19

Serial IFX serum
concentrations and

antibodies
against IFX

IFX nonresponders were
more likely to have

antibodies against IFX (odds
ratio 30.0, 95% CI 2.2–406)

Patients with CRP > 50 mg/L
at baseline had lower serum
IFX concentrations at week 6

compared to patients with
lower CRP

Brandse
(2015)
[21]

Prospective Cohort

Anti-TNF naïve
patients with
moderately to

severely active UC,
initiated on IFX

30 (26 with severe
endoscopic disease)

IFX serum
concentration at

week 2 and IFX fecal
concentration at day

1 from induction

Clinical nonresponders at
week 2 had significantly

increased fecal IFX levels at
day 1 from induction

compared to responders
(5.01 vs. 0.54 μg/mL)

Ungar
(2016)
[30]

Retrospective

Hospitalized
steroid-refractory

ASUC patients
compared to

moderately severe
UC initiated on IFX

32 total (including
16 ASUC)

IFX trough
concentrations and
antibodies to IFX at

day 14 from
induction

IFX trough concentrations
were significantly lower in

ASUC patients compared to
moderately severe UC

patients (7.2 vs. 14.4 μg/mL)

3. Outcomes Associated with Infliximab Pharmacokinetics in ASUC

The potential utility of TDM in ASUC initially came out of the established benefit
of dose optimization in patients with moderate-to-severe UC. In a post-hoc analysis of
728 patients with moderate-to-severe UC in the ACT-1 and ACT-2 (Active Ulcerative Colitis
Trials 1 and 2) trials, patients with clinical response, mucosal healing, and/or clinical remis-
sion had higher median serum concentrations of infliximab at weeks 8, 30, and 54 compared
to patients without clinical or endoscopic response [31]. In a separate study of 155 pa-
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tients with IBD, in patients with subtherapeutic infliximab concentrations, dose escalation
led to complete or partial clinical response in 86% of patients [32]. Lastly, Brandse et al.
published two separate prospective, observational studies evaluating infliximab concen-
trations in serum and stool in patients with moderate-to-severe UC. Primary infliximab
nonresponders were found to have lower serum infliximab concentrations, increased fecal
infliximab concentrations, and higher rates of antibody formation to infliximab, suggesting
that higher infliximab clearance and drug wasting in the stool are associated with worse
clinical outcomes [20,21].

In ASUC patients, supportive data exist showing that serum infliximab concentrations
have predictive value for clinical response, clinical remission, and need for colectomy. In a
prospective observational study of 115 patients with steroid-refractory acute UC (including
42 with ASUC), Seow et al. demonstrated that patients with detectable serum infliximab
trough concentrations—during both induction and maintenance—had higher rates of
clinical remission (69% vs. 15%) and lower rates of colectomy (7% vs. 55%) compared to
patients with undetectable trough concentrations [22]. In another prospective observational
study of 285 patients with refractory UC (including 39 patients with ASUC), serum levels
of infliximab > 2.5 μg/mL at week 14 were associated with higher rates of relapse-free
survival as well as colectomy-free survival [33]. In a retrospective study of 99 patients
with UC (including 23 patients with ASUC), Papamichael et al. showed that infliximab
concentration < 16.5 μg/mL at week 2 after induction was an independent predictor of
colectomy [34]. Furthermore, in a study of 24 ASUC patients, elevated fecal infliximab
concentrations were associated with both decreased remission rates and higher risk of
colectomy [35] (Table 2).

Table 2. Summary of Outcomes Associated with Infliximab Pharmacokinetics in ASUC.

Author
(Year)

Study Design Population Number of Subjects
Measurement of IFX

Pharmacokinetics
Outcomes Associated with

IFX Pharmacokinetics

Seow
(2010)
[22]

Prospective
Observational

Steroid-refractory
acute moderate-to-
severe UC patients

initiated on IFX

115 total (including
42 ASUC)

Detectable serum IFX
trough concentration
during induction and
maintenance periods

(found in 39%
of subjects)

Higher rates of clinical
remission (69% vs. 15%),
lower rates of colectomy

(7 vs. 55%), and higher rates
of endoscopic improvement
(76% vs. 28%) were found in

patients with detectable
troughs compared to those
with undetectable troughs

Arias
(2015)
[33]

Prospective
Observational

UC patients
refractory to

cyclosporine or
immunomodulators,

initiated on IFX

285 total (including
39 ASUC)

Serum IFX level at
week 14 of treatment

Serum IFX level > 2.5 μg/mL
at week 14 was associated

with increased rates of
relapse-free survival and
colectomy-free survival

Papamichael
(2016)
[34]

Retrospective
Observational

Multicenter

Anti-TNF naïve UC
patients with primary
nonresponse to IFX
induction therapy

99 total (including
23 ASUC)

Serum IFX levels at
weeks 2 and 6
of treatment

Serum IFX
level < 16.5 μg/mL at week 2

(hazard ratio 5.6, 95% CI
1.1–27.8) was independently
associated with colectomy

Beswick
(2018)
[35]

Prospective
Observational Pilot

Hospitalized
steroid-refractory
ASUC patients,
initiated on IFX

24 total (all 24
with ASUC)

Fecal IFX
concentration at day

1 post-first dose
of IFX

Fecal IFX level > 1 mg/mL at
day 1 was associated with

lower rates of clinical
remission at week 6 (odds
ratio 0.04, 95% CI 0.02–0.9)

and higher rates of colectomy
(odds ratio 176,

95% CI 2.1–14,452)
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Table 2. Cont.

Author
(Year)

Study Design Population Number of Subjects
Measurement of IFX

Pharmacokinetics
Outcomes Associated with

IFX Pharmacokinetics

Paul
(2013)
[36]

Prospective
Observational

IBD patients
receiving IFX who
required IFX dose
optimization for

active disease

52 total (18 UC,
including 10 ASUC)

IFX trough
concentrations prior
to IFX optimization
and at week 8 after

optimization;
differences in trough
concentrations were

calculated (called
delta IFX)

Delta IFX > 0.5 μg/mL was
associated with mucosal
healing (sensitivity 0.88,

specificity 0.77)

Papamichael
(2016)
[37]

Retrospective UC patients receiving
IFX induction

101 total (including
16 ASUC)

Serum IFX levels at
weeks 2, 6, and 14

after induction

Early mucosal healing was
associated with increased

serum IFX levels at weeks 2
(22.9 vs. 19.3 μg/mL),

6 (17.6 vs. 10.3 μg/mL), and
14 (7.4 vs. 1.5 μg/mL)

compared to those
without healing

Battat
(2021)
[27]

Retrospective
Hospitalized ASUC
patients, initiated

on IFX

39 total (all 39
with ASUC)

Baseline calculated
IFX clearance using

existing formula (that
included sex,
presence of

antibodies to IFX,
and serum albumin)

IFX clearance > 0.627 L/day
was associated with higher
rates of colectomy within

6 months compared to those
with lower clearance

(61.5% vs. 7.7%)

Kevans
(2018)
[38]

Retrospective
Steroid-refractory

ASUC patients,
initiated on IFX

36 total (all 36
with ASUC)

IFX clearance using
pharmacokinetic
modeling (that

included serum IFX
levels, antibodies to

IFX, weight, and
serum albumin)

Lower IFX clearance was
associated with higher rates

of clinical response at week 14
and steroid-free remission at

week 54

Serum infliximab concentrations have also been associated with favorable endoscopic
outcomes. For example, in Seow’s study of 115 acute UC patients (including 42 with
ASUC), a detectable serum infliximab trough concentration was associated with higher
rates of endoscopic improvement (decrease in endoscopic Mayo score of at least one point)
compared to patients with undetectable trough concentrations (76% vs. 28%) [22]. In a
prospective observational study of 52 patients with active IBD on maintenance infliximab
requiring dose optimization (including 18 UC patients, 10 with severe endoscopic activity),
an increase in infliximab trough level was associated with mucosal healing, and 50% of IBD
patients achieved mucosal healing after dose intensification [36]. In a retrospective study
of 101 UC patients (including 16 with ASUC), Papamichael et al. showed that patients
with early mucosal healing (at weeks 10–14 from initiation of therapy) had higher serum
infliximab concentrations at weeks 2, 6, and 14 after treatment initiation than those without
healing [37]. This study also demonstrated that the presence of ASUC was associated
with being in the lowest quartile of infliximab concentration among all UC patients in the
study (11 of 16 ASUC patients were in the lowest quartile)—the authors of this study thus
suggested that accelerated dosing be used in ASUC patients. A number of the studies
outlined present their data in aggregate, including all moderate and severe UC patients,
without subgroup analysis of ASUC patients. This may limit the application of these data
to ASUC patients.

Clearance of infliximab is also an important determinant of pharmacokinetics and
outcomes in ASUC. Higher infliximab clearance has been associated with colectomy and
treatment failure. In a retrospective study of 39 patients with ASUC, elevated (>0.627 L/day)
baseline calculated infliximab clearance (using sex, presence of antibodies to infliximab, and
serum albumin) prior to induction was associated with higher rates of colectomy compared
to patients with lower clearance values (61.5% vs. 7.7%) [27]. In another retrospective
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study of 36 ASUC patients, Kevans et al. demonstrated that lower clearance of infliximab
(utilizing pharmacokinetic modeling of a number of parameters, including serum infliximab
concentrations, antibodies to infliximab, weight, and serum albumin) was associated with
week 14 clinical response and week 54 steroid-free remission [38] (Table 2).

4. Intensive Infliximab Dosing Strategies in ASUC

Despite evidence suggesting that increased serum infliximab concentrations and
decreased infliximab clearance are associated with improved clinical and endoscopic out-
comes, data regarding intensified and accelerated infliximab dosing strategies in this
population are conflicting. Initial literature on intensive dosing strategies were first investi-
gated in moderate-to-severe UC, providing the rationale for its use in ASUC. For instance,
in subgroup analyses of the ACT-1 and 2 trials, a 10 mg/kg dosing strategy of infliximab
significantly reduced the risk of colectomy at 54 weeks compared to placebo (8% vs. 17%),
but a 5 mg/kg dosing strategy did not (12%) [39].

However, data comparing different dosing strategies of infliximab in ASUC are contra-
dictory. Some observational data suggest a benefit to intensive infliximab induction dosing
strategies in ASUC with either multiple early doses or higher doses at standard intervals.
In a retrospective study of 50 ASUC patients comparing standard induction of infliximab
(5 mg/kg at weeks 0, 2, and 6) to accelerated induction (3 doses of 5 mg/kg within a median
period of 24 days), Gibson et al. showed that an accelerated dosing strategy was associated
with lower rates of early colectomy (7% vs. 40%) [40].

Other data have not shown a benefit to intensified dosing in this cohort. In a systematic
review of seven retrospective studies (181 patients receiving accelerated infliximab dos-
ing and 436 receiving standard infliximab dosing), there were similar rates of in-hospital
colectomy among the accelerated dosing group and standard dosing group (9% vs. 8%);
furthermore, similar proportions required colectomy at 3, 6, 12, and 24 months [41]. In a
separate meta-analysis of five observational studies, Feuerstein et al. found that there was
no significant difference in short-term colectomy risk between ASUC patients given inten-
sive infliximab dosing (shortened interval dosing during induction or higher-dose during
induction) compared to standard infliximab dosing (relative risk (RR) 1.61, 95% confidence
interval (CI, 0.74–3.52) [10]. Other smaller retrospective studies have similarly found no
difference in short-term colectomy risk in ASUC patients receiving higher-dose induction or
accelerated dosing compared to those receiving standard induction dosing [42–44] (Table 3).
While limited data exist on different intensive dosing strategies, a meta-analysis of two
observational studies found that upfront higher dose infliximab (10 mg/kg) was associated
with lower rates of colectomy than accelerated dosing with 5 mg/kg (RR 0.24, 95% CI,
0.08–0.68) [10].

Table 3. Summary of Intensive Dosing Strategy Studies in ASUC.

Author
(Year)

Study Design Population
Number of

Subjects
Intensive Dosing

Strategy
Primary

Outcome
Results

Gibson
(2015)
[40]

Retrospective
Cohort

Hospitalized
patients receiving

IFX for steroid-
refractory ASUC

50 total (n = 35
standard dosing;

n = 15 acceler-
ated dosing

Three induction
doses of IFX
5 mg/kg in

median 24 days

Colectomy
during IFX
induction

Significantly decreased
rates of early colectomy in

the accelerated arm
(7% vs. 40%)

Shah
(2018)
[42]

Retrospective
Cohort with

Propensity Score
Matching

Hospitalized,
IFX-naïve, acute

UC patients
receiving

induction IFX

146 total
(n = 120 stan-

dard dose;
n = 26 high dose)

10 mg/kg
induction dose

of IFX
30-day colectomy

No significant difference
in 30-day colectomy rates

between high dose and
standard dose groups in
the unmatched cohort
(15.4% vs. 17.5%) and

matched cohort
(9.5% vs. 9.5%)
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Table 3. Cont.

Author
(Year)

Study Design Population
Number of

Subjects
Intensive Dosing

Strategy
Primary

Outcome
Results

Chao
(2019)
[43]

Retrospective
Cohort

Hospitalized
ASUC patients
receiving IFX

72 total
(n = 37 standard
dose induction;

35 high
dose induction)

10 mg/kg
induction dosing

of IFX

Three-month
colectomy

No significant difference
in three-month colectomy
rates between high dose

and standard dose groups
(14.3% vs. 5.4%)

Govani
(2020)
[44]

Retrospective
Cohort

Hospitalized
ASUC patients
receiving IFX

66 total
(n = 33 standard

dosing; 33 acceler-
ated dosing)

Two doses of IFX
prior to day 14 90-day colectomy

No significant difference
in 90-day colectomy rates

between accelerated
dosing and standard

dosing groups
(30.3% vs. 24.2%)

Nalagatla
(2019)
[41]

Retrospective
Cohort and

Meta-analysis of
7 Retrospective
Studies (3 full

text, 4 abstract)

Hospitalized
patients receiving

IFX for
steroid-refractory

ASUC

Retrospective
Cohort: 213 total
(n = 132 standard
dosing; n = 81 ac-
celerated dosing)

Meta-analysis:
617 total

(n = 436 standard
dosing; n = 181 ac-
celerated dosing)

10 mg/kg
induction dosing
of IFX or 5 mg/kg

dosing at
intervals shorter
than weeks 0, 2,

and 6

Retrospective
Cohort:

in-hospital
colectomy

Meta-analysis:
in-hospital

colectomy or
one-month
colectomy

No significant difference
in in-hospital colectomy

between accelerated
dosing and standard

dosing groups (9% vs. 8%)
No significant difference

in early colectomy
between accelerated
dosing and standard

dosing in the
meta-analysis (odds ratio

0.76, 95% CI 0.36–1.61)

Feuerstein
(2020)
[10]

Meta-analysis of
5 Observational

Studies

Hospitalized
patients receiving

IFX for steroid-
refractory ASUC

Total subjects
not given

Shortened
interval between

IFX dosing
(<2 weeks, dose

stacking) or
10 mg/kg

induction dosing

Short-term risk of
colectomy

No significant difference
in short-term risk of
colectomy between

intensive and standard
dosing groups (relative

risk 1.61, 95% CI
0.74–3.52)

Interpreting observational data of intensive dosing in ASUC patients is complex.
Selection bias may exist in groups with accelerated or intensified dosing for patients
with higher probability to have inadequate response to standard induction therapy [10].
In addition, there may be subgroups of individuals that required personalized selective
dosing that are not captured by broadly comparing two treatment strategies. Further
studies comparing clearance-based dosing to standard dosing in ASUC are needed.

5. Specific Threshold Target Concentrations for Infliximab

Observational data have shown higher infliximab drug concentrations to be associated
with clinical remission, endoscopic remission, and lower rates of colectomy [22,33–37].
However, the use of specific infliximab concentrations to guide therapy is complicated
by several factors: ASUC patients exhibit particularly unfavorable pharmacokinetics,
specific infliximab drug concentrations targets are unknown in this context, and multiple
measurement timepoints and assays exist.

Despite this, indirect data for specific infliximab thresholds from moderate-to-severe
UC may inform the ASUC setting. In a post-hoc analysis of ACT-1 and ACT-2 (n = 728),
serum infliximab levels of 41 μg/mL at week 8 of induction were associated with clinical
response (sensitivity 63%, specificity 62%, positive predictive value 80%) [31]. In a separate
literature review, Chiefetz et al. identified two studies with week 2 infliximab thresholds
of >11.5–15.3 μg/mL for clinical response and remission, and week 14 infliximab thresholds
of >5.1–6.7 μg/mL for mucosal healing [45–47].

Multiple infliximab thresholds have also been evaluated in ASUC. A retrospective
study of 101 UC patients (including 16 with ASUC) found that infliximab concentrations of
28.3, 15.0, and 2.1 μg/mL at weeks 2, 6, and 14, respectively, were associated with short-
term mucosal healing [37]. Moreover, in a prospective observational study of 285 patients
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with refractory UC (including 39 patients with ASUC), Arias et al. showed that serum
levels of infliximab > 2.5 μg/mL at week 14 were associated with an absence of clinical
relapse (sensitivity 81%, specificity 75%) and higher rates of relapse-free survival as well as
colectomy-free survival [33]. However, a smaller retrospective study of 76 patients with
IBD (including 18 with UC, number of ASUC unspecified) found no significant difference
in mean infliximab troughs between patients who had clinical response to intensification of
infliximab compared to those who did not (3.3 μg/mL vs. 2.3 μg/mL) [48].

Expert consensus statements for TDM in IBD recommend targeting infliximab con-
centrations of at least 20–25 μg/mL at week 2, 15–20 μg/mL at week 6, and 7–10 μg/mL
at week 14 [45]. The caveat to these recommendations is that target thresholds should be
tailored to disease severity and desired therapeutic outcome, as higher drug concentrations
may be needed for ASUC [45].

6. Maintenance Monitoring following Infliximab Salvage Therapy for ASUC

Infliximab TDM strategies post-induction are variable, and few data exist on TDM
during maintenance infliximab therapy after infliximab rescue therapy for ASUC. In a
small retrospective study of 41 ASUC patients, including 20 patients who were maintained
on infliximab after discharge (and who had follow-up data for one year), only 4 of 20 pa-
tients (20%) had a serum infliximab level checked after discharge [49]. As a comparison,
thiopurine metabolites were monitored in 15 of 27 (56%) patients [49].

To our knowledge, in adult ASUC patients, no other data exist on TDM for main-
tenance therapy after salvage therapy, although this has been studied prospectively in
the pediatric population [50]. In this pediatric study of 38 ASUC patients receiving inflix-
imab, higher infliximab clearance (calculated by serum albumin, ATI, and white blood
cell count) was associated with lack of remission at 26 weeks from induction; furthermore,
patients with clinical remission at 26 weeks had numerically—albeit not significantly—
higher infliximab trough concentrations (19.5 vs. 14.2 μg/mL) [50]. The PROTOS study,
“Pharmacokinetics of IFX and TNF Concentrations in Serum, Stool, and Colonic Mucosa
in Acute Severe Ulcerative Colitis”, is an ongoing open-label, prospective, observational
study to better assess the pharmacokinetics of infliximab in adult ASUC patients in the
acute and maintenance setting [51]—studies such as this will potentially provide better
data regarding timing of TDM and drug concentration thresholds of this cohort during the
induction and maintenance period.

7. Cost-Effectiveness of TDM of Infliximab in ASUC

The use of TDM of infliximab has not only proven to be a useful strategy in IBD, but
it has also been shown to be cost-effective. In one prospective observational multicenter
study of 96 IBD patients with loss of response to infliximab managed according to a TDM
algorithm compared to 56 historical controls treated empirically with dose intensification,
there were similar rates of clinical response at 12 weeks. However, patients managed with
TDM were less likely to have infliximab dose escalations and by cost analysis there was
an estimated 15% savings with the TDM algorithm [52]. A separate systematic review
identifying two RCTs (including 247 Crohn’s disease patients and 85 UC patients) found
that the cost savings from TDM dosing strategies ranged from 28% to 34% [53]. However,
while the use of infliximab in ASUC has been demonstrated to be cost-effective compared
to both cyclosporine and surgery [54], to our knowledge, there have been no studies
of cost-effectiveness of TDM of infliximab in ASUC patients. This remains an area for
future research.

8. Conclusions and Future Directions

The pharmacokinetics of infliximab are altered in the severely inflamed state of ASUC,
leading to lower drug concentrations and higher clearance. Observational data show that
lower infliximab levels and higher clearance are associated with worse symptoms, more
colonic inflammation, and higher rates of colectomy. However, observational studies on
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the use of intensive dosing strategies to overcome lower infliximab concentrations in ASUC
are equivocal.

Based on the reported pharmacokinetics of infliximab in ASUC, very high doses of
infliximab are likely to be required to induce clinical and endoscopic responses. In addition,
there are inter-individual differences in infliximab clearance between ASUC patients. Thus,
some ASUC patients may benefit from intensive dosing strategies, while others only require
standard dosing. Determining the optimal dosing strategy for each patient in a personalized
manner would likely lead to improved outcomes. However, to date there are no trials
comparing clearance-based dosing strategies to standard dosing.

Besides robust data supporting TDM strategies in ASUC, another potential obstacle
to the broader adoption of TDM is cost and time lag between sample collection and
results. In a survey of 403 gastroenterologists and their attitudes towards TDM of anti-TNF
agents in IBD, the largest barriers to widespread TDM implementation were perceived to be
insurance coverage (78%), out-of-pocket costs (76%), and lag time between sample collection
and result (39%) [55]. Point-of-care assays for TDM exist [56] and should be further explored
in ASUC to address time lag concerns. In addition, further cost-effectiveness studies may
further impact payor decisions to support TDM in ASUC.

Two ongoing clinical trials will hopefully provide answers to some of these unmet
questions. PREDICT UC or “Optimising Infliximab Induction Therapy for Acute Severe
Ulcerative Colitis” is a multicenter RCT investigating whether accelerated dose infliximab
(5 mg/kg at weeks 0, 1, and 3) or higher-dose infliximab (10 mg/kg at weeks 0 and week 1)
is superior to standard dose infliximab (5 mg/kg at weeks 0, 2, and 6) in improving
clinical response and decreasing short-term colectomy rates [57]. The study was completed
in September 2022, and data should become available soon. Additionally, TITRATE, or
inducTIon for acuTe ulceRATivE Colitis, is a multicenter RCT evaluating whether proactive
individualized intensified infliximab dosing in ASUC patients—using a pharmacokinetics-
driven dashboard system—can lead to better clinical and endoscopic responses at week
6 compared to standard dosing [58]. This study is planned to be completed in December
2024. Further studies will clarify the use of TDM in ASUC patients and potentially improve
outcomes in this population.
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Abstract: Data on the real long-term influences of in utero drug exposure in pregnant women on
childhood development are scarce and remain not well determined and depend on the duration
of in utero drug exposure and maternal drug levels. Therapeutic drug monitoring (TDM) during
pregnancy may help limit fetal drug exposure while maintaining an effective dose for the treatment of
the underlying inflammatory bowel disease (IBD) in women. Most antibody therapies used in patients
with IBD are IgG molecules which are actively transported across the placenta, especially during the
third trimester of the pregnancy. Here, we propose an up-to-date clinical review to summarize the
available findings of serum drug levels in maternal blood during pregnancy, in the cord blood, infants
at delivery and in breast milk of patients with IBD treated with biologics. Conversely, in comparison
to adalimumab (ADA) levels, which are relatively stable during pregnancy, infliximab (IFX) drug
clearance decreased significantly during the last two trimesters of the pregnancy, leading to increasing
drug concentrations in the blood of the pregnant women. As most guidelines recommend using live
vaccines in infants at the age of one or earlier in case of negative serum drug levels in newborns,
statistical models could help clinicians in making a decision to adjust the last dose of the biologic
during pregnancy and to determine the optimal date to vaccinate. Altogether, data from the literature
offers strong reassurance in terms of safety for anti-TNFα therapies during pregnancy not only for
IBD patients who intend to conceive, but also for pregnant women and for the physicians taking
care of these patients. ADA and IFX levels in breast milk are detectable, but at very low levels, and
therefore, it is recommended to pursue breast feeding under anti-TNFα therapy. Our knowledge on
ustekinumab or vedolizumab levels in pregnant women remains unclear and scarce. These drugs are
currently not recommended for patients with IBD in clinical practice. Therefore, TDM and proactive
dose adjustment are not necessary during pregnancy since its impact on making a clinical decision
have not yet been clearly demonstrated in routine practice. Overall, drug concentrations in the cord
blood, an infant at birth and postpartum serum concentrations in infants, due to active placental drug
transfer, may have a greater impact than the limited drug transfer in breast milk during lactation on
the risk of infection and developmental outcomes. Ustekinumab and vedolizumab exposure during
pregnancy and lactation are both considered low risk by the recent ECCO guidelines despite the
limited data that are currently available.
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1. Introduction

Therapeutic drug monitoring (TDM) measures specific drug levels to guide treatment
changes and helps clinicians in making decisions to adjust optimal drug frequency or dose
administration, subsequently improving disease outcomes. The real long-term influences
of in utero drug exposure on childhood development are yet to be investigated effectively
and depend on the duration of in utero drug exposure and maternal drug levels. TDM
during pregnancy may theoretically help limit fetal exposure while maintaining optimal
drug levels in maternal blood. However, the consequences of drug exposure in utero on
immune development and maturation in childhood are critical issues and are uncertain,
and the present reassuring data have reported the absence of causal relationships between
adverse events (including severe infection) in neonates and maternal drug exposure with
biologics. Most antibody therapies used in patients with IBD are IgG molecules known
to be transported across the placenta by an active mechanism, especially during the last
trimester of the pregnancy. This review proposes here a clinical review to summarize the
available findings of drug levels in infants, cord and maternal during pregnancy, as well as
during breastfeeding in IBD patients treated with biologics. Additionally, the usefulness
of TDM in these patients during pregnancy is also be examined. In contrast with anti-
TNFα agents, it is unsurprising that little data about pharmacokinetics (PK) of recently
approved monoclonal antibodies (vedolizumad, ustekinumab) are available in relation to
pregnancy and breastfeeding. A better understanding of biological drug pharmacokinetics
during pregnancy and breastfeeding is of primary interest for gastroenterologists. This
could improve dose adjustments of biological therapies in order to minimize risks of fetal
exposure and to achieve an optimal maternal disease control.

1.1. Search Strategy

We performed a systematic review of the literature in accordance with the PRISMA
guidelines of 2023. We used PubMed on 20 August 2023 to systematically search and
retrieve studies on the PK of IBD-related drugs throughout the trimesters of pregnancy or
in women at time of delivery and the offspring. Research was also conducted for analyzing
PK in breastmilk. English articles or oral presentations during DDW, ECCO or UEGW were
also analyzed. The following five main keywords including “pharmacokinetics”, “IBD
related drugs”, “pregnant women”, “offspring” and “lactation” represented the search
strategy. Studies including non-IBD participants were excluded. Studies which failed to
meet the research aim and inclusion criteria were excluded. The search strategy and study
selection were conducted by two investigators (MB and SN) independently. The results
of the study selection were then discussed, and in the case of disagreement, an additional
author (XR) was solicited.

1.2. Data Extraction

Once the relevant studies meeting the aim and inclusion criteria of this research
were narrowed down, the data were extracted in a Microsoft Excel sheet. The study
characteristics of interest were its design, the type of IBD, the sample size of pregnant
women population enrolled in the study, the type, dosage and dosing interval of medication,
the time-point of analysis (prior pregnancy (T0), first trimester (T1), second (T2), third
(T3), at delivery (T4) and/or postpartum (T5)), age and bodyweight at inclusion. We also
added the methods used to measure drug concentration. The timeframes for the trimesters
were the following: T1 between 0–13 weeks, T2 between 14–26 weeks and T3 between
27–40 weeks. The PK parameters per study were also obtained as drug concentrations based
on time between injection or infusion and drug measurements. We have no reported area
under curve in the literature. Furthermore, it was also studied whether adapted dosages
were advised by these studies on basis of a potential change in PK during pregnancy. The
same study characteristics were analyzed in relation to lactation. For newborns, PK data
were extracted according to the time of study, the type of IBD the mother is diagnosed with,
the treatment and the analytical method used for measurements.
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1.3. Mechanisms of Drug Transport for Antibody Therapies across the Human Placenta

Most drugs cross the placenta by simple diffusion of the molecules driven by con-
centration and electrical gradients. However, beyond simple diffusion, various other
mechanisms of drug exchanges between maternal and fetal blood are involved, such as
transcellular transfer (via channels, facilitated diffusion or carrier-mediated active transport,
endocytosis and exocytosis) [1]. In contrast with small molecules, monoclonal antibody
therapies, most of them being IgG1, are high molecular weight drugs and therefore cannot
cross the placenta by simple diffusion (insignificant concentrations are detected in early
pregnancy). In contrast, the maternal transfer of IgG through the placenta is mediated
by active transporters using a specific receptor-mediated binding Fcγ portion of IgG at
the syncytiotrophoblast layers of the placenta. These layers represent the main location
of exchange for nutrients, gases or drugs between the blood of pregnant women and of
the fetus. IgG is then transported across the syncytiotrophoblast layers in coated vesicles
that protect them from lysosome-mediated degradation. IgG transport from mother to
neonate is mediated by the heterodimer fetal Fc receptor neonatal (FcRn) molecule, in-
cluding an α-chain homologous to major histocompatibility complex class I molecules
and β-2-microglobulin that both play a key role in placental IgG transport, catabolism
and recycling (Figure 1). Among all the subtypes of Fcγ receptors described in human
placenta, the subtype III appears to contribute mostly to IgG transfer, and its expression
on the surface of the syncytiotrophoblast has been detected from 13 weeks of gestation.
The subsequent active transport of biologics across the placenta starts by week 13–17 and
increases gradually as the pregnancy progresses, with the highest amounts of IgG being
transferred from the maternal blood stream to the fetus during the third trimester [2–4].
At 17–22 weeks of gestation, the fetal levels of IgG represented only 5–10% of those found
in maternal circulation. Acceleration of the transfer of all IgG subclasses, especially IgG1,
has been reported during the third trimester. Moreover, the levels of exogenously admin-
istered IgG1 therapy in umbilical cords correlate with the timing of the last dose prior
to delivery [5]. Around 26 weeks of gestation, serum fetal IgG levels reached maternal
concentrations and even exceeded it by threefold (sometimes higher) at term as assessed in
cord blood levels in infants [4,6].

Figure 1. Placenta immunoglobulin G (IgG) transport.
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Interestingly, the distribution of antibody therapies among the maternal, cord and
fetal blood depends on multiple complex metabolic factors as well as on the maturation of
the placenta [7]. The magnitude of maternal IgG transport depends on the isotype of IgG,
and IgG1 is preferentially transported to the fetus in comparison to IgG4, IgG3 and IgG2,
which is the least detected of all. For example, at 17–22 weeks of gestation, the fetal levels
of IgG1 were reported to be threefold higher than those of IgG2. Moreover, cord blood
drug levels vary depending on the type of anti-TNF agents, with a feta l/maternal ratio of
2.6 and 1.5, respectively, for IFX and for ADA. This active transfer of IgG during the second
half of a pregnancy is clinically relevant since it results in a strong exposure of antibody
therapies in fetus in utero and in early life period, which represents a critical period for
development, maturation and programming of the immune system. In addition, these high
drug levels in neonates during pregnancy could be, at least theoretically, associated with a
higher susceptibility of infection.

1.4. Transfer of Maternal Biologics and Drugs from Breast Tissue into Breast Milk

Serum drug concentrations directly affect drug transfer from breast tissue into breast
milk, and it is assumed that most drugs can be present in breast milk due to the diffusion of
small chemical molecules or active transport mediated by FcRn receptors for monoclonal
antibodies (a mechanism similar to the placenta). However, beyond drug levels, other
factors including breast milk pH, molecule size, protein binding and breast inflammation
might interfere with the transfer of drugs into breast milk. Historically, it was recommended
that women receiving biologics avoid breastfeeding. However, secretory IgA represents the
predominant immunoglobulin detected in breast milk, and irrespective of the biologic, drug
concentrations in breast milk are very low when compared with those found in maternal
serum or in the umbilical cord, and peak concentrations were seen between 24–72 h after
drug administration. Although the mechanisms of intestinal absorption of immunoglobulin
possibly involving FcRn remain unclear, a small fraction of ingested monoclonal antibodies
by infants from breast feeding may be absorbed in the gut, as it has been well demonstrated
in an infant who was not exposed to IFX during pregnancy but was exposed to the drug
during breastfeeding [8]. In addition, breastfeeding while receiving biologics did not
negatively interfere with the risk of infection or of fetal developmental milestones, and
hence, breastfeeding in women exposed to biologics is considered to be low risk.

1.5. Pharmacokinetics of Anti-TNF Agents in IBD during Pregnancy
Study Selection

According to our study selection, 12 studies using biologics were included, nine
concerning IFX, four ADA and one golimumab (GLM), and 173 participants, including 112
(70%) with Crohn’s disease (CD), 46 (29%) ulcerative colitis (UC) and 2 (1%) unspecified
IBD, were enrolled.

1.6. Maternal Infliximab Trough Concentrations during Pregnancy

Four studies investigated serum drug trough levels in pregnant women with IBD
treated with IFX. By pooling all patients (except those in the study from Bortlik M et al. [9]),
all the women had detectable serum infliximab, but infliximab was detected neither in
the breast milk of nursing mothers nor in the serum of breast-fed newborns in the first
study analyzing this [10]. Seow et al. [11] included prospectively twenty-five pregnant
women treated with IFX or ADA maintenance therapies from the University of Calgary IBD
pregnancy clinic with serum bio-banking collected each trimester. Fifteen women (8 CD,
7 UC) were treated with IFX. In this cohort, the median serum trough IFX concentrations
were 8.50 μg/mL (IQR: 7.23–10.07 μg/mL) during the first trimester, 10.31 μg/mL (IQR:
7.66–15.63 μg/mL) during the second trimester and 21.02 μg/mL (IQR: 16.01–26.70 μg/mL)
during the last trimester. After adjusting for various parameters involved in drug clearance
(albumin, body mass index and CRP levels), serum IFX trough levels increased signif-
icantly by 4.2 μg/mL per trimester during pregnancy [12]. IFX levels were measured
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pre-conception, in each trimester, at delivery and postpartum in maternal serum in 23 preg-
nant women with IBD under IFX therapy in a prospective observational study [12]. Mod-
elling showed an increase in IFX levels of 0.16 μg/L/week (95% CI: 0.08–0.24) (p < 0.001),
similar to the previous findings from Seow [11]. Van Eliesen et al. [13] measured placental
drug transfer and exposure to IFX and etanercept in six women with autoimmune diseases
(in which two had CD). Healthy term placentas were infused with 100 μg/mL IFX (n = 4)
or etanercept (n = 5) for 6 h. IFX was detectable both in the cord blood and in the placenta
with a cord-to-maternal ratio and a placenta-to-maternal ratio of 1.6 ± 0.4 and 0.3 ± 0.1,
respectively. From experiments using ex vivo placenta drug infusion, the magnitude of
drug transfer into the placenta was not different between the drugs. Fetal drug concen-
trations in the blood for IFX and etanercept were 0.3 ± 0.3 μg/mL and 0.2 ± 0.2 μg/mL,
respectively. However, IFX drug levels were significantly superior compared to those of
etanercept (19 ± 6 μg/g versus 1 ± 3 μg/g, p < 0.001) in the placenta. Therefore, a higher
tissue drug exposure was found with IFX than with etanercept in both in vivo and in ex
vivo drug-infused placentas. In line with previous studies, a retrospective study enrolling
23 pregnant IBD patients with IFX reported that drug clearance decreased significantly dur-
ing the second and the last trimester, leading to an increase in maternal IFX concentration
irrespective of the drug regimen [14].

Altogether, using the TDM guidance, maternal IFX drug levels may remain constant
in a de-intensified regimen, despite a de-intensified drug regimen being administered to
pregnant women with IBD.

1.7. IFX and Maternal Trough Concentration before, during and after Pregnancy

Seow et al. and Flanagan et al. have showed that drug levels after delivery were higher
compared to those during the pre-pregnancy period (10.17 μg/mL versus 6.9 μg/mL and
10.3 versus 7.9 μg/mL, respectively, in contrast with data from the study of Grišic et al.)
(5.9 μg/mL versus 7.3 μg/mL) [11,12,14]. Overall, when comparing the IFX levels during
and after pregnancy, they were all higher during pregnancy. Figure 2 reports the dynamics
of drug levels before, during and after pregnancy.

Figure 2. Infliximab concentration per trimester from all available studies.

1.8. Placenta Drug Transfer in Pregnant Women Treated with Infliximab

Two studies have reported some small case reports investigating drug levels in the
blood of breast-fed infants from mothers exposed to IFX. In the first case, the breast-fed
infant’s serum IFX level was 39.5 microg/mL at 6 weeks after birth [15]. In this case, a last
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infusion of IFX (10 mg/kg) was administered to the mother two weeks before delivery. In
another study, a woman with UC receiving a common dose of IFX infusions until gestation
week 31 gave birth to a healthy child at gestation week 37 [16]. Relatively high maternal
serum drug levels were reported during pregnancy. In addition, detectable IFX drug levels
were found in the infant’s blood at week 16 after birth, but not at reassessment at week 28.
In 11 IBD pregnant patients treated with IFX, drug concentrations in the cord blood and
in the blood of an infant at birth were compared with those of the mother [15]. Not only
was IFX detectable in the blood of the infants for as long as 6 months, but also the median
level of IFX in the cord was 160% higher compared with that of the mother. In a study
including 32 CD pregnant patients treated with IFX, there was a relationship between IFX
cord levels and the gestational week of last exposure as well as maternal serum levels [9].
In fact, anti-TNF drug levels in the cord blood at birth depend on the type of anti-TNF
type. In a recent prospective single-center study, including 131 pregnancies that resulted
in a live birth in women with IBD treated with IFX (n = 52) and ADA (n = 58). At birth,
drug levels in the 94 cord blood samples were significantly higher for women treated with
IFX than those treated with ADA. Interestingly, whereas the transport of ADA across the
placenta was relatively limited and increased in a linear fashion during the third trimester,
IFX transportation increased exponentially [17].

1.9. IFX Drug Levels during Breastfeeding

In a large prospective multicenter study analyzing the drug concentrations in 72 breast
milk samples from patients treated with IFX therapy, drug was detected in breast milk in
19 out of 29 exposed women (with a maximum drug concentration of 0.74 μg/mL) [18].

1.10. Duration of IFX Detection in Newborns

In a prospective multicentric study involving 44 pregnant women treated with IFX,
the authors investigated the drug concentrations in cord blood of newborns and drug
clearance after birth, and the relationships between these factors and IFX levels in mothers
at birth and the subsequent risk of infection in infants during the first year of life. The
time from the last exposure to IFX during pregnancy was found inversely associated with
drug levels in the umbilical cord (IFX: r = −0.77, p < 0.0001) and in the blood of women at
time of birth (IFX, r = −0.80; p < 0.0001 for both). The median ratio of infant/mother drug
concentration at birth was 1.97 (95% CI, 1.50–2.43). The mean drug clearance time in infants
was 7.3 months (95% CI, 6.2–8) In this study, 4 (5%) and 16 (20%) infants experienced
bacterial infections and non-serious viral infections, respectively. Infants whose mothers
received a combination of an anti-TNF agent and thiopurine had a 2.7-fold higher risk of
infection compared with those treated with an anti-TNF monotherapy (95% CI, 1.09–6.78;
p = 0.02). Drugs were not detected in infant blood after the age of 12 months [5]. In a
prospective study including 107 infants exposed to anti-TNF during pregnancy (in which
66 were under IFX), the authors proposed a pharmacokinetic model to predict time for drug
clearance after birth in infants exposed during pregnancy. All infants with detectable drug
levels in cord blood at birth and with at least one additional blood sample within the first
year were enrolled. Drugs were detectable in the blood of 25 infants (23%) at 6 months. At
12 months, IFX was detected in three infants (4%) whereas ADA was undetectable. Using a
Bayesian forecasting method based on a one-compartment PK model, the predicted drug
clearing time was related with the measured observations [19]. In a recent study [20], the
authors proposed a physiologically based pharmacokinetic (PBPK) model for anti-TNF
therapies in adults and extrapolated the results to pregnant women, fetuses and infants with
the objective to identify the best timing for the last dosing of IFX, ADA and GLM during
pregnancy in IBD, and with the objective to study the recommended vaccine schedules for
infants exposed to these drugs. The main results are reported in Tables 1 and 2 and are of
interest for clinical practice. The timing of the last dosing of IFX and ADA was defined
by the lowest limit of the therapeutic range. Optimal IFX trough concentrations were
considered between 3–7 μg/mL [21]. However, IFX trough concentrations over 15 μg/mL
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increase the likelihood of infection [22]. For pregnant women exposed to ADA, numerous
studies failed to demonstrate a link between ADA trough concentrations and the increased
risks of infection. Hence, to adjust optimal drug level, taking blood samples throughout
pregnancy in women with IBD is recommended, as shown by Mahadevan et al. [23].

Table 1. Recommended timing of last dosing.

Drug Dose and Frequency
Timing of Last Dose

(Weeks before Delivery)

Adalimumab
40 mg/2 W 0–2
40 mg/W 0–3

80 mg/2 W 0–4

Infliximab

5 mg/kg/8 W 5–11
5 mg/kg/6 W 6–13

7.5 mg/kg/8 W 8–13
8 mg/kg/8 W 8–13

Table 2. Recommended timing of vaccine.

Drug Dose and Frequency
Timing of Vaccination

(Months after Delivery)

Adalimumab
40 mg/2 W 8
40 mg/W 9

80 mg/2 W 9

Infliximab

5 mg/kg/8 W 11
5 mg/kg/6 W 12

7.5 mg/kg/8 W 12
8 mg/kg/8 W 12

1.11. TNF-α Inhibitors—ADA and Maternal Trough Concentration during Pregnancy

Two studies analyzed adalimumab serum levels during pregnancy in IBD patients.
Seow et al. analyzed 11 pregnant patients with IBD treated with ADA. After adjusting
for albumin, BMI and CRP, drug levels remained stable (p > 0.05) during pregnancy [11].
Flanagan et al. [12] included 15 IBD patients treated with IFX (n = 23) and with ADA (n = 15)
and with vedolizumab (n = 12) with at least two intrapartum observations. Conversely,
when compared to IFX, modelling showed no change in ADA levels. These results are
reported in Figure 3.

 

Figure 3. Adalimumab concentrations per trimester from two available studies.
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1.12. Placental Transfer of ADA

Two studies analyzed placental transfer of adalimumab. Mahadevan et al. [6] inves-
tigated it in 10 pregnant women with IBD treated with ADA. Serum drug levels were
compared at birth in the mother, infant and cord blood, and then monthly in the infant
until the drugs were undetectable. The median level of ADA in the cord was 153% than
that measured in blood of the mother. In addition, the drug remained detectable in the
infants for as long as 6 months. Borthlik et al. [9] analyzed the correlation between serum
anti-TNF-α concentrations in the blood of infants and mothers at delivery with gestational
age at the last exposure. Conversely, when compared to IFX, no correlation was found in
the case of ADA for this.

1.13. ADA and Breast Milk (Table 3)

In a large and prospective multicenter study, among the 72 breast milk samples, ADA
was detected in 2 of the 21 women under treatment with a maximal drug concentration
of 0.71 μg/mL [18]. As with IFX, the maternal use of ADA appears to be compatible with
breastfeeding.

Table 3. Breast milk drug levels.

Drug
Total

Patients

Total Patients with
a Detectable Level,

n (%)

Peak Time
Range, h

Peak (Range),
μg/mL

Adalimumab 21 2 (9.5) 12–24 0.71 (0.45–0.71)
Infliximab 29 19 (66.0) 24–48 0.74 (0.15–0.74)

Golimumab 1 0 (0) NA NA
Certolizumab 13 3 (23.0) 24–48 0.29 (0.27–0.29)
Ustekinumab 6 4 (66.7) 12–24 1.57 (0.72–1.57)
Natalizumab 2 1 (50.0) 24 0.46

NA—Not applicable.

1.14. Duration of ADA in Newborns

Through a large and prospective multicenter study including 44 pregnant women
treated with ADA, the authors investigated the concentrations of IFX in umbilical cord
blood of newborns and the rates of drug clearance after birth. They also analyzed the
relationship between drug concentrations in mothers at birth and the risk of infection
during the infant’s first year of life [5]. There was a negative relationship between time
from last exposure to ADA during pregnancy and drug concentration in the umbilical
cord (r = −0.64, p = 0.0003) and in mothers at time of birth (ADA, r = −0.80; p < 0.0001).
The median ratio of infant/mother drug concentration at birth was 1.21 for ADA (95%
confidence interval (CI), 0.94–1.49), whereas the mean time of ADA clearance in infants
was 4.0 months (95% CI, 2.9–5.0), and contrarily, IFX was cleared slower than ADA.

1.15. TNF-α Inhibitors—GLM Maternal Trough Concentration during Pregnancy, in Breast Milk
and in Children

Very little data about maternal drug trough concentration are available with GLM
therapy during pregnancy. Only one case study [24] covered GLM, reporting data ex-
clusively at delivery (6.6 mcg/mL). For GLM, no advice on dosage was provided by the
authors. Currently, no data are published about the evolution of serum levels of GLM
during pregnancy, and thus, we do not know if the pharmacokinetics are similar to that of
IFX or ADA.

Data on the use of GLM therapy during breastfeeding remain scarce (Table 3). Given
the high molecular weight of GLM (around 150,000 Da), it is likely that a very low amount
of drug is detected in milk samples during breastfeeding. In addition to low GLM concen-
tration in milk, it is also likely to be partially degraded during digestion, leading to a very
low drug exposure to the breastfed infant. However, we need more information on this
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topic, and in the meanwhile, GLM should be used with caution during breastfeeding, espe-
cially if nursing a newborn or preterm infant. Drug transfer to an infant may be minimized
by waiting for at least 2 weeks postpartum. Matro et al. [18] have reported the case of one
mother treated with GLM, and they failed to detect GLM in breast milk samples.

No publication is available about the exposure duration of GLM in children from
mothers using GLM during pregnancy. Based on very little data reporting very low drug
concentration in children post-birth, we can speculate a similar management of live vaccines
in newborns as with the other anti-TNF drugs.

1.16. Outcomes of Pregnancy and Children When Using Anti-TNF during Pregnancy

In a recent meta-analysis pooling wight studies with a total of 527 pregnant women
with IBD. A total of 343 were treated with IFX and 184 with ADA [25]. Compared to
ADA, adverse pregnancy outcomes including congenital malformations and spontaneous
abortion were not increased in case of exposure to IFX. Another meta-analysis has reported
adverse pregnancy outcomes (APOs), congenital abnormalities (CAs), preterm birth (PTB)
and low birth weight (LBW) to assess the risks associated with anti-TNFα therapy for
pregnancy outcomes [26]. Anti-TNFα agents were not associated with an increased risk of
APOs, CAs, PTB or LBW in comparison with disease-matched controls. Moreover, when
comparing with the risk of CAs in the general population, there was no increased risk
under anti-TNF therapy. Altogether, these data provide some reassurance for IBD patients
and clinicians in terms of safety profile of anti-TNFα therapy during pregnancy. Finally, a
separate recent meta-analysis [27] included 48 studies to assess the prevalence of adverse
pregnancy outcomes in women with IBD exposed to biologic therapy. They failed to detect
any difference in terms of adverse pregnancy outcomes amongst pregnant women with
IBD exposed to biological therapy compared with that of the general population. In all
studies, TDM was not analyzed to identify an association between serum drug levels and
adverse events.

Moreover, some studies analyzed the impact of monoclonal antibody therapy use
during pregnancy and the response to vaccination in newborns. In a large study including
179 women exposed to biologics, when measuring antibody titers after vaccination against
HiB and tetanus toxin, the vaccine efficacy in their infants of at least 7 months of age did
not appear to be affected by in utero drug exposure [28]. Julssgaard et al. [5] analyzed the
concentrations of anti-TNFα in mothers and newborns and reported the risk of infections
during the time. They reported bacterial and viral infections in 4 (5%) and 16 (20%) infants,
respectively, and all were infectious events with benign courses. They estimated the relative
risk for infection to 2.7 in infants whose mothers were treated with a combotherapy (anti-
TNF agent and thiopurine), compared with anti-TNF monotherapy (95% CI, 1.09–6.78;
p = 0.02). A prospective cohort study [29] including 191 children (IFX (67 [35%] of 191)
and ADA (49 [26%])) investigated whether live rotavirus vaccine could be administered
safely to infants exposed to biologic agents. They did not report severe adverse events after
immunization except for three (2%) infants requiring medical attention. So, according to
the authors, rotavirus vaccination is safe and can be proposed to infants exposed to anti-
TNF agents in utero. A systematic bibliographic search was performed recently to assess
the effectiveness and safety of vaccines in children exposed to biological drugs in utero
and/or those whose mothers received biological agents during lactation [30]. Vaccines were
considered to be effective in infants exposed to anti-TNF agents in utero. In contrast to live-
attenuated vaccines which should be avoided while drug levels are detectable in the infants,
inactivated vaccines are likely safe. All vaccines (including live-attenuated and inactivated)
are possibly safe in children breastfed by mothers treated with anti-TNF therapy. However,
drug levels during pregnancy or in cord blood were not concomitantly measured in this
study in order to look for an association with the very low drug concentrations found in
breast milk.

When can we resume IFX and ADA during pregnancy?
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Firstly, studies have reported the increased levels of IFX concentrations during the third
trimester of pregnancy, contrary to ADA. So, using TDM, we can speculate the possibility
of decreasing the dose of IFX during this time to obtain therapeutic concentrations. The
IFX concentrations in Figure 2 report discrepancies at T5 for two studies [10,15]. These
discordances at T5 may possibly be explained by various time-points of drug measurement
after delivery. Kane et al. and Vasilauskas et al. provided drug measurements at 14 weeks,
whereas Seow et al. [11] and Flanagan et al. [12] considered post-pregnancy measurements
up to 6 months [14,15]. Grisic et al. [14] reported drug assessments up to 250 weeks after
conception, and Steenholdt et al. [16] proposed their last measurement at 28 weeks after
delivery. However, we think that it would be interesting to measure TDM of IFX and ADA
after delivery, using a proactive strategy.

For breast milk, anti-TNF concentrations are very low, and breast feeding during IFX
or ADA administration is recommended to be safe. The more important point is about
serum levels in newborns. Mahadevan et al. suggested performing biologic therapy for
weeks before delivery. Indeed, no effects in pregnant women and newborns were reported
in all studies, except for serum anti-TNF concentrations in newborns. Finally, the important
question is to identify the best timing for the last dosage of IFX, ADA and GLM in pregnant
women with IBD, as well as to propose the recommended vaccine schedules for infants
exposed to these drugs. A PK model to predict time-to-clearance in infants exposed to
anti-TNF agents during pregnancy has been developed by Liu et al. [19]. According to their
online results, they can predict the duration of anti-TNF in the child and can adapt the date
of live vaccination [31]. Chen et al. [20] recommend more stringent points for timing the
last dose and vaccine according to the regimen used for pregnant women. However, for
practitioners not using TDM, it would be easier to time live vaccines at an age of one year
for the child or to discuss vaccination before the completion of one year in case no drug is
detected in blood.

1.17. Serum Ustekinumab Levels during Pregnancy and Breastfeeding (Figure 4)

Ustekinumab is an entirely humanized IgG1 monoclonal antibody blocking the p40
subunit of interleukin (IL) IL-12 and IL-23 and is currently approved for the treatment of CD
and UC. Interleukin-12 targeted by ustekinumab contributes to uterine physiology (uterine
angiogenesis), the regulation of trophoblast invasion and local vascular remodeling during
implantation of an embryo [32]. Notably, both high and low levels of IL-12 in pregnancy
have been associated with early spontaneous abortions. In addition, IL-23 regulates the
critical functions of human decidual immune cells, which play a key role in the tolerance of
genetically different (allogenic) cells while aiding the mother’s immune function in early
pregnancy [33]. These findings raise the concern of the potential interference of ustek-
inumab exposure on pregnancy. However, clinical results from a large registry comparing
the pregnancy events occurring in IBD patients exposed and not exposed to ustekinumab
are reassuring and did not show any unexpected adverse outcomes on pregnancy and child
growth. Data in the literature on ustekinumab PK during pregnancy remain unclear, lim-
ited to small case series, and concern exclusively drug measurement in maternal, cord and
infant blood and not drug concentrations in intestinal tissues. Sako M et al. investigated
drug concentrations at delivery in maternal peripheral and cord blood from a patient with
CD treated with ustekinumab and in infants’ blood at six months [34]. Similar to anti-TNF
agents, the level of ustekinumab in cord blood was 2.8-fold higher compared with that
measured in maternal serum, but drug concentration was undetectable in the baby’s blood-
stream after six months [34–36]. Similar findings were reported in three other case reports,
one in a pregnant women with CD treated until 33 weeks of gestation with the dose interval
of ustekinumab shortened to every 4 weeks, another in a woman with refractory CD treated
with ustekinumab until week 30 of pregnancy [35], and finally, in a patient with UC under
usual maintenance therapy with a 2–2.5 times higher drug concentration in cord blood
than in contemporaneous maternal serum. In the last case, the drug was still detectable in
infant serum more than 2 months after the last maternal dose [37]. Interestingly, maternal
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drug serum trough levels which were monitored at induction therapy and throughout
pregnancy were found to be stable [38].

Figure 4. Pharmacokinetics of pregnant women with IBD.

Recently, several larger prospective observational cohort studies investigated the
pharmacokinetics of ustekinumab during pregnancy. The first one from Mitrova K et al.
reported drug levels in 15 infant–mother pairs during pregnancy in IBD patients [39]. At the
time of delivery, drug levels in the cord and in the maternal blood were strongly correlated
with a median infant-to-maternal ratio of 1.7, concordant with those previously observed in
the precedent small case series. The second study presented during the last ECCO Congress
which is not yet published reported the Australian experience of PK of ustekinumab and
vedolizumab in pregnant women with IBD. This multicenter prospective cohort study
included 35 pregnant patients treated with the maintenance dose of ustekinumab. They
investigated both infant and maternal drug levels at delivery, as well as drug concentrations
in infants at various time-points until drug clearance. They reported a strong positive
correlation between drug levels in maternal and infant sera at time of delivery, and the
infant/maternal drug level ratio was 1.74 (IQR 1.24–3.5) in accordance with that previously
reported in the previous case series [40]. Time to drug clearance in infants was 13 weeks
(IQR 9–22), and serum ustekinumab was not detected 15 weeks after delivery in two-third
of infants. Interestingly, in this cohort, time to clearance in infants did not differ between
women who received the last dose of ustekinumab during the second and those that
received it during the third trimester of pregnancy. The third prospective study included
15 women with CD under ustekinumab treatment and confirmed previous data with infant
drug levels at delivery that were 1.79 (IQR 1.26–3.1) fold higher than maternal levels with a
median clearance time of 9 weeks (range 6–19) in nine infants in whom drugs levels were
measured over time [36]. In the Pregnancy in Inflammatory Bowel Disease and Neonatal
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Outcomes, PIANO registry, a prospective observational study that included pregnant
women with IBD in 30 US centers, similar pharmacokinetics findings of ustekinumab
during pregnancy were observed in a small subgroup of patients [6].

Altogether, few studies determined ustekinumab PK during pregnancy; however,
their results are in line with the overall stable concentrations of maternal serum drug levels
throughout pregnancy and in infants. A lack of correlation was seen between ustekinumab
concentrations in the umbilical cord blood with the gestational week during which the
drug was administered. In addition, drug clearance time was not different regardless of the
time of the last ustekinumab injection during the second half of pregnancy.

1.18. Ustekinumab Levels during Breastfeeding (Table 3)

Limited data on breast milk transfer of ustekinumab from women to their infants are
available. Drug exposure of infants to ustekinumab during breastfeeding and whether drug
exposure in infants has an impact on the risk of infection and developmental milestones
remains unclear and controversial. A recent case report of a 36-year-old female with UC
treated with a maintenance regimen of ustekinumab (90 mg/8 weeks) has provided infor-
mation on drug concentrations in breast milk which were substantially lower compared
with those found in cord blood (ratio 1 to 100) or in maternal serum (ration 1 to 20) and
decreased gradually thereafter. When comparing serum maternal ustekinumab levels with
those in breast milk, the ratio of area under the time–concentration curves of the drug was
very low (0.0008) [37]. Ustekinumab was also detected in low concentration in breast milk
from a small case report including three nursing mothers with CD exposed to treatment
(90 mg/8 weeks for two of them and intensified dose of 90 mg/4 weeks for the latter) [41].

Notably, the low drug concentrations measured in breast milk samples collected one
hour after the completion of drug administration were two-fold lower compared with
pre-dose serum levels. A multicenter prospective observational study investigated breast
milk samples from six women with IBD treated with ustekinumab. The low levels of ustek-
inumab in breast milk were detected in four out of six patients with a peak concentration
of 1.57 μg/mL (ranging from 0.72–1.57). This was seen 12–72 h post-injection and was
followed by a gradual decrease thereafter. In addition, infection rates and developmen-
tal delay at 12 months did not differ between drug-exposed and non-exposed breastfed
infants [18].

Altogether, our knowledge on the usefulness of monitoring serum ustekinumab
or vedolizumab maternal levels during pregnancy remains unclear and is currently not
recommended in patients with IBD. TDM during pregnancy and proactive dose adjustment
are not necessary since their impact on making clinical decisions has not been demonstrated
in routine clinical practice. Overall, drug concentrations at birth in blood infant cord and in
serum after birth, due to placental drug transfer, may have a greater impact on the risk of
infection and development outcomes than drug transfer during lactation.

1.19. Serum Vedolizumab Trough Levels during Pregnancy (Figure 4)

Vedolizumab (a humanized monoclonal antibody antagonizing α4β7 integrin recep-
tors) was approved for the treatment of IBD patients. The receptor targeted by vedolizumab
inhibits leukocyte trafficking into the gut and subsequently reduces the recruitment of
immune and inflammatory cells. It is also involved in placental development which has
caused apprehension about its use in pregnant women. Data about the potential impact of
vedolizumab exposure during pregnancy are limited and are mainly results from the Euro-
pean retrospective multicenter case–control observational CONCEIVE study. The study
reports pregnancy and child developmental outcomes in 73 women with IBD exposed
to vedolizumab. Additionally, a retrospective cohort study from the GETAID including
44 drug-exposed women with IBD during pregnancy and a few cases from the PIANO reg-
istry also contribute to the available data [42,43]. There was no clear evidence of a negative
safety signal although further larger, prospective and dedicated studies are required to
confirm these reassuring findings.
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At the time of delivery, vedolizumab was detectable in the serum of infants. Although
the mechanisms of transfer of vedolizumab across the placenta to the fetal blood stream
are similar to the IgG antibodies, placental pharmacokinetic studies have reported sub-
stantial differences between vedolizumab and other biologics including anti-TNF agents
and ustekinumab. A comparative study investigating the placental pharmacokinetics of
vedolizumab and ustekinumab in women with IBD (15 exposed to ustekinumab and 16 to
vedolizumab) found lower drug concentrations of vedolizumab in the cord blood than in
the maternal blood. This is in contrast with concentrations measured in mothers exposed
to ustekinumab during pregnancy. In this cohort, the median vedolizumab concentrations
in maternal and in cord blood samples from mothers with IBD was 7.3 mg/L and 4.5 mg/L
with a median infant-to-maternal ratio of 0.66 (compared with 1.7 in the cohort of pregnant
mothers exposed to ustekinumab) [39]. Moreover, there was a positive relationship between
drug levels in the cord blood and the gestational week of the last vedolizumab infusion.

1.20. Serum Vedolizumab Trough Levels during Breastfeeding (Table 3)

There are limited data regarding the impact of vedolizumab exposure in women with
IBD during breastfeeding on infant outcomes. All data available during pregnancy and
breastfeeding concern intravenous vedolizumab administration, and no data are available
with the recently approved subcutaneous injection of vedolizumab.

Vedolizumab is detected in breast milk at low concentrations. Drug levels in breast
milk from five vedolizumab-treated lactating women with IBD were investigated in a short
report. Breast milk samples were collected prior to infusion, 30 min post-infusion and
then twice daily for up to 14 days. Vedolizumab was detected in all breast milk samples
with varying concentrations which were very low based on the corresponding serum
concentration (less than 1%). The peak drug concentration was 0.318 μg/mL in this cohort
and was raised from 3–7 days after infusion. Taking into account the maximal vedolizumab
concentrations in milk samples and the overall amount of milk ingested by the infants
(around 150 mL per kilogram of body weight), it is estimated that the infants could receive
0.048 mg per kilogram body weight per day [5].

Altogether, we should keep in mind that vedolizumab is detected in maternal and
cord blood, and drug concentrations in the cord blood are lower than in maternal blood
in the majority of cases, in contrast to those measured for ustekinumab. Safety data on
the use of vedolizumab during pregnancy and breastfeeding do not indicate any negative
effects. Ustekinumab and vedolizumab exposure during pregnancy and lactation are both
considered low risk by the recent ECCO guidelines despite the limited available data [44].
However, we require more prospective, real-life and larger dedicated studies to confirm
these reassuring findings.

2. Conclusions

It is actually well established among clinicians to resume the treatment of pregnant
women with IBD. The benefit/risk ratio of the drug is evaluated, taking into account both
the mother and the fetus. It is of great interest to maintain IBD control in remission and to
minimize the subsequent risks on pregnancy outcomes, such as miscarriages and pre-term
birth. Recent guidelines of the European Crohn’s and Colitis Organization (ECCO) as
well as recommendations from the American Gastroenterological Association (AGA) are
available and both state that maintaining IBD in remission is central to reduce adverse
outcomes. Both consider biologic therapy to be safe when used for maintenance regimen
during pregnancy. However, there is no clear recommendation on the use of TDM during
pregnancy or in the management of newborns from mothers exposed to biologics during
pregnancy. However, in contrast to other biologics, given the reduced IFX clearance
during pregnancy, the use of TDM in pregnant mothers treated with IFX might help
clinicians to adjust the therapeutic dose of IFX during this period. During lactation, low
drug concentrations are detected in breast milk, and subsequently, breast feeding can
be considered safe with the administration of anti-TNF agents. Limited data on breast
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milk transfer of ustekinumab, vedolizumab and golimumab from women to their infants
are available. However, preliminary results are safe with very low levels of the drug.
So, for anti-TNF drugs, breast feeding can be considered safe with the administration of
these biologics. The essential question is to determine the best timing for the last dosing
of all anti-TNF agents available for pregnant women with IBD, as well as to assess the
recommended vaccine schedules for infants exposed to these drugs. Using models, the
duration of anti-TNF drug persistence in a child post-birth can be predicted, allowing the
identification of the optimal date to inject life vaccines in infants in a personalized manner.
However, for physicians not using TDM in a daily practice, it should be easier to time live
vaccines at an age of one year for the child or to discuss vaccination before the completion
of one year in the absence of drug detection in the blood.
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Abstract: Background: Inflammatory Bowel Disease (IBD) impacts millions worldwide, presenting a
major challenge to healthcare providers and patients. The advent of biologic therapies has enhanced
the prognosis, but many patients exhibit primary or secondary non-response, underscoring the need
for rigorous monitoring and therapy optimization to improve outcomes. Objective: This narrative
review seeks to understand the role of therapeutic drug monitoring (TDM) in optimizing treatment
for IBD patients, especially for those on combination therapies of biologics and immunomodulators.
Methods: A comprehensive synthesis of the current literature was undertaken, focusing on the
application, benefits, limitations, and future directions of TDM in patients receiving a combination
of biologic therapies and immunomodulators. Results: While biological therapies have improved
outcomes, rigorous monitoring and therapy optimization are needed. TDM has emerged as a pivotal
strategy, enhancing outcomes cost-effectively while reducing adverse events. While most data pertain
to monotherapies, TDM’s applicability also extends to combination therapy. Conclusion: TDM plays
a crucial role in the treatment optimization of IBD patients on combination therapies. Further research
is needed to fully understand its potential and limitations in the broader context of IBD management.

Keywords: inflammatory bowel disease; ulcerative colitis; Crohn’s disease; therapeutic drug
monitoring; combination therapy; biologics; immunomodulators

1. Introduction

Inflammatory Bowel Disease (IBD) is a chronic condition of the gastrointestinal tract,
classically differentiated into Crohn’s disease (CD) or ulcerative colitis (UC) based on
the location, behavior, and histopathologic characteristics. The disease can manifest in
periods of flare-ups and remission, potentially leading to severe complications, diminished
quality of life, and increased mortality if not adequately managed. Optimal management
strategies are essential to alleviate symptoms, prevent complications, and enhance long-
term prognosis, ultimately aiming to improve patients’ quality of life.

A growing number of options are available in the therapeutic armamentarium of IBD,
with the first biologic being approved more than twenty years ago [1]. While infliximab
was the first anti-tumor necrosis factor (TNF) agent approved, several other anti-TNF
therapies have since become available for use in IBD, such as adalimumab, certolizumab,
and golimumab. Vedolizumab, ustekinumab, and risankizumab are newer biologics with
an alternative mechanism of action that have been shown to be effective and have been
approved for Crohn’s disease (CD) and/or ulcerative colitis (UC). Even though these are
effective drugs at inducing and maintaining remission in IBD, a high number of patients
do not respond or develop a loss of response over time [1–11].

Given the need for effective strategies in this complex therapeutic landscape, combination
therapy with biologics and immunomodulators is commonly employed. Within this context,
therapeutic drug monitoring (TDM) has emerged as a valuable tool to optimize treatment,
and while its use in combination therapy can be beneficial, there are nuances and limitations
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that warrant a closer look. In general, TDM aims to recapture the response to biologic therapy
or prevent the loss of response. It involves measuring drug concentrations and anti-drug
antibodies (ADAs) in specific clinical settings. In patients with a partial or loss of response
to anti-TNF therapy, it allows for the identification of those who may benefit from dose
adjustment as opposed to those who are likely to benefit from a switch to another agent with
either the same or an alternative mechanism of action. Importantly, TDM can effectively guide
the use and optimization of combination therapies with immunomodulators like thiopurines
and methotrexate [12]. Patients needing combination therapy usually have a higher disease
burden and more aggressive phenotype; hence, the optimization of treatment regimens in this
population becomes even more important. In addition to the association between improved
clinical outcomes and higher drug concentrations, cost-effectiveness has been demonstrated
through this approach [13,14].

Overall, TDM has gained traction as a potential tool to tailor treatment regimens, minimize
adverse effects, and cost-effectively improve drug efficacy. This review aims to provide an
overview of TDM’s role in patients with IBD receiving combination therapy, highlighting
available evidence and discussing practical aspects, benefits, limitations, and future directions.

2. Methodology

Our search strategy involved identifying relevant studies on TDM in IBD patients treated
with combination therapy. Electronic databases, including PubMed, MEDLINE, and EMBASE,
were queried for the appropriate studies published up to 2023. Keywords such as “ulcerative
colitis”, “Crohn’s disease”, “inflammatory bowel disease”, “therapeutic drug monitoring”,
“combination therapy”, “biologics”, and “immunomodulators” were applied to identify rel-
evant studies. We included studies discussing TDM in the context of IBD treatment with
combination therapy, studies examining the impact of TDM on clinical outcomes, studies
presenting data on drug levels of biologics concerning treatment outcomes, and studies avail-
able in the English language (Figure 1). Studies without direct relevance to the topic were
excluded. To ensure the integrity of our review and minimize bias, two independent reviewers
screened titles and abstracts. The full-text articles were reviewed based on inclusion criteria
to identify the appropriate studies; any disagreements were resolved through discussion,
and no automation tools were employed during the screening and inclusion process. Our
review considered various factors, including participants’ characteristics; study design; TDM
methodologies; clinical outcomes; key findings; and intervention details, such as the type of
therapy, dosage, durations, levels, and specific combinations. Our findings are presented in a
narrative synthesis, highlighting the variations and trends observed in the literature regarding
TDM in IBD combination therapy.

Figure 1. Flowchart of selection of review articles.
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3. Therapeutic Drug Monitoring Strategies in Inflammatory Bowel Disease

The observations that led to TDM in IBD as a strategy were paved by an era of
monotherapy thiopurine use as the capabilities to measure its sub-metabolites in red blood
cells emerged [15]. Thiopurines are available as pro-drugs that undergo a series of en-
zymatic pathways leading to the production of several sub-metabolites. Among those,
two have been found to have clinical relevance and are used to monitor and optimize the
clinical care of patients receiving thiopurines. Of the two, higher 6-thioguanine nucleotide
(6-TGN) concentrations have been associated with higher rates of efficacy but also a higher
risk of myelotoxicity, while higher 6-methylmercaptopurine nucleotide (6-MMP) concen-
trations are linked with an increased risk of developing hepatotoxicity [16,17]. Due to
its low cost, thiopurine monotherapy can still play an important role in the treatment of
IBD, even though it is currently mainly used in the setting of combination therapy with
biologics [16,18–20].

The use of TDM In IBD really surged with the wide use of anti-TNF and the relatively
high rates of primary and secondary non-response seen with these drugs. Observational
studies have found a clear association between higher serum concentrations of anti-TNFs
and better outcomes, such as clinical remission, biochemical response, and endoscopic
improvement [21–23]. Higher anti-TNF concentrations are also associated with histologic
remission [24]. Despite this dose–response relationship, increasing exposure to the drug
(e.g., increasing the dose) does not always translate into a better response, highlighting
the complex pharmacokinetic and pharmacodynamic mechanisms of these agents and
IBD [25,26]. Conversely, the development of ADAs is associated with a higher drug
clearance, a loss of response, and the development of adverse events.

Several interconnected factors potentially influence the pharmacokinetics of anti-TNF.
Inflammatory burden, obesity, genetics, immunogenicity, and the concomitant use of
immunomodulators are all associated with anti-TNF pharmacokinetics (Figure 2).

Figure 2. Interconnected factors influencing biologic drug levels.

Two strategies for applying TDM in IBD patients receiving anti-TNFs are currently well
recognized. Reactive TDM involves measuring drug levels and ADAs in those experiencing
non-response to therapy. Patients with low drug levels and no significant immunogenicity
are more likely to benefit from dose escalation, while those with either high drug levels or
the presence of high ADA titers are more likely to profit from a change in therapy.
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Proactive TDM involves monitoring drug levels irrespective of the response to therapy
while optimizing the dosage to maintain an “optimal” drug level. The main goal of proac-
tive TDM is to maintain optimal exposure to the drug, avoiding under-exposure and the
development of immunogenicity, ultimately preventing the loss of response [21,22,24,27]. Even
though this strategy should theoretically offer significant advantages, the evidence is conflicting.
Table 1 shows select studies comparing proactive and reactive monitoring.

Table 1. Select studies comparing proactive vs. reactive TDM.

Study Name/Reference Study Design Population Intervention Key Findings

TAXIT [28] Randomized trial IBD patients
on infliximab

Proactive TDM vs.
as-needed dose

adjustment

Proactive TDM was
not superior

TAILORIX [29,30] Randomized trial IBD patients
on infliximab Proactive TDM Results similar

to TAXIT

PAILOT [31] Non-blinded RCT Pediatric CD patients
on adalimumab

Proactive dose
adjustment

More efficacious than
reactive approach

NOR-DRUM A and B [32,33] Randomized study IBD patients on
various treatments Proactive TDM

No benefit during
induction but beneficial

during maintenance

Both the TAXIT (Trough Concentration Adapted Infliximab Treatment) and TAILORIX
(Tailored Treatment With Infliximab for Active Crohn’s Disease) randomized trials looked
into the effectiveness of proactive TDM in patients receiving infliximab for IBD [28–30].
Even though the overall conclusion of these studies was that proactive TDM is not better
than as-needed dose adjustment, multiple factors need to be considered when interpreting
the results of these studies and applying them to clinical practice. For example, there is
significant heterogenicity in phenotypes (acute severe UC or perianal CD, for example),
drug clearance, and other important variables among patients. Considering these dif-
ferences, target infliximab levels are likely heterogeneous among patients. Factors such
as body composition (particularly with higher visceral adipose tissue) and an elevated
inflammatory burden may influence these goal concentrations [12,34–36]. Proactive TDM
has also been studied in patients receiving adalimumab. PAILOT (Pediatric Crohn’s Dis-
ease Adalimumab Level-based Optimization Treatment) was a non-blinded randomized
controlled trial of pediatric patients with CD on adalimumab, and it demonstrated that
proactive dose adjustment was more efficacious than a reactive approach when looking
into sustained corticosteroid-free clinical remission [31]. While a large Norwegian study
(NOR-DRUM A and B) showed no benefit during the induction phase, it did demonstrate
the advantage of proactive TDM during the maintenance phase across IBD and other
immune-mediated diseases, suggesting that the timing of proactive TDM application may
be important [32,33].

TDM is a more cost-effective approach than empiric treatment adjustments. Velayos
and colleagues compared the monitoring strategy and empiric drug escalation and found
that TDM was more effective [37]. A randomized control trial in Denmark found that
TDM-based treatment was more economical without a difference in clinical efficacy [38].
Proactive TDM is also slightly more cost-effective than the reactive approach, while TDM
for thiopurines is significantly cost-effective [39,40].

Another strategy that could also promise a potential benefit is precision dosing, offer-
ing a more personalized approach to management. A Scandinavian study randomized a
group of CD and UC patients in remission on infliximab to continue the drug with a dose
based on a pharmacokinetic-modeled dashboard system to target trough levels ≥ 3 μg/mL
or to continue standard dosing. After a year of follow-up, patients dosed based on the
dashboard had higher rates of sustained clinical remission than those who continued stan-
dard therapy [41]. Even though the current evidence is conflicting, proactive TDM could
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potentially evolve into a personalized approach that considers individual patient factors,
such as disease severity, comorbidities, pharmacokinetic variability, and phenotypic and
genetic characteristics, to tailor treatment regimens to each patient. Overall, while the
evidence is still equivocal, proactive TDM can be recommended, especially for patients
receiving monotherapy or those with a high drug clearance, such as acute severe UC.
Proactive TDM can also predict the development of immunogenicity and non-response
when re-initiating infliximab after a drug holiday [42,43].

The role of TDM in biologics other than infliximab and adalimumab is less estab-
lished. Most observational studies have shown a relationship between exposure and
response [44–49]. Despite this, there is a lack of clinical evidence showing that dose es-
calation improves outcomes. The ENTERPRET study was an open-label, randomized
trial that included patients with UC starting vedolizumab, who had drug clearance and
non-response at week six. Patients were randomized to either continue the standard mainte-
nance treatment (300 mg every 8 weeks) or receive a higher dose regimen (600 mg followed
by 300 mg or 600 mg every 4 weeks (based on drug clearance)). After 30 weeks, there
were no differences in clinical or endoscopic outcomes between the patients who were
randomized to receive higher doses and those who continued standard treatment [50]. The
POWER study was a double-blind, randomized, controlled trial that assessed CD patients
with secondary non-response to ustekinumab who underwent dose intensification with
IV re-induction or placebo followed by subcutaneous ustekinumab maintenance therapy.
While inflammatory biomarkers and endoscopic outcomes did improve, the primary end-
point of clinical response at week 16 was not achieved [51]. Another important variable
that distinguishes the use of TDM in anti-TNF and vedolizumab or ustekinumab is the
very low rate of immunogenicity seen with these newer biologics [9–11,52].

As opposed to ustekinumab and vedolizumab, immunogenicity is commonly seen
with most anti-TNF agents. ADAs can lead to low drug levels, adverse reactions, and
worse outcomes [12,53]. Immunogenicity occurs in up to 65% of infliximab-treated patients,
38% of adalimumab-treated patients, 25% of certolizumab-treated patients, and 3% of
golimumab-treated patients, according to a large meta-analysis [54]. Studies suggest that
the risk of immunogenicity can be reduced and potentially be reversible by using anti-TNF
in combination with methotrexate or thiopurines, effectively decreasing antibody formation
and increasing the effective drug concentration [12,13,55–60].

4. Evidence for TDM in Combination Therapy

Combination therapy can offer improved clinical and endoscopic outcomes while
maintaining an acceptable safety profile and is commonly utilized by physicians to treat
refractory or severe disease [12,60,61].

Table 2 provides a summary of the key studies that have investigated the role of
combination therapy in IBD patients with study design, population, and intervention,
along with key findings.

Table 2. Pertinent studies on combination therapy in IBD.

Study Name/Reference Study Design Population Intervention Key Findings

SONIC [19] Randomized trial
CD patients on
infliximab and
azathioprine

Monotherapy vs.
combination

Lower immunogenicity,
and combination
therapy superior

UC-SUCCESS [57] Randomized trial
UC patients on
infliximab and
azathioprine

Monotherapy vs.
combination

Results similar to
SONIC

COMMIT [58] Randomized trial
CD patients on
infliximab and
methotrexate

Monotherapy vs.
combination

Lower immunogenicity
but no significant

difference in clinical
outcomes
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The SONIC trial explored the efficacy of infliximab and azathioprine monotherapies
compared to the combination of both drugs; it showed that patients receiving combination
therapy achieved significantly higher rates of corticosteroid-free clinical remission and
lower rates of immunogenicity [19]. UC-SUCCESS showed similar superiority of the
combination of infliximab and azathioprine in patients with UC [57]. A subsequent post
hoc analysis of SONIC also showed that, despite the fact that patients on combination
therapy achieved higher infliximab concentrations, the higher rates of efficacy seen were
driven by higher drug levels and not by the use of combination therapy [13]. The COMMIT
trial studied the efficacy of combining infliximab and parenteral methotrexate. Even though
it did show that patients receiving the combination of infliximab and methotrexate had
achieved higher infliximab levels and lower rates of ADA than those receiving monotherapy,
no benefit was found when comparing clinical outcomes [58].

Combination therapy plays an important role in patients who have a higher risk of
achieving sub-therapeutic anti-TNF levels and in those with a higher risk of developing
immunogenicity. Patients who develop anti-drug antibodies to one anti-TNF are much
more likely to develop antibodies to subsequent anti-TNF use [59], and, in this scenario,
TDM with combo-therapy can be helpful to prevent immunogenicity to a second anti-TNF.
Roblin et al. randomized IBD patients who had a loss of response to the first anti-TNF
given as monotherapy and were starting a second anti-TNF to either receive monotherapy
or combination therapy. Those who received the combination had a significantly lower risk
of developing clinical non-response and developing antibodies to the second agent [62].

An important novel approach when using TDM in the combination therapy of anti-
TNF and a thiopurine is to optimize therapy not only by measuring the drug levels of the
biologic but also by measuring 6-TGN and optimizing the thiopurine to maximize the phar-
macokinetic augmentations of the biologic. This is particularly important, as optimizing
thiopurines (via dose adjustment or pharmacologic manipulation) may be significantly
more cost-effective than increasing the dose of the biologic. The COMBO-IBD study in-
vestigated how the use of thiopurine or methotrexate, and 6-TGN levels were correlated
with the achieved infliximab concentrations. Patients with 6-TGN levels ≥ 146 pmol per
8 × 108 RBC or those receiving oral methotrexate had achieved higher drug concentrations
than the patients on infliximab monotherapy or those receiving concomitant thiopurine
that had 6-TGN levels < 146 pmol per 8 × 108 RBC [63]. Even though the study could
only demonstrate an association, it reasonably suggested optimizing thiopurine in patients
receiving combination treatment and that those achieving low infliximab concentrations
are at a high risk of developing immunogenicity. Interestingly, the same study also showed
that this phenomenon is not seen in patients on vedolizumab or ustekinumab, and the
use of combination therapy, independent of the agent or 6-TGN concentration, was not
associated with higher drug levels of these two biologics [63].

As previously mentioned, it is still unclear whether the better outcomes seen with
combination therapy are mainly driven by a pharmacokinetic augmentation or whether there
is a synergistic mechanism when combining both drugs [18–20,57]. While more studies are
warranted, if the positive outcomes are really due to the better pharmacokinetics, it would
be interesting to see whether a comparable efficacy can be achieved by using infliximab
monotherapy and proactively adjusting dosing without the need for combo-therapy.

5. Role of TDM When Restarting Anti-TNFs after a Drug Holiday

Circumstances arise where patients may discontinue anti-TNF and are subsequently
restarted after a drug holiday. TDM can be useful in identifying patients who are more
likely to develop infusion reactions and non-responses. A practical approach is to perform
proactive TDM one to two weeks following re-exposure to anti-TNF therapy; the presence
of ADAs suggests a higher likelihood of an infusion reaction occurring with continued
dosing and warrants a treatment change [64–66]. The use of combination therapy can
decrease the risk of developing ADAs in these patients, and while checking thiopurine
metabolites soon after restarting therapy may be too early, optimizing the thiopurine after
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induction aiming to achieve adequate 6-TGN levels is reasonable [64–66]. In situations
where an adequate level is present without ADAs after anti-TNF re-exposure, proactive
TDM may also help to avoid combo-therapy.

Genetics, specifically the HLA-DQA1*05 variant, has been associated with a higher
risk of immunogenicity [67]. However, its role in clinical practice is still unclear. In a post
hoc analysis of the precision infliximab trial, HLA-DQA1*05 carriage was not associated
with ADA formation or higher drug durability [68]. Another single-center retrospective
cohort suggests that carriers of this genotypic variant under a proactive TDM strategy are
not associated with a higher risk of treatment cessation or worse clinical outcomes [69].
Proactive TDM may be a better predictor of immunogenicity, but larger prospective studies
are needed to confirm this.

TDM and De-Escalation of Combination Therapy

De-escalating treatment in patients receiving combination therapy is another strategy
used in select patients, mainly aiming to decrease the risk of potential adverse events.
A randomized controlled trial comparing azathioprine/6-mercaptopurine or methotrex-
ate discontinuation vs. continuation in patients receiving a standard dose of infliximab
showed that, after 6 months of combination therapy, continuing the immunosuppressant
did not offer a clinical benefit. However, the patients who continued the combination
therapy had higher infliximab drug levels [70,71]. A study by Sokol et al., however, did
find that immunomodulator discontinuation on combo-therapy infliximab led to disease
exacerbation, the development of complications, and the need to switch therapies [72].
Overall, it is reasonable to use TDM when considering de-escalation [42]. Roblin et al.
demonstrated in an open-label, prospective, randomized trial that a reduction in the dose
of thiopurine after 6 months of stable remission (>1 year of treatment) on combo-therapy
with infliximab was as effective as full-dose azathioprine, but discontinuation led to a
significant drop in the infliximab trough level, even though no major impact on clinical
outcomes was observed [73]. In the patients who underwent the thiopurine dose reduction,
6-TGN < 146 pmol per 8 × 108 RBC was associated with worsening infliximab pharmacoki-
netics. In this setting, it is reasonable to use TDM not only when completely discontinuing
the immunosuppressant but also when reducing the azathioprine dose and using 6-TGN
levels to determine an optimal threshold level, ultimately aiming to concomitantly increase
efficacy and safety.

From a biological standpoint, it would also be sensible to check the drug level before
and after de-escalation (or dose reduction). The risk of requiring infliximab dose escalation,
drug discontinuation, and IBD surgery is much lower when patients maintain a higher
infliximab trough when the immunomodulator is stopped [71].

TDM data specific to golimumab use in UC and certolizumab in CD in the setting of
combination therapy are lacking. A subgroup analysis of observational data suggests that
a lower number of patients develop immunogenicity with these drugs than with infliximab
and adalimumab. More data are needed to draw meaningful conclusions regarding TDM,
immunogenicity risk, and combo-therapy de-escalation [74,75].

6. Discussion

While the combination therapy of anti-TNF and immunomodulators can offer higher
effectiveness, a relatively high number of patients still do not respond to treatment or
lose response. A large and evolving body of evidence has shown that the use of TDM in
patients receiving monotherapy and combination therapy of anti-TNF can be tremendously
useful. Since reactive and proactive TDM strategies are also cost-effective, their increased
utilization can help treat IBD patients in a more cost-effective way. Another benefit of
using a monitored approach includes the avoidance of potential adverse effects seen with
combo-therapy.

While the findings in this review have significant implications for clinical practice,
unfortunately, the widespread adoption of TDM remains an important barrier. For example,
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most centers rely on external laboratories, and there might be a significant lag time from
sampling and laboratory processing until the clinician receives an actionable result. Further-
more, there is a lack of consensus on optimal target concentrations, which likely vary based
on the type of assay used, phenotype of the disease, inflammatory burden, and timing
through the dose cycle [76]. The implementation of commercially available point-of-care
testing could reduce the lag time, while the standardization of assays to enhance reliability
and quality control could help to minimize some of these issues [77,78]. Nevertheless,
factors like cost, accessibility, and external validation need careful consideration before
recognizing the impact of real-time value on clinical decision making.

As more data become available, personalized TDM strategies and their use in combina-
tion with treat-to-target strategies are becoming a standard in IBD management. We might
see elements of pharmacogenetics and pharmacokinetic-modeled dashboards aided by
artificial intelligence where dosing and monitoring are tailored to each patient [79]. Future
studies looking into precision medicine considering multiple patient-centered variables are
needed. Furthermore, studies looking into the optimization of newer biologics and small
molecules used in the treatment of IBD are also warranted.

7. Conclusions

The TDM of anti-TNFs in patients with IBD has been proven to be a useful tool. In
patients receiving combination therapy, it can also provide an opportunity to further opti-
mize therapies, especially in patients with non-response to drugs and those not achieving
the desired pharmacokinetic effect despite concomitant thiopurine use, and to help guide
treatment de-escalation or re-initiation. Conversely, the use of combination therapy and
the use of TDM in patients receiving vedolizumab or ustekinumab do not seem to offer a
clear benefit.

Limitations

It is important to acknowledge the limitations inherent in the available literature, as
the quality and consistency of reporting across the included studies may vary, potentially
affecting the generalizability of the findings. First, overall, there is a limited amount of evidence
regarding the use of TDM in combination therapy. Also, our review included articles published
in English, which may have omitted relevant studies published in other languages. Second, the
heterogeneity of the included studies, in terms of study design, population, and intervention,
might have influenced the overall conclusions. The review process may also have inherent
biases, such as a potential selection bias in the studies included.
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Abstract: CT-P13 is the first subcutaneous infliximab molecule approved for the management of
inflammatory bowel disease (IBD). Compared to intravenous therapy, SC infliximab offers a range of
practical, micro- and macroeconomic advantages. Data from the rheumatological literature suggest
that subcutaneous CT-P13 may lead to superior disease outcomes in comparison to intravenous inflix-
imab. Existing studies in IBD have focussed on pharmacokinetic comparisons and are inadequately
powered to evaluate efficacy and safety differences between the two modes of administration. How-
ever, emerging clinical trial and real-world data support comparable clinical, biochemical, endoscopic
and safety outcomes between subcutaneous and intravenous infliximab in both luminal Crohn’s
disease and ulcerative colitis. Across the available data, subcutaneous CT-P13 provides relative phar-
macokinetic stability and higher trough drug levels when compared to intravenous administration.
The clinical impact of this observation on immunogenicity and treatment persistence is yet to be
determined. Trough levels between the two methods of administration should not be compared in
isolation as any subcutaneous advantage must be considered in the context of comparable total drug
exposure and the theoretical disadvantage of lower peak concentrations compared to intravenous
therapy. Furthermore, target drug levels for subcutaneous CT-P13 associated with remission are
not known. In this review, we present the available literature surrounding the pharmacokinetics
of subcutaneous CT-P13 in the context of therapeutic drug monitoring and highlight the potential
significance of these observations on the clinical management of patients with IBD.

Keywords: infliximab; CT-P13; subcutaneous; therapeutic drug monitoring

1. Introduction

Inflammatory bowel disease (IBD) comprises a group of chronic, immune-mediated
disorders including both ulcerative colitis (UC) and Crohn’s disease (CD) [1,2]. Anti-
tumour necrosis factor (anti-TNF) biologics such as infliximab and adalimumab are effec-
tive in the induction and maintenance of remission in IBD, with primary response rates
of 40–70% [3–8]. Infliximab, a chimeric IgG1 monoclonal antibody, has over 25 years of
post-marketing efficacy and safety data in IBD [9]. After expiry of the patent for originator
infliximab, a number of biosimilars have been developed, allowing market competition
and consequent cost savings [10,11]. CT-P13 was the first infliximab biosimilar to be ap-
proved for UC and CD in Europe and the USA [12]. Intravenous CT-P13 has demonstrated
non-inferior pharmacokinetics, efficacy and safety outcomes in both rheumatological condi-
tions [13,14] and IBD [15–21]. Adherence to intravenous administration is measurable and
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may be superior to that of self-administered biologic or oral therapy [22–24]. Furthermore,
drug storage conditions are likely to be more regulated within hospital pharmacy depart-
ments in contrast to the variability and inadequacy reported with home-based biologic
storage [22,23,25,26]. However, subcutaneous rather than intravenous biologic therapy is
preferable to many patients and clinicians [27–30]. In comparison to intravenous therapy,
de-centralising care provision may allow greater patient flexibility, convenience and a
range of individual and macroeconomic healthcare benefits [31–35]. The COVID-19 pan-
demic highlighted the advantages of transitioning care away from the hospital setting [36].
In this context, a number of guidelines have suggested considering the prioritisation of
subcutaneous biologics in IBD management [37,38].

The subcutaneous formulation of CT-P13 attained European Medicines Agency (EMA)
approval for IBD in 2020 on the basis of two small randomised controlled trials (RCTs)
reporting comparable pharmacokinetics, efficacy and safety of subcutaneous CT-P13 as
compared to intravenous CT-P13 in both rheumatoid arthritis and active CD [39,40]. A
subsequent meta-analysis comparing subcutaneous CT-P13 with historical intravenous
infliximab outcomes in patients with moderate-severe rheumatoid arthritis suggests a po-
tential efficacy benefit with subcutaneous therapy [41]. Similarly, a network meta-regression
pooling individual patient data from two RCTs comparing subcutaneous and intravenous
CT-P13 in rheumatoid arthritis patients supports subcutaneous CT-P13 providing superior
clinical response and improvements in functional disability [42]. The available interven-
tional controlled studies of subcutaneous CT-P13 in IBD to date are inadequately powered
to assess efficacy and safety differences between the two methods of administration and
are limited to outpatient moderate-severe UC and luminal CD. The pivotal RCT eval-
uating subcutaneous CT-P13 in IBD was conducted in two parts. Part 1, published in
abstract form only, was a phase I, open-label dose-finding RCT in 44 patients with active
CD. Following intravenous infliximab induction at week 0 and week 2, patients were
randomised to receive either standard maintenance intravenous infliximab 5 mg/kg 8-
weekly or 120 mg, 180 mg or 240 mg of subcutaneous CT-P13 2-weekly [40]. Part 2 was
an open-label, non-inferiority trial involving 131 anti-TNF naïve patients with active CD
or UC across 50 centres. Following intravenous induction, patients were randomised to
receive maintenance intravenous infliximab 5 mg/kg 8-weekly or subcutaneous CT-P13 at
a dose of 120 mg (if <80 kg) or 240 mg (≥80 kg) 2-weekly [43]. The primary outcomes were
pharmacokinetic and will be discussed in detail. Consistent with emerging real-world data,
there were comparable clinical, biochemical, endoscopic and safety outcomes between sub-
cutaneous and intravenous infliximab formulations [40,43]. Across all indications, trough
drug levels are consistently higher in patients receiving subcutaneous CT-P13 than those
treated with intravenous infliximab.

However, comparing drug levels at these time points does not adequately reflect total
drug exposure between the two formulations. The significance of this observation on
pharmacokinetics, disease activity, immunogenicity and treatment persistence in IBD is yet
to be determined and requires further studies incorporating therapeutic drug monitoring
(TDM). TDM of intravenous infliximab has been shown to be cost-effective and to improve
clinical and objective outcomes in IBD [44,45]. There is a well-established exposure-response
relationship for intravenous infliximab, with multiple studies having demonstrated that
higher trough drug levels are associated with improved patient outcomes [44–47]. Evidence
supporting TDM of other biologics is less robust, particularly for adalimumab, ustekinumab
and vedolizumab [46,48].

There is an unmet need to confirm the value of TDM of subcutaneous infliximab,
interpret the significance of elevated trough drug levels and determine concentration
thresholds associated with remission. Furthermore, the potential disadvantages of lower
peak concentrations with subcutaneous therapy requires evaluation. This review aims
to appraise the literature surrounding subcutaneous CT-P13 TDM, highlight the current
knowledge gaps, and provide guidance for clinical practice.
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2. Search Strategy

A literature search was conducted using PubMed Online and the Cochrane Library
databases. The search was performed using the following linked search terms: ‘CT-P13
OR infliximab;’ AND ‘subcutaneous;’ AND ‘Crohn’s disease (CD) OR ulcerative colitis
(UC) OR inflammatory bowel disease (IBD).’ The search was restricted to English language
original research including both full-text and abstract publications presenting TDM data
from 1 January 2010 to 22 August 2022. After exclusion of duplicates, 146 articles were
identified and imported into a systematic review platform (www.rayan.ai, accessed on
22 August 2022). Titles and abstracts were screened and approved independently by two
reviewers (RDL and AJJ) to ensure relevance and availability of drug level data. Reference
lists of selected articles were reviewed with additional publications selected as appropriate.
Seven original publications were chosen for discussion (Figure 1), with a further three post
hoc analyses included.

 

Figure 1. Search strategy outlining screening and eligibility assessment.

3. Pharmacokinetics of Subcutaneous CT-P13

The pharmacokinetics of intravenous infliximab are well described [49–52]. In short,
administration via the intravenous route leads to early and rapid peak concentration
followed by a steady decline to trough. Subcutaneously administered biologics have slower
absorption, lower bioavailability, lower peak concentration and smaller differences between
peak and trough concentrations. To date, there has only been one original, peer-reviewed
published article defining the pharmacokinetics of subcutaneous CT-P13. Using patient
data including a total of 2772 infliximab drug levels from the pivotal IBD CT-P13 Part 1 [40]
and Part 2 [43] studies, Hanzel et al. constructed a population pharmacokinetic model
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incorporating the effect of body weight, anti-drug antibodies and serum albumin, given
their known influence on clearance of intravenous infliximab [53]. The bioavailability of
subcutaneous CT-P13 was reported as 79%, half-life 10.8 days and drug clearance estimated
at 0.355 L/d in a typical patient weighing 70 kg, with a serum albumin of 44 g/L and no anti-
drug antibodies. A prior subcutaneous CT-P13 Assessment Report by the EMA describing
three separate population pharmacokinetic models based on clinical trials across healthy
volunteers, rheumatological and gastroenterological indications calculated a bioavailability
of between 58% and 72% [54]. It is important to note that many of these data are published
in abstract form only or included in non-peer reviewed product reports. The estimated half-
life and clearance of subcutaneous CT-P13 is comparable to findings from previous studies
of intravenous infliximab in IBD, albeit with non-matched disease activity, weight, albumin
and immunomodulator use between the models [49,50]. The calculated bioavailability of
subcutaneous CT-P13 is comparable to that of adalimumab (64%) [55] and golimumab
(52%) [56].

4. Impact of Dosing on Exposure-Response Relationship

Data from Part 1 of the pivotal subcutaneous CT-P13 RCT in patients with CD in-
vestigated the exposure-response relationship of 120 mg, 180 mg and 240 mg fortnightly
subcutaneous CT-P13 doses in comparison to maintenance 5 mg/kg 8-weekly intravenous
infliximab. At week 22–30, median subcutaneous infliximab drug levels incremented
proportionally according to increasing subcutaneous dosing regimens (120 mg 2-weekly
13.3 μg/mL; 180 mg 2-weekly 19.9 μg/mL; 240 mg subcutaneous 2-weekly 26.5 μg/mL)
and were significantly higher than those observed with intravenous infliximab (5 mg/kg
8-weekly 2.3 μg/mL) [40]. Similarly, in the Supplementary Materials of Part 2 of the pivotal
RCT, mean trough levels at week 22 were higher in the 15 patients receiving 240 mg subcu-
taneous CT-P13 compared with 44 patients receiving 120 mg subcutaneous CT-P13 (mean
[standard deviation; SD] 26.2 μg/mL [13.65] vs. 19.8 μg/mL [7.75], respectively) despite
belonging to a higher weight category (80–115 kg vs. <80 kg, respectively) [43]. Despite
allowing escalation to 240 mg 2-weekly from week 30 in patients with loss of response,
data on the frequency of this event and subsequent changes in drug level are not presented.
In contrast, escalating to a dose of 240 mg 2-weekly was strikingly effective in recapturing
response in REMSWITCH, an observational, post-switch cohort of 133 patients [57]. Of the
22 patients who relapsed during the 6-month study period, 15 were escalated to 240 mg
2-weekly infliximab with recapture of clinical and combined clinical and biochemical re-
mission in 93% and 80%, respectively. TDM data for this group of patients were not shown
either at the time of relapse or following dose-intensification, as previously discussed [58].

In contrast, shortening the dose interval to weekly 120 mg subcutaneous CT-P13 may
have less impact on drug levels. In a subgroup of 50 patients on prior dose-intensified
intravenous infliximab from uncontrolled, real-world data by Smith et al., patients who
switched to subcutaneous CT-P13 with a shortened dosing interval of 120 mg weekly had
equivalent serum drug levels as patients switched to 120 mg 2-weekly at 3, 6 and 12 months
despite not having worse baseline C-reactive protein (CRP) or faecal calprotectin (FCP)
activity (median 16 vs. 16 μg/mL, p > 0.05 at all time points) [59]. Furthermore, receiving
weekly vs. fortnightly dosing was not associated with trough infliximab drug levels on a
linear regression analysis when controlled for multiple independent variables including
disease activity, concomitant immunomodulator, anti-drug antibodies and body mass
index (BMI) [59]. In summary, amongst patients requiring dose-intensified subcutaneous
CT-P13, higher doses given fortnightly may achieve greater drug level increments than
shortening the interval using standard 120 mg dosing, although more data are needed. The
mechanism for this preliminary observation is unclear and not consistent with TDM data
in adalimumab showing no difference in trough drug level between patients receiving 40
mg weekly and 80 mg fortnightly doses [60].
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5. Comparing Drug Levels between Intravenous and Subcutaneous Infliximab

There are subcutaneous infliximab TDM data from a total of 465 individual patients
across four published full-text articles [43,57,59,61] with additional data provided by 75 pa-
tients published in abstract or letter form [40,62,63] (Table 1). The majority of these studies
compare drug levels between the two formulations taken at trough. However, trough
drug levels between the two modes of administration are not directly comparable and do
not reflect total drug exposure over a matched treatment period. This section will first
outline available through TDM data, then contextualise these observations by discussing
differing peak concentrations, relative drug level stability and comparable total drug expo-
sure. Lastly, preliminary evidence supporting an exposure-response relationship will be
presented.

Following intravenous induction at week 0 and week 2, receiving subcutaneous CT-
P13 is associated with higher trough drug levels compared to continuing intravenous
infliximab across the two available RCTs [40,43]. Data from Part 2 of the pivotal CT-P13
study in 131 patients show mean (SD) week 22 trough drug levels of 21.5 (9.9) μg/mL
compared with 2.9 (2.6) μg/mL in the intravenous arm. When comparing geometric least
squares mean (LSM), a more accurate estimate of true population mean, and adjusting
for immunomodulator use, disease type, response status at week 6, and weight class,
patients receiving subcutaneous CT-P13 had a trough drug level of 21.0 μg/mL compared
to 1.8 μg/mL in the intravenous arm. As the lower bound of the 90% confidence interval
for ratio of the geometric LSMs exceeded 80%, the primary outcome of pharmacokinetic
non-inferiority of subcutaneous compared with intravenous CT-P13 was met. In addition,
following switch to subcutaneous administration at week 30 in the original intravenous
arm, the trough drug concentrations increased to comparable levels to those in the original
subcutaneous arm. Similarly, when compared with pre-switch intravenous trough levels,
both prospective and retrospective observational data confirm higher median trough drug
levels following subcutaneous CT-P13 across time points ranging from 4 weeks to 6 months,
except in patients requiring 10 mg/kg 4 weekly intravenous infliximab at the time of
switching (Table 1).

Pharmacokinetic parameters that best predict optimal efficacy for infliximab are un-
certain. As presented in Figure 2, possible predictors might be total drug exposure, mainte-
nance of drug level stability, peak concentrations and trough concentrations, all of which
differ between the two modes of administration. For intravenous infliximab therapy, TDM
is performed at trough with a number of established concentration thresholds associated
with varying depths of remission [46,47]. However, TDM performed earlier in the treatment
cycle has also shown promising predictive potential, and the magnitude of these earlier
drug levels may be important for severely active IBD [64,65]. Comparing only trough
drug levels between subcutaneous and intravenous formulations does not accurately re-
flect differing peak concentrations. The most informative data regarding complementary
pharmacokinetic parameters arise from Supplementary Materials of Part 2 of the pivotal
RCT [43]. During the 8-week intensive TDM at steady state, the mean concentrations of
subcutaneous CT-P13 are relatively stable when compared to the immediate peak and
predictable decline of intravenous administration (Figure 3). Data generated by population
pharmacokinetic modelling provide further detail. Whilst higher trough drug levels with
subcutaneous infliximab are observed, the maximum peak drug level with subcutaneous
infliximab is lower than with intravenous administration (mean 29.8 μg/mL vs. 105.6
μg/mL, respectively).
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Figure 2. Visual representation of proposed theoretical pharmacokinetic advantages and disadvan-
tages between intravenous (purple) and subcutaneous (green) infliximab. AUC = area under the
curve.

Comparable total drug exposure between subcutaneous and intravenous infliximab
using the area under the curve (AUC) over an 8-week treatment period reflects the trade-off
between trough and peak drug levels in the two formulations—graphically depicted in
Figure 2. Using the same non-linear mixed-effect model, the mean AUC was slightly higher
in the subcutaneous as compared with intravenous CT-P13 arms (35,467 μg·h/mL versus
28,284 μg·h/mL). Prospective, uncontrolled TDM data from 20 CD patients and a total of
120 drug levels taken across two fortnightly treatment cycles supports subcutaneous drug
level stability both within and across cycles [61]. Similar to prior adalimumab data [66,
67], a more stable steady state concentration-time profile offered by subcutaneous CT-
P13 may allow greater flexibility with timing of TDM across the 14-day treatment cycle.
However, more intensive pharmacokinetic analysis of adalimumab has demonstrated
marked interpatient variability in subcutaneous absorption [68]. More data, ideally arising
from a population pharmacokinetic analysis incorporating variables known to affect drug
levels are required to translate these observations into clinical practice for subcutaneous CT-
P13 [69]. Until these data emerge, we advise continuing to perform TDM of subcutaneous
infliximab at trough where practicable.
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Figure 3. Mean (±SD) serum infliximab concentration for CT-P13 subcutaneous and CT-P13 intra-
venous arms during the more intensive 8-week sampling interval at steady state (PK monitoring
period; PK population). Reprinted from: Gastroenterology, 2021; Schreiber S. et al. Randomized
Controlled Trial: Subcutaneous vs. Intravenous Infliximab CT-P13 Maintenance in Inflammatory
Bowel Disease (online Supplementary Materials, Figure S7, p. 31), Copyright (2021), with permission
from Elsevier.

Further studies are also required to determine target concentration thresholds for
subcutaneous infliximab. In a post hoc analysis of 55 patients receiving subcutaneous CT-
P13 in the Part 2 RCT, Ye et al. report preliminary data supporting an exposure-response
relationship [70]. In this analysis, a higher proportion of patients with drug levels in the 4th
quartile (≥26.7 μg/mL) achieved clinical remission and a faecal calprotectin ≤250 μg/g at
week 54, as compared to patients with drug levels in the 1st quartile (<16.4 μg/mL) (79%
vs. 46% and 91% vs. 62%, respectively). More data are needed to determine optimal drug
level targets associated with depth of remission across a broader range of IBD phenotypes.

6. Predictors of Infliximab Drug Levels

Increasing body weight, presence of anti-drug antibodies, hypoalbuminaemia, ab-
sence of concomitant immunomodulation and increased disease activity are covariates
that are associated with increase clearance of intravenous IFX, adalimumab and
golimumab [49–52,56,68]. Similar data are accruing for subcutaneous CT-P13.

6.1. Body Weight

Evaluation of the effect of body weight on drug levels in the pivotal part 2 trial is
limited by both exclusion of patients with obesity and the weight-based dosing regimen [43].
However, in their population pharmacokinetic model, Hanzel et al. reported body weight
as a covariate affecting drug clearance by up to 43% between weights of 70 to 120 kg. In
contrast, bioavailability of subcutaneous infliximab did not appear to be affected by body
weight. Using Monte Carlo weight-based exposure simulations, receiving subcutaneous
CT-P13 led to higher drug exposure in patients weighing 50 kg, comparable exposure in
patients weighing 70 kg and lower exposure in patients weighing 120 kg in comparison
to intravenous administration [53]. However, in the largest published real-world cohort
of 181 patients post-switch from intravenous to subcutaneous IFX, trough drug levels
were not affected by BMI, despite utilising non-weight-based dosing of subcutaneous
CT-P13. Similarly, in a prospective drug sampling study evaluating TDM stability across
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the 14-day treatment cycle, Roblin et al. demonstrated that BMI had no association with
low subcutaneous IFX drug levels (HR 0.83 95% CI 0.46–4.21; p = 0.69), although the
number of patients who were overweight was small. Buisson et al. found that neither body
weight nor BMI were associated with disease relapse amongst real-world switch data in
133 patients [57]. These findings may again be limited by low median BMI in the cohort.
Clarification of the effect of body weight and body composition on pharmacokinetics and
clinical outcomes is paramount given that obesity may modestly increase the odds of
non-response to both fixed-dose and weight-based anti-TNF therapy [71], however, results
are conflicting [72–74].

6.2. Serum Albumin

Hanzel et al. found that subcutaneous CT-P13 clearance was 30% greater when the
serum albumin concentration was 32 g/L compared with that at 44 g/L [53]. Despite
the limited pharmacokinetic understanding, hypoalbuminaemia is associated with lower
intravenous infliximab drug levels [51]. Commonly proposed hypotheses include a cor-
relation with increased inflammatory disease activity, protein catabolism and increased
mucosal losses [75]. In healthy states, individuals with low albumin have lower neonatal Fc
receptor (FcRn) activity and therefore accelerated clearance of IgG, including monoclonal
antibodies [76,77]. How this relationship is altered in active IBD and the subsequent effect
on monoclonal antibody clearance is unclear. In their comprehensive modelling study,
Hanzel et al. found that no other biochemical parameters of disease activity (CRP, faecal
calprotectin, platelet count) had a clinically relevant effect on drug clearance beyond the
effect of hypoalbuminaemia [53]. In contrast, uncontrolled data from Roblin et al. showed
no association between albumin and subcutaneous CT-P13 drug levels. However, numbers
were small and all patients were in clinical and biochemical remission with a consequent
homogenous and normal mean (SD) albumin of 39.6 (2.5) g/L at recruitment [61].

6.3. Immunomodulator Use

In IBD patients receiving intravenous infliximab, combination therapy with im-
munomodulators is associated with higher drug levels, less immunogenicity and sub-
sequent greater disease control compared with those treated with anti-TNF monother-
apy [66,78–82]. The benefit of concomitant immunomodulator use in patients receiving
subcutaneous CT-P13 is less clear. In a post hoc analysis of 66 patients in the subcuta-
neous arm of the pivotal Part 2 CT-P13 trial, D’Haens et al. found comparable median
(IQR) trough week 54 drug levels between those who received combination therapy with
immunomodulators and those that received infliximab monotherapy (21.7 [19–25.3] vs.
20.8 [16.1–29.1] μg/mL, respectively) [83]. Similarly, there were no differences in clin-
ical response rates (85% in combination therapy vs. 74% monotherapy; p = 0.3582) or
development of neutralising anti-drug antibodies between the two groups (16% combi-
nation therapy vs. 7% monotherapy; p = 0.40) [83]. On a multivariate model evaluating
a cohort of 181 patients switched to subcutaneous CT-P13 (58% on combination therapy),
immunomodulator use was not associated with higher infliximab trough levels [59]. There
was also no association between risk of disease relapse and immunomodulator use from
the REMSWITCH cohort of 133 patients, of which 57% were receiving dose-intensified
intravenous infliximab and 26% were on combination therapy at baseline. Further data,
over a longer period of follow up are required to clarify the role of immunomodulators in
subcutaneous CT-P13 therapy.

6.4. Immunogenicity

Immunogenicity to anti-TNFs is common, particularly in the first 12 months of ther-
apy [66,80,81,84,85]. Detection of anti-drug antibodies is dependent on the type of labora-
tory assay, the dilution accuracy and the positivity thresholds. Drug-sensitive ELISA, elec-
trochemiluminescence immunoassay (ECLIA) or radioimmunoassays can detect anti-drug
antibodies only in the absence of drug, whereas drug-tolerant assays, such as homogenous
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mobility-shift assays (HMSAs) and newer ELISAs, can detect anti-drug antibodies in the
presence of detectable drug [86–88]. Unsurprisingly, lowering the anti-drug antibody-
positivity threshold increases the rate of detection of both transient anti-drug antibody and
low-titre persistent, non-neutralising anti-drug antibodies [89]. The natural history and
clinical relevance of these phenomena in comparison to the pharmacodynamic inactivation
induced by neutralising anti-drug antibodies remain unclear [84,86,89,90]. Attention to
laboratory methods must be made when interpreting immunogenicity data in IBD. In Part
2 of the pivotal subcutaneous CT-P13 RCT, total anti-drug antibodies and neutralising
anti-drug antibodies were analysed using a drug-tolerant ECLIA platform with an affinity
capture elution able to detect titres ≥25 and ≥1000 ng/mL, respectively. As Part 1 was only
published in abstract form, there are no details on the assay used. In this study, 7/12 (58%)
CD patients in the intravenous arm compared to just 3/30 (10%) in the subcutaneous arms
developed anti-drug antibodies by week 30 [40]. In contrast, in the much larger Part 2 study,
a similar proportion of patients in each arm converted to anti-drug antibody positive status
over the 54 weeks (70% in subcutaneous vs. 64% in intravenous) but a smaller proportion of
patients in the subcutaneous arm had positive neutralising anti-drug antibodies compared
to the intravenous arm (18% vs. 37%, respectively; p = 0.019) [43]. No anti-drug antibody
titres were presented in either study and there was no apparent impact of differing binary
neutralising anti-drug antibody positivity rates on disease control and drug levels between
the two groups. In four pharmacokinetic models examining intravenous infliximab in IBD
patients, anti-drug antibodies have been observed to affect drug clearance by between 29%
and 72% [49,50,52,91]. In their evaluation of drug levels from the pivotal Part 1 and Part 2
subcutaneous CT-P13 trials, Hanzel et al. estimated a congruent increase in clearance of
39% in patients with anti-drug antibodies. In the largest published real-world post-switch
cohort of 181 patients, only 14 patients (8%) developed anti-drug antibodies [59]. Consistent
with the prior modelling, anti-drug antibodies in these patients were strongly inversely
associated with subcutaneous infliximab levels on multivariate analysis (OR −13.34, 95%
CI −15.41x−11.33; p < 0.001) [59]. Interpretation of immunogenicity data from the available
uncontrolled cohorts is limited by varying assay use (including across centres within the
same study [59]) and the lack of comparator groups (Table 1).

Whilst the above results are preliminary, the potential for lower rates of immunogenic-
ity reflects a promising theoretical advantage of subcutaneous infliximab. Traditionally,
subcutaneously administered biologics were considered to be more immunogenic than
intravenous therapy due to theoretical exposure to antigen-presenting cells within the
epidermis and dermis [92], although objective evidence supporting higher antibody for-
mation are conflicting [93–95]. There are several unproven hypotheses for subcutaneous
infliximab being less immunogenic than intravenous administration. Low drug levels
seen at the more pronounced concentration troughs with both maintenance [80,86] and
episodic [96,97] intravenous therapy are associated with antibody formation. Comparing
representative concentration-time curves, the drug level stability of subcutaneous dosing
may avoid exposure to the more immunogenic concentration thresholds of intravenous
therapy as depicted graphically in Figure 2. In addition, it has been suggested [43,59,98]
that the higher circulating drug levels seen with subcutaneous CT-P13 may both reduce
formation of immunogenic drug-antigen immune complexes and induce ’high-zone tol-
erance’. Whilst infliximab-TNF complexes have been demonstrated to drive anti-drug
antibody formation [99], how this relates to the varying drug level exposure pattern of
subcutaneous relative to intravenous infliximab is not clear. In ‘high-zone tolerance,’ ex-
posure to high concentrations of an antigen may induce tolerance via blunting of the
immune response [93,100–102]. Once again, it is not clear why this mechanism would be
preferentially activated by the stable moderate drug levels of subcutaneous therapy and
not the high peak concentrations of intravenous infliximab therapy. Further prospective,
controlled trials with a longer duration of follow up are required to confirm a difference
in anti-drug antibody formation, the antibody subtype and whether there are meaningful
clinical consequences.
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7. Conclusions and Future Directions

The available evidence suggests comparable efficacy and safety of subcutaneous in-
fliximab for adult patients with UC or luminal CD, despite differences in pharmacokinetics
such as bioavailability and the concentration-time profile. The economic advantages of
biosimilar molecules are complemented by practical benefits such as patient convenience,
reduced risk of in-hospital exposure to nosocomial infection, and alleviation of hospital
resources and staffing pressures. However, potential disadvantages regarding adherence
or inadequacy of drug storage require consideration. The most promising biological ad-
vantage of subcutaneous infliximab may be the stability of drug levels, as compared with
the marked differences between peak and trough concentrations with intravenous therapy.
Maintaining drug level stability may avoid the prolonged low trough levels associated
with intravenous infliximab with a subsequent reduction in immunogenicity and a greater
treatment persistence. On the other hand, the immediacy and magnitude of peak concen-
trations after intravenous infliximab may be the most relevant pharmacokinetic parameters
to induce remission in highly active disease such as acute severe UC or severe, complex CD
including perianal CD. Two ongoing large superiority RCTs in moderate-severe CD and
moderate-severe UC have been powered to compare disease and safety outcomes (Clinical-
Trials.gov Identifiers: NCT04205643 and NCT03945019, respectively) and may reveal the
clinical significance of these differing pharmacokinetic profiles. Of importance, trough drug
levels between the two modes of administration are not directly comparable and should
not be considered in isolation. Future work should aim to clarify whether TDM has a role
with subcutaneously administered infliximab and, if so, to define therapeutic concentration
targets. Additional future directions include clarifying the role of immunomodulators,
establishment of efficacy in paediatric IBD, examining adequacy of drug exposure for acute
severe colitis and perianal disease and the optimal dosing regimen in patients previously
requiring dose-intensified intravenous infliximab. More complete post-marketing data
and real-world experience across the range of IBD phenotypes, distributions and severities
will allow more precise positioning and optimisation of subcutaneous infliximab in the
management of IBD.

Author Contributions: All authors have made substantive contributions to the manuscript and have
approved the submitted version. Specific author contributions include: conceptualisation, R.D.L.,
M.G.W., A.B. and M.P.S.; methodology, R.D.L., M.G.W., E.W., G.L.H., A.J.J. and M.P.S.; literature
search and screening, R.D.L. and A.J.J.; data interpretation, R.D.L., M.G.W., E.W., G.L.H., A.J.J., P.R.G.
and M.P.S.; original draft preparation, R.D.L. and A.J.J.; review and editing, R.D.L., M.G.W., E.W.,
G.L.H., A.J.J., A.B., P.R.G. and M.P.S.; supervision, M.G.W., E.W., G.L.H., A.B., P.R.G. and M.P.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: R.D.L. has received educational support from Celltrion Healthcare and Janssen.
M.G.W. has received educational grants or research support from Ferring, GESA and Abbvie, speaker
fees from Janssen, Abbvie, Ferring, Takeda, Pfizer and MSD and served on advisory boards for
Janssen and Abbvie. EW has received speaker fees from Celltrion Healthcare. A.J.J., G.L.H. and A.B.
have no relevant conflicts of interest to declare. P.R.G. has served as a consultant or advisory board
member for Anatara, Atmo Biosciences, Immunic Therapeutics, Novozymes, Novoviah, Intrinsic
Medicine and Comvita. He has received research grants for investigator-driven studies from Atmo
Biosciences. He is a shareholder with Atmo Biosciences. MPS has received educational grants or
research support from Ferring, Orphan and Gilead, speaker fees from Janssen, Abbvie, Ferring,
Takeda, Pfizer and Shire, and has served on advisory boards for Janssen, Takeda, Pfizer, Celgene,
Abbvie, MSD, Emerge Health, Gilead and BMS.

91



J. Clin. Med. 2022, 11, 6173

References

1. Ungaro, R.; Mehandru, S.; Allen, P.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative colitis. Lancet 2017, 389, 1756–1770. [CrossRef]
2. Torres, J.; Mehandru, S.; Colombel, J.F.; Peyrin-Biroulet, L. Crohn’s disease. Lancet 2017, 389, 1741–1755. [CrossRef]
3. Hanauer, S.B.; Sandborn, W.J.; Rutgeerts, P.; Fedorak, R.N.; Lukas, M.; MacIntosh, D.; Panaccione, R.; Wolf, D.; Pollack, P. Human

anti-tumor necrosis factor monoclonal antibody (adalimumab) in Crohn’s disease: The CLASSIC-I trial. Gastroenterology 2006,
130, 323–333. [CrossRef] [PubMed]

4. Sandborn, W.J.; Hanauer, S.B.; Rutgeerts, P.; Fedorak, R.N.; Lukas, M.; MacIntosh, D.G.; Panaccione, R.; Wolf, D.; Kent, J.D.; Bittle,
B.; et al. Adalimumab for maintenance treatment of Crohn’s disease: Results of the CLASSIC II trial. Gut 2007, 56, 1232–1239.
[CrossRef] [PubMed]

5. Hanauer, S.B.; Feagan, B.G.; Lichtenstein, G.R.; Mayer, L.F.; Schreiber, S.; Colombel, J.F.; Rachmilewitz, D.; Wolf, D.C.; Olson,
A.; Bao, W.; et al. Maintenance infliximab for Crohn’s disease: The ACCENT I randomised trial. Lancet 2002, 359, 1541–1549.
[CrossRef]

6. Colombel, J.F.; Sandborn, W.J.; Rutgeerts, P.; Enns, R.; Hanauer, S.B.; Panaccione, R.; Schreiber, S.; Byczkowski, D.; Li, J.; Kent,
J.D.; et al. Adalimumab for maintenance of clinical response and remission in patients with Crohn’s disease: The CHARM trial.
Gastroenterology 2007, 132, 52–65. [CrossRef]

7. Rutgeerts, P.; Sandborn, W.J.; Feagan, B.G.; Reinisch, W.; Olson, A.; Johanns, J.; Travers, S.; Rachmilewitz, D.; Hanauer, S.B.;
Lichtenstein, G.R.; et al. Infliximab for induction and maintenance therapy for ulcerative colitis. N. Engl. J. Med. 2005, 353,
2462–2476. [CrossRef]

8. Sands, B.E.; Anderson, F.H.; Bernstein, C.N.; Chey, W.Y.; Feagan, B.G.; Fedorak, R.N.; Kamm, M.A.; Korzenik, J.R.; Lashner, B.A.;
Onken, J.E.; et al. Infliximab maintenance therapy for fistulizing Crohn’s disease. N. Engl. J. Med. 2004, 350, 876–885. [CrossRef]

9. D’Haens, G.R.; van Deventer, S. 25 years of anti-TNF treatment for inflammatory bowel disease: Lessons from the past and a look
to the future. Gut 2021, 70, 1396–1405. [CrossRef]

10. Ben-Horin, S.; Vande Casteele, N.; Schreiber, S.; Lakatos, P.L. Biosimilars in Inflammatory Bowel Disease: Facts and Fears of
Extrapolation. Clin. Gastroenterol. Hepatol. 2016, 14, 1685–1696. [CrossRef]

11. Jha, A.; Upton, A.; Dunlop, W.C.; Akehurst, R. The Budget Impact of Biosimilar Infliximab (Remsima(R)) for the Treatment of
Autoimmune Diseases in Five European Countries. Adv. Ther. 2015, 32, 742–756. [CrossRef] [PubMed]

12. Parigi, T.L.; D’Amico, F.; Peyrin-Biroulet, L.; Danese, S. Evolution of infliximab biosimilar in inflammatory bowel disease: From
intravenous to subcutaneous CT-P13. Expert Opin. Biol. Ther. 2021, 21, 37–46. [CrossRef] [PubMed]

13. Park, W.; Hrycaj, P.; Jeka, S.; Kovalenko, V.; Lysenko, G.; Miranda, P.; Mikazane, H.; Gutierrez-Urena, S.; Lim, M.; Lee, Y.A.; et al.
A randomised, double-blind, multicentre, parallel-group, prospective study comparing the pharmacokinetics, safety, and efficacy
of CT-P13 and innovator infliximab in patients with ankylosing spondylitis: The PLANETAS study. Ann. Rheum. Dis. 2013, 72,
1605–1612. [CrossRef] [PubMed]

14. Yoo, D.H.; Hrycaj, P.; Miranda, P.; Ramiterre, E.; Piotrowski, M.; Shevchuk, S.; Kovalenko, V.; Prodanovic, N.; Abello-Banfi, M.;
Gutierrez-Urena, S.; et al. A randomised, double-blind, parallel-group study to demonstrate equivalence in efficacy and safety of
CT-P13 compared with innovator infliximab when coadministered with methotrexate in patients with active rheumatoid arthritis:
The PLANETRA study. Ann. Rheum. Dis. 2013, 72, 1613–1620. [CrossRef]

15. Goll, G.L.; Jorgensen, K.K.; Sexton, J.; Olsen, I.C.; Bolstad, N.; Haavardsholm, E.A.; Lundin, K.E.A.; Tveit, K.S.; Lorentzen, M.;
Berset, I.P.; et al. Long-term efficacy and safety of biosimilar infliximab (CT-P13) after switching from originator infliximab:
Open-label extension of the NOR-SWITCH trial. J. Intern. Med. 2019, 285, 653–669. [CrossRef]

16. Jorgensen, K.K.; Olsen, I.C.; Goll, G.L.; Lorentzen, M.; Bolstad, N.; Haavardsholm, E.A.; Lundin, K.E.A.; Mork, C.; Jahnsen, J.;
Kvien, T.K.; et al. Switching from originator infliximab to biosimilar CT-P13 compared with maintained treatment with originator
infliximab (NOR-SWITCH): A 52-week, randomised, double-blind, non-inferiority trial. Lancet 2017, 389, 2304–2316. [CrossRef]

17. Komaki, Y.; Yamada, A.; Komaki, F.; Micic, D.; Ido, A.; Sakuraba, A. Systematic review with meta-analysis: The efficacy and
safety of CT-P13, a biosimilar of anti-tumour necrosis factor-alpha agent (infliximab), in inflammatory bowel diseases. Aliment.
Pharmacol. Ther. 2017, 45, 1043–1057. [CrossRef]

18. Ebada, M.A.; Elmatboly, A.M.; Ali, A.S.; Ibrahim, A.M.; Fayed, N.; Faisal, A.F.; Alkanj, S. An updated systematic review and
meta-analysis about the safety and efficacy of infliximab biosimilar, CT-P13, for patients with inflammatory bowel disease. Int. J.
Colorectal Dis. 2019, 34, 1633–1652. [CrossRef]

19. Smits, L.J.T.; van Esch, A.A.J.; Derikx, L.; Boshuizen, R.; de Jong, D.J.; Drenth, J.P.H.; Hoentjen, F. Drug Survival and Immuno-
genicity after Switching from Remicade to Biosimilar CT-P13 in Inflammatory Bowel Disease Patients: Two-year Follow-up of a
Prospective Observational Cohort Study. Inflamm. Bowel Dis. 2019, 25, 172–179. [CrossRef]

20. Ye, B.D.; Pesegova, M.; Alexeeva, O.; Osipenko, M.; Lahat, A.; Dorofeyev, A.; Fishman, S.; Levchenko, O.; Cheon, J.H.; Scribano,
M.L.; et al. Efficacy and safety of biosimilar CT-P13 compared with originator infliximab in patients with active Crohn’s disease:
An international, randomised, double-blind, phase 3 non-inferiority study. Lancet 2019, 393, 1699–1707. [CrossRef]

21. Strik, A.S.; van de Vrie, W.; Bloemsaat-Minekus, J.P.J.; Nurmohamed, M.; Bossuyt, P.J.J.; Bodelier, A.; Rispens, T.; van Megen,
Y.J.B.; D’Haens, G.R.; SECURE study group. Serum concentrations after switching from originator infliximab to the biosimilar
CT-P13 in patients with quiescent inflammatory bowel disease (SECURE): An open-label, multicentre, phase 4 non-inferiority
trial. Lancet Gastroenterol. Hepatol. 2018, 3, 404–412. [CrossRef]

92



J. Clin. Med. 2022, 11, 6173

22. Wentworth, B.J.; Buerlein, R.C.D.; Tuskey, A.G.; Overby, M.A.; Smolkin, M.E.; Behm, B.W. Nonadherence to Biologic Therapies in
Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2018, 24, 2053–2061. [CrossRef] [PubMed]

23. van der Have, M.; Oldenburg, B.; Kaptein, A.A.; Jansen, J.M.; Scheffer, R.C.; van Tuyl, B.A.; van der Meulen-de Jong, A.E.; Pierik,
M.; Siersema, P.D.; van Oijen, M.G.; et al. Non-adherence to Anti-TNF Therapy is Associated with Illness Perceptions and Clinical
Outcomes in Outpatients with Inflammatory Bowel Disease: Results from a Prospective Multicentre Study. J. Crohn’s Colitis 2016,
10, 549–555. [CrossRef] [PubMed]

24. Degli Esposti, L.; Sangiorgi, D.; Perrone, V.; Radice, S.; Clementi, E.; Perone, F.; Buda, S. Adherence and resource use among
patients treated with biologic drugs: Findings from BEETLE study. Clin. Outcomes Res. 2014, 6, 401–407. [CrossRef]

25. De Jong, M.J.; Pierik, M.J.; Peters, A.; Roemers, M.; Hilhorst, V.; van Tubergen, A. Exploring conditions for redistribution of
anti-tumor necrosis factors to reduce spillage: A study on the quality of anti-tumor necrosis factor home storage. J. Gastroenterol.
Hepatol. 2018, 33, 426–430. [CrossRef]

26. Rentsch, C.; Headon, B.; Ward, M.G.; Gibson, P.R. Inadequate storage of subcutaneous biological agents by patients with
inflammatory bowel disease: Another factor driving loss of response? J. Gastroenterol. Hepatol. 2018, 33, 10–11. [CrossRef]

27. Huynh, T.K.; Ostergaard, A.; Egsmose, C.; Madsen, O.R. Preferences of patients and health professionals for route and frequency
of administration of biologic agents in the treatment of rheumatoid arthritis. Patient Prefer. Adherence 2014, 8, 93–99. [CrossRef]

28. Asnong, K.; Hoefkens, E.; Lembrechts, N.; Van de Schoot, I.; Pouillon, L.; Bossuyt, P. N02 PREVIEW study: Factors associated with
willingness to switch from intravenous to subcutaneous formulations of CT-P13 and vedolizumab in patients with Inflammatory
Bowel Disease. J. Crohn’s Colitis 2021, 15, S608–S609. [CrossRef]

29. Stoner, K.L.; Harder, H.; Fallowfield, L.J.; Jenkins, V.A. Intravenous versus Subcutaneous Drug Administration. Which Do
Patients Prefer? A Systematic Review. Patient Patient-Cent. Outcomes Res. 2015, 8, 145–153. [CrossRef]

30. Vavricka, S.R.; Bentele, N.; Scharl, M.; Rogler, G.; Zeitz, J.; Frei, P.; Straumann, A.; Binek, J.; Schoepfer, A.M.; Fried, M.; et al.
Systematic assessment of factors influencing preferences of Crohn’s disease patients in selecting an anti-tumor necrosis factor
agent (CHOOSE TNF TRIAL). Inflamm. Bowel Dis. 2012, 18, 1523–1530. [CrossRef]

31. Tetteh, E.K.; Morris, S. Evaluating the administration costs of biologic drugs: Development of a cost algorithm. Health Econ. Rev.
2014, 4, 26. [CrossRef] [PubMed]

32. Buisson, A.; Seigne, A.L.; D’huart, M.C.; Bigard, M.A.; Peyrin-Biroulet, L. The extra burden of infliximab infusions in inflammatory
bowel disease. Inflamm. Bowel Dis. 2013, 19, 2464–2467. [CrossRef]

33. Heald, A.; Bramham-Jones, S.; Davies, M. Comparing cost of intravenous infusion and subcutaneous biologics in COVID-19
pandemic care pathways for rheumatoid arthritis and inflammatory bowel disease: A brief UK stakeholder survey. Int. J. Clin. Pr.
2021, 75, e14341. [CrossRef]

34. Cronin, J.; Moore, S.; Lenihan, N.; O’Shea, M.; Woods, N. The non-drug costs associated with the administration of an intravenous
biologic treatment in the hospital setting. Ir. J. Med. Sci. 2019, 188, 821–834. [CrossRef] [PubMed]

35. Byun, H.G.; Jang, M.; Yoo, H.K.; Potter, J.; Kwon, T.S. Budget Impact Analysis of the Introduction of Subcutaneous Infliximab
(CT-P13 SC) for the Treatment of Rheumatoid Arthritis in the United Kingdom. Appl. Health Econ. Health Policy 2021, 19, 735–745.
[CrossRef] [PubMed]

36. Clough, J.N.; Hill, K.L.; Duff, A.; Sharma, E.; Ray, S.; Mawdsley, J.E.; Anderson, S.; Irving, P.M.; Samaan, M.A. Managing an IBD
Infusion Unit During the COVID-19 Pandemic: Service Modifications and the Patient Perspective. Inflamm. Bowel Dis. 2020, 26,
e125–e126. [CrossRef] [PubMed]

37. Kennedy, N.A.; Jones, G.R.; Lamb, C.A.; Appleby, R.; Arnott, I.; Beattie, R.M.; Bloom, S.; Brooks, A.J.; Cooney, R.; Dart, R.J.; et al.
British Society of Gastroenterology guidance for management of inflammatory bowel disease during the COVID-19 pandemic.
Gut 2020, 69, 984–990. [CrossRef] [PubMed]

38. Magro, F.; Rahier, J.F.; Abreu, C.; MacMahon, E.; Hart, A.; van der Woude, C.J.; Gordon, H.; Adamina, M.; Viget, N.; Vavricka,
S.; et al. Inflammatory Bowel Disease Management During the COVID-19 Outbreak: The Ten Do’s and Don’ts from the
ECCO-COVID Taskforce. J. Crohn’s Colitis 2020, 14, S798–S806. [CrossRef]

39. Westhovens, R.; Yoo, D.H.; Jaworski, J.; Matyska-Piekarska, E.; Smiyan, S.; Ivanova, D.; Zielinska, A.; Raussi, E.-K.; Batalov, A.;
Lee, S.J.; et al. THU0191 Novel formulation of ct-p13 for subcutaneous administration in patients with rheumatoid arthritis:
Initial results from a phase i/iii randomised controlled trial. Ann. Rheum. Dis. 2018, 77, 315. [CrossRef]

40. Schreiber, S.; Jang, B.I.; Borzan, V.; Lahat, A.; Pukitis, A.; Osipenko, M.; Mostovoy, Y.; Ben-Horin, S.; Ye, B.D.; Lee, S.J.; et al.
Tu2018—Novel Formulation of CT-P13 (Infliximab Biosimilar) for Subcutaneous Administration: Initial Results from a Phase I
Open-Label Randomized Controlled Trial in Patients with Active Crohn’s Disease. Gastroenterology 2018, 154, 1371. [CrossRef]

41. Caporali, R.; Allanore, Y.; Alten, R.; Combe, B.; Durez, P.; Iannone, F.; Nurmohamed, M.T.; Lee, S.J.; Kwon, T.S.; Choi, J.S.; et al.
Efficacy and safety of subcutaneous infliximab versus adalimumab, etanercept and intravenous infliximab in patients with
rheumatoid arthritis: A systematic literature review and meta-analysis. Expert Rev. Clin. Immunol. 2021, 17, 85–99. [CrossRef]
[PubMed]

42. Combe, B.; Allanore, Y.; Alten, R.; Caporali, R.; Durez, P.; Iannone, F.; Nurmohamed, M.T.; Toumi, M.; Lee, S.J.; Kwon, T.S.;
et al. Comparative efficacy of subcutaneous (CT-P13) and intravenous infliximab in adult patients with rheumatoid arthritis: A
network meta-regression of individual patient data from two randomised trials. Arthritis Res. Ther. 2021, 23, 119. [CrossRef]
[PubMed]

93



J. Clin. Med. 2022, 11, 6173

43. Schreiber, S.; Ben-Horin, S.; Leszczyszyn, J.; Dudkowiak, R.; Lahat, A.; Gawdis-Wojnarska, B.; Pukitis, A.; Horynski, M.; Farkas,
K.; Kierkus, J.; et al. Randomized Controlled Trial: Subcutaneous vs Intravenous Infliximab CT-P13 Maintenance in Inflammatory
Bowel Disease. Gastroenterology 2021, 160, 2340–2353. [CrossRef] [PubMed]

44. Adedokun, O.J.; Sandborn, W.J.; Feagan, B.G.; Rutgeerts, P.; Xu, Z.; Marano, C.W.; Johanns, J.; Zhou, H.; Davis, H.M.; Cornillie, F.;
et al. Association between serum concentration of infliximab and efficacy in adult patients with ulcerative colitis. Gastroenterology
2014, 147, 1296–1307. [CrossRef] [PubMed]

45. Steenholdt, C.; Brynskov, J.; Thomsen, O.O.; Munck, L.K.; Fallingborg, J.; Christensen, L.A.; Pedersen, G.; Kjeldsen, J.; Jacobsen,
B.A.; Oxholm, A.S.; et al. Individualised therapy is more cost-effective than dose intensification in patients with Crohn’s disease
who lose response to anti-TNF treatment: A randomised, controlled trial. Gut 2014, 63, 919–927. [CrossRef]

46. Papamichael, K.; Cheifetz, A.S.; Melmed, G.Y.; Irving, P.M.; Vande Casteele, N.; Kozuch, P.L.; Raffals, L.E.; Baidoo, L.; Bressler, B.;
Devlin, S.M.; et al. Appropriate Therapeutic Drug Monitoring of Biologic Agents for Patients with Inflammatory Bowel Diseases.
Clin. Gastroenterol. Hepatol. 2019, 17, 1655–1668. [CrossRef]

47. Cheifetz, A.S.; Abreu, M.T.; Afif, W.; Cross, R.K.; Dubinsky, M.C.; Loftus, E.V., Jr.; Osterman, M.T.; Saroufim, A.; Siegel, C.A.;
Yarur, A.J.; et al. A Comprehensive Literature Review and Expert Consensus Statement on Therapeutic Drug Monitoring of
Biologics in Inflammatory Bowel Disease. Am. J. Gastroenterol. 2021, 116, 2014–2025. [CrossRef]

48. Gibson, D.J.; Ward, M.G.; Rentsch, C.; Friedman, A.B.; Taylor, K.M.; Sparrow, M.P.; Gibson, P.R. Review article: Determination
of the therapeutic range for therapeutic drug monitoring of adalimumab and infliximab in patients with inflammatory bowel
disease. Aliment. Pharmacol. Ther. 2020, 51, 612–628. [CrossRef]

49. Fasanmade, A.A.; Adedokun, O.J.; Blank, M.; Zhou, H.; Davis, H.M. Pharmacokinetic properties of infliximab in children
and adults with Crohn’s disease: A retrospective analysis of data from 2 phase III clinical trials. Clin. Ther. 2011, 33, 946–964.
[CrossRef]

50. Fasanmade, A.A.; Adedokun, O.J.; Ford, J.; Hernandez, D.; Johanns, J.; Hu, C.; Davis, H.M.; Zhou, H. Population pharmacokinetic
analysis of infliximab in patients with ulcerative colitis. Eur. J. Clin. Pharmacol. 2009, 65, 1211–1228. [CrossRef]

51. Brandse, J.F.; Mould, D.; Smeekes, O.; Ashruf, Y.; Kuin, S.; Strik, A.; van den Brink, G.R.; D’Haens, G.R. A Real-life Population
Pharmacokinetic Study Reveals Factors Associated with Clearance and Immunogenicity of Infliximab in Inflammatory Bowel
Disease. Inflamm. Bowel Dis. 2017, 23, 650–660. [CrossRef] [PubMed]

52. Dotan, I.; Ron, Y.; Yanai, H.; Becker, S.; Fishman, S.; Yahav, L.; Ben Yehoyada, M.; Mould, D.R. Patient Factors That Increase
Infliximab Clearance and Shorten Half-life in Inflammatory Bowel Disease: A Population Pharmacokinetic Study. Inflamm. Bowel
Dis. 2014, 20, 2247–2259. [CrossRef] [PubMed]

53. Hanzel, J.; Bukkems, L.H.; Gecse, K.B.; D’Haens, G.R.; Mathot, R.A.A. Population pharmacokinetics of subcutaneous infliximab
CT-P13 in Crohn’s disease and ulcerative colitis. Aliment. Pharmacol. Ther. 2021, 54, 1309–1319. [CrossRef] [PubMed]

54. European Medicines Agency. Remsima: Assessment Report on Extension(s) of Marketing Authorisation. Available online: https:
//www.ema.europa.eu/en/documents/variation-report/remsima-h-c-2576-x-0062-epar-assessment-report-variation_en.pdf
(accessed on 18 August 2022).

55. European Medicines Agency. Humira (Adalimumab). Summary of Product Characteristics. Available online: https://www.ema.
europa.eu/en/documents/product-information/humira-epar-product-information_en.pdf (accessed on 22 August 2022).

56. Adedokun, O.J.; Xu, Z.; Liao, S.; Strauss, R.; Reinisch, W.; Feagan, B.G.; Sandborn, W.J. Population Pharmacokinetics and
Exposure-Response Modeling of Golimumab in Adults with Moderately to Severely Active Ulcerative Colitis. Clin. Ther. 2020, 42,
157–174. [CrossRef] [PubMed]

57. Buisson, A.; Nachury, M.; Reymond, M.; Yzet, C.; Wils, P.; Payen, K.; Laugie, M.; Manlay, L.; Mathieu, N.; Pereira, B.; et al.
Effectiveness of Switching from Intravenous to Subcutaneous Infliximab in Patients with Inflammatory Bowel Diseases: The
REMSWITCH Study. Clin. Gastroenterol. Hepatol. 2022, in press. [CrossRef] [PubMed]

58. Little, R.D.; Ward, M.G.; Sparrow, M.P. Letter to the Editor: Can subcutaneous infliximab replace dose-intensified intravenous
administration in inflammatory bowel disease? Clin. Gastroenterol. Hepatol. 2022. Epub ahead of printing. [CrossRef]

59. Smith, P.J.; Critchley, L.; Storey, D.; Gregg, B.; Stenson, J.; Kneebone, A.; Rimmer, T.; Burke, S.; Hussain, S.; Teoh, W.Y.; et al.
Efficacy and Safety of Elective Switching from Intravenous to Subcutaneous Infliximab (Ct-P13): A Multi-Centre Cohort Study.
J. Crohn’s Colitis 2022, 16, 1436–1446. [CrossRef]

60. Paul, S.; Williet, N.; Nancey, S.; Veyrard, P.; Boschetti, G.; Phelip, J.M.; Flourie, B.; Roblin, X. No Difference of Adalimumab
Pharmacokinetics When Dosed at 40 mg Every Week or 80 mg Every Other Week in IBD Patients in Clinical Remission After
Adalimumab Dose Intensification. Dig. Dis. Sci. 2021, 66, 2744–2749. [CrossRef]

61. Roblin, X.; Veyrard, P.; Bastide, L.; Berger, A.E.; Barrau, M.; Paucelle, A.S.; Waeckel, L.; Kwiatek, S.; Flourie, B.; Nancey, S.;
et al. Subcutaneous injection of infliximab CT-P13 results in stable drug levels within 14-day treatment cycle in Crohn’s disease.
Aliment. Pharmacol. Ther. 2022, 56, 77–83. [CrossRef]

62. Falquina, I.C.M.; Chumillas, R.M.S.; Garcia, L.A.; González, B.V.; Cuesta, N.R.; Hernández, L.A.; Pascual, L.A.; Aladrén, B.S. P617
Switching from an intensified regimen of infliximab to a subcutaneous standard dose in adults with Inflammatory Bowel Disease:
Our experience in a tertiary hospital. J. Crohn’s Colitis 2022, 16, i544–i545. [CrossRef]

63. Arguelles-Arias, F.; Alvarez, P.F.; Laria, L.C.; Perez, B.M.; Jimenez, M.B.; Merino-Bohorquez, V.; Alvarez, A.C.; Hernandez, M.A.C.
Switch to subcutaneous infliximab during the SARS-CoV-2 pandemic: Preliminary results. Rev. Esp. Enferm. Dig. 2022, 114,
118–119. [CrossRef] [PubMed]

94



J. Clin. Med. 2022, 11, 6173

64. Liefferinckx, C.; Bottieau, J.; Toubeau, J.F.; Thomas, D.; Rahier, J.F.; Louis, E.; Baert, F.; Dewint, P.; Pouillon, L.; Lambrecht, G.; et al.
Collecting New Peak and Intermediate Infliximab Levels to Predict Remission in Inflammatory Bowel Diseases. Inflamm. Bowel
Dis. 2022, 28, 208–217. [CrossRef] [PubMed]

65. Bar-Yoseph, H.; Levhar, N.; Selinger, L.; Manor, U.; Yavzori, M.; Picard, O.; Fudim, E.; Kopylov, U.; Eliakim, R.; Ben-Horin, S.; et al.
Early drug and anti-infliximab antibody levels for prediction of primary nonresponse to infliximab therapy. Aliment. Pharmacol.
Ther. 2018, 47, 212–218. [CrossRef] [PubMed]

66. Ungar, B.; Engel, T.; Yablecovitch, D.; Lahat, A.; Lang, A.; Avidan, B.; Har-Noy, O.; Carter, D.; Levhar, N.; Selinger, L.; et al.
Prospective Observational Evaluation of Time-Dependency of Adalimumab Immunogenicity and Drug Concentrations: The
POETIC Study. Am. J. Gastroenterol. 2018, 113, 890–898. [CrossRef]

67. Ward, M.G.; Thwaites, P.A.; Beswick, L.; Hogg, J.; Rosella, G.; Van Langenberg, D.; Reynolds, J.; Gibson, P.R.; Sparrow, M.P.
Intra-patient variability in adalimumab drug levels within and between cycles in Crohn’s disease. Aliment. Pharmacol. Ther. 2017,
45, 1135–1145. [CrossRef]

68. Casteele, N.V.; Baert, F.; Bian, S.; Dreesen, E.; Compernolle, G.; Van Assche, G.; Ferrante, M.; Vermeire, S.; Gils, A. Subcutaneous
Absorption Contributes to Observed Interindividual Variability in Adalimumab Serum Concentrations in Crohn’s Disease: A
Prospective Multicentre Study. J. Crohn’s Colitis 2019, 13, 1248–1256. [CrossRef]

69. Casteele, N.V.; Gils, A. Editorial: Variability in adalimumab trough and peak serum concentrations. Aliment. Pharmacol. Ther.
2017, 45, 1475–1476. [CrossRef]

70. Ye, B.D.; Leszczyszyn, J.; Dudkowiak, R.; Lahat, A.; Gawdis-Wojnarska, B.; Pukitis, A.; Horynski, M.; Farkas, K.; Kierkuś, J.;
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Abstract: Concomitant immunomodulation is utilised in combination with anti-TNF therapy for
IBD primarily to increase drug levels and prevent anti-drug antibody formation. Whilst thiopurines
have traditionally been the immunomodulator of choice in IBD populations, there are concerns
regarding the long-term safety of the prolonged use of these agents: particularly an association with
lymphoproliferative disorders. Given this, we have explored the existing literature on the use of
low-dose oral methotrexate as an alternative immunomodulator for this indication. Although there
is a lack of data directly comparing the efficacies of methotrexate and thiopurines as concomitant
immunomodulators, the available literature supports the use of methotrexate in improving the
pharmacokinetics of anti-TNF agents. Furthermore, low-dose oral methotrexate regimens appear
to have comparable efficacies to higher-dose parenteral administration and are better tolerated.
We suggest that clinicians should consider the use of low-dose oral methotrexate as an alternative
to thiopurines when the primary purpose of concomitant immunomodulation is to improve anti-
TNF pharmacokinetics.

Keywords: methotrexate; oral; infliximab; adalimumab; concomitant immunomodulator;
pharmacokinetics; inflammatory bowel disease

1. Introduction

The role of anti-tumour necrosis factor (anti-TNF) agents within the treatment ar-
mamentarium of inflammatory bowel disease (IBD) is well established. Agents such as
infliximab (IFX) and adalimumab (ADL) have changed the landscape of medical therapy
for both the induction and maintenance of moderate-to-severe ulcerative colitis (UC) and
Crohn’s disease (CD) [1–6] and now have over 20 years of efficacy and safety data for
IBD [7]. Therapeutic drug monitoring (TDM) has become routine in optimising secondary
loss of response to anti-TNF therapy in IBD. In particular, TDM of IFX has been shown to im-
prove clinical outcomes and be more cost-effective than empirical dose escalation [8,9]. The
data supporting TDM of ADL are, however, less robust [10]. A range of target trough drug
levels have been associated with varying depths of clinical, biochemical, and endoscopic
remission, as well as perianal fistula healing [11–16].

Combination therapy with immunomodulators such as thiopurines (azathioprine
(AZA), mercaptopurine (6-MP)) or methotrexate (MTX) increases anti-TNF drug levels
and decreases the formation of anti-drug antibodies (ADAs) [17–19]. The evidence for the
benefits of concomitant immunomodulation with ADL is less consistent than that with
IFX [20–25]. Thiopurines have traditionally been used as first-line immunomodulators in
IBD. Whilst they are effective therapeutic agents both in combination and as monotherapy,
their long-term use is associated with serious adverse events (AEs), such as infections,
non-melanomatous skin cancers (NMSCs), and lymphoma [26], including hepatosplenic
T-cell lymphoma [27]. Although rare, hepatosplenic T-cell lymphoma has high mortality,
with a preponderance in young males. Conversely, MTX may have a more tolerable serious
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side effect profile. It is commonly used in rheumatological conditions both as monotherapy
and in combination with anti-TNF agents; however, it is typically reserved for those who
are intolerant to thiopurines in IBD [28]. Evidence for its use in IBD is limited to studies of
clinical outcomes of parenteral MTX given at varying doses, with few studies addressing
the outcomes of using oral MTX to improve anti-TNF pharmacokinetics [29].

This comprehensive literature review examines the current evidence available on the
efficacy, safety, and optimal dosing of oral MTX when used as an immunomodulator in
combination with anti-TNF therapy for IBD to optimise anti-TNF drug levels and reduce
immunogenicity. For when concomitant immunomodulation is used for this purpose,
rather than as a second therapeutic agent to treat disease activity, we propose the consid-
eration of low-dose oral (≤12.5 mg/week) MTX, given its favourable safety profile and
comparable efficacy.

We conducted a literature search using the PubMed Online database. The search was
performed using the following linked search terms: “methotrexate” AND (“anti-TNF” OR
“infliximab” OR “adalimumab” OR “golimumab” OR “certolizumab”) AND (“inflamma-
tory bowel disease” OR “Crohn’s disease” OR “ulcerative colitis”) AND (“rheumatoid
arthritis” OR “psoriasis” OR “ankylosing spondylitis”) AND (“trough level” OR “drug con-
centration” OR “anti-drug antibody”). The results were restricted to the English language
and original research, presenting data on the efficacy of oral low-dose MTX as a concomi-
tant immunomodulator with anti-TNF therapy, published before 1 May 2023. In total,
68 articles were identified, and their titles and abstracts were screened by one reviewer (KD)
to ensure their relevance. After screening, seventeen articles were assessed for eligibility,
with an additional four articles added from a review of the reference lists of the selected
articles. Studies that investigated the general efficacy of concomitant immunomodulation
with thiopurines and MTX but failed to stratify their data by type of immunomodulator
were excluded. After review, 10 articles were chosen for discussion (Table 1).
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2. Pharmacokinetics of Anti-TNFs and the Role of Methotrexate in Increasing Drug
Levels and Reducing Immunogenicity

Whilst anti-TNF agents are an effective therapy for IBD, 23–46% of patients treated
with standard dosing regimens of IFX or ADL develop secondary loss of response after
12 months [38]. There are multiple proposed pharmacokinetic and pharmacodynamic
mechanisms that lead to low drug levels and loss of response. Firstly, clearance of these
drugs is increased in active disease. Intestinal inflammation leads to faecal loss of IFX,
with higher faecal IFX concentrations found in those with more severe disease and low
serum albumin levels [39]. The inverse relationship between baseline albumin levels and
anti-TNF clearance [40] may be explained by the interactions between IgG antibodies,
such as IFX, or proteins, such as albumin, and the neonatal Fc Receptor (FcRn) [41]. FcRn
is found on endothelial cells and plays a role in the recycling and transcytosis of IgG
antibodies and serum proteins, preventing them from catabolism and prolonging their
half-life. Additionally, elevated C-reactive protein (CRP) levels have been linked to lower
IFX trough levels and loss of response in IBD patients [42,43]. The association between
these acute phase reactants and reduced drug levels supports the notion that increased
anti-TNF clearance correlates with the severity of the disease.

The most investigated mechanism, however, is the immunogenicity of these agents,
which elicit ADA formation against the F(ab)2 fragment of the anti-TNF IgG molecule [44].
The presence of ADAs against IFX has been demonstrated to increase drug clearance [40,45,46].
Whilst all biological drugs induce immunogenicity, they do so at varying degrees. This is
partly explained by the structural differences amongst anti-TNF agents, whereby lower
immunogenicity rates are associated with the degree of humanisation of molecules [18].
A systematic review and meta-analysis by Thomas et al. found a significant difference in
incidences of ADAs against IFX compared to ADL. IFX is a chimeric monoclonal antibody
(mAb) comprising murine variable and human Fc regions, whilst ADL is a fully humanised
mAb. As expected, the incidence of ADAs against ADL was lower than that with IFX (14.1%
vs. 25.3%, respectively; p = 0.03) [18]. This partly explains the larger body of evidence
supporting the use of immunomodulators in combination with IFX compared to other
anti-TNF agents.

2.1. Efficacy of Concomitant Immunomodulation in Improving Anti-TNF Levels

Immunomodulators increase the serum concentrations of anti-TNFs. Although the
exact mechanism is not well-established, it is presumed that they exert this function by
reducing the formation of ADAs. In the SONIC trial, patients with active CD and who
received a combination of IFX and AZA had higher IFX levels than those who received
IFX monotherapy (3.5 μg/mL vs. 1.6 μg/mL, respectively; p < 0.001). These findings
were associated with higher corticosteroid-free remission rates in the combination therapy
group [47]. Although the advantage of the combination treatment may, in part, be due to an
additive immunosuppressive effect of AZA on the underlying disease process, there was
also a clear reduction in ADA formation in patients on combination therapy in comparison
to monotherapy (0.9% vs. 14.6%, respectively). Post hoc analysis found increasing rates
of remission with increasing serum IFX concentrations but no difference between those
on combination therapy and those on monotherapy when stratified by drug level [48].
Combination IFX and AZA patients comprised 73.1% of those who achieved the highest
quartile of IFX concentrations and only 23.5% of those in the lowest quartile. Furthermore,
the addition of immunomodulators can impact outcomes at as early as 4 weeks, which
is faster than the onset of their therapeutic efficacy [49]. The benefit of combination
therapy has been seen with real-world data from the prospective PANTS UK cohort, which
demonstrated that concomitant immunomodulator therapy with thiopurines or MTX
prevented ADA formation against IFX and ADL, improved drug levels, and was associated
with a higher 54-week clinical remission rate [23].

104



J. Clin. Med. 2023, 12, 4382

2.2. Mechanism of Action of Methotrexate in Improving Anti-TNF Pharmacokinetics

MTX is a potent folic acid antagonist with proven efficacy in CD treatment due to its
anti-inflammatory and pro-apoptotic properties [50]. However, trials in adult patients with
UC found no superiority to the placebo in induction or maintenance of remission [51,52].
MTX exerts its cytotoxic effect by blocking dihydrofolate reductase, interfering with DNA
synthesis, and inhibiting de novo purine synthesis. These anti-inflammatory pathways may
also enhance the efficacy of biologic agents by reducing TNF and IL-12/23 levels [53], even
in the absence of any effect in reducing ADAs. The specific effects on immunological pro-
cesses that may lead to reductions in ADA formation are complex and not fully understood.
A distinct immunomodulatory pathway has been observed in preclinical animal models of
immunogenicity and may account for MTX’s effects on ADA production. MTX exposure
in mice appears to induce T and B cell anergy, thereby blunting their response to antigen
stimulation [54,55]. The animals in these studies showed reduced ADA production towards
recombinant human proteins when treated with MTX. Furthermore, this response persisted
32 weeks after MTX cessation. Unrelated recombinant human proteins were administered
after MTX cessation, and the ADA response was preserved, suggesting that this mechanism
is distinct from generalised immunosuppression. Additionally, other immunosuppressive
medications, including rapamycin and cyclophosphamide, exhibited no significant effect
on the ADA responses, further supporting a unique role of MTX beyond its established
immunosuppressive and cytotoxic effects [54]. These “anergic effects” of MTX on T and B
cells may explain the mechanism for reducing ADAs that target anti-TNF agents.

3. Efficacy of Methotrexate Compared to Thiopurines as Concomitant
Immunomodulators

In contrast to rheumatological conditions, the use of MTX in combination with anti-
TNF agents for concomitant immunomodulation in IBD is less common [17]. This may be
due to the more limited role MTX plays as a therapeutic agent in adult IBD [56]. Thiop-
urines, on the other hand, have a robust evidence base for both CD and UC and, as such,
are commonly used as monotherapy maintenance agents in many jurisdictions globally.
Therefore, when the decision is made to add an anti-TNF agent in patients failing thiop-
urine monotherapy, most of the patients continue to receive thiopurines for concomitant
immunomodulation, with MTX typically reserved for those who either have failed or are
intolerant to thiopurines [57]. A preference for thiopurines over MTX is evident across stud-
ies that have evaluated the effects of concomitant immunomodulation, with the majority of
cohorts showing thiopurine usage rates of 50–70% (Table 1). There may be a trend towards
increasing use of MTX as a first-line immunomodulator in the paediatric population due to
safety concerns regarding prolonged thiopurine exposure, particularly hepatosplenic T-cell
lymphoma. A multi-centre retrospective cohort study found that the proportion of patients
who received MTX as their first immunomodulator rose from 14% in 2002 to 60% in 2010
(p = 0.005) [57].

3.1. Efficacy of Methotrexate for Concomitant Immunomodulation with Anti-TNFs

A review of the literature pertaining to the efficacy of MTX in regard to anti-TNF
pharmacokinetics in both rheumatology and IBD has been summarised in Tables 1 and 2.
Overall, MTX has consistently been shown to reduce the formation of ADAs and lead to
higher anti-TNF levels. There may be a reduced effect when it is used in combination
with ADL compared to with IFX; however, the data on this are mixed [35–37]. Two large,
multi-centre randomised control trials that investigated the use of MTX in combination with
ADL in rheumatoid arthritis and axial spondylarthritis found it to be effective in reducing
rates of ADA formation, increasing trough levels, and achieving clinical responses [35,36].
Conversely, a small, randomised control trial in patients with psoriasis found that there
were no differences in the ADL levels in those on monotherapy compared to those re-
ceiving concomitant MTX [37]. Despite this, the MTX group did have significantly lower
rates of ADA formation and achieved more rapid clinical responses than those on ADL
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monotherapy. Furthermore, a retrospective observational study of 278 CD patients on IFX
or ADL with concomitant immunomodulation with either thiopurines (71%) or MTX (29%)
found that those who received thiopurines had higher ADL trough levels compared to
those who received MTX [32]. Patients on ADL also had higher rates of endoscopic remis-
sion when treated in combination with a thiopurine compared to MTX. These differences
were not observed in patients on IFX. Further studies comparing the differential effects
of MTX and thiopurines when used in combination with ADL would help clarify these
conflicting results.

The data on the effects of concomitant MTX on clinical outcomes in IBD are similarly
conflicted. Two randomised control trials found no difference in the rate of treatment failure
in those on IFX monotherapy compared to combination therapy with MTX; however, one
did show an improvement when used in combination with ADL [58,59]. Conversely, a large
prospective cohort study found that the combination of IFX and MTX had higher rates of
corticosteroid-free deep remission and was less likely to develop secondary non-response
compared to IFX monotherapy [19]. The retrospective data on the effects of varying doses
of concomitant MTX on clinical outcomes are also mixed but overall suggest that there is
no difference between high- and low-dose regimes [30,32,33].

The efficacy of adding a concomitant immunomodulator (thiopurines or MTX) in
eliminating ADAs, improving drug levels, and recapturing clinical responses to anti-TNF
therapy is more established. Three retrospective studies have investigated the effects
of commencing immunomodulators in patients who had developed immunogenic loss
of response to IFX or ADL [31,60,61]. In all three studies, the immunomodulators were
associated with reduction and elimination of ADA titres, increases in anti-TNF trough
levels, and restored clinical responses. Although only one study reported the differential
effects of MTX compared to thiopurines, it found no difference inefficacy between agents
on these outcomes [31]. Furthermore, the addition of an immunomodulator was more
effective than dose intensification of anti-TNFs alone [61].
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3.2. Efficacy of Methotrexate Compared to Thiopurines at Augmenting Anti-TNF
Pharmacokinetics

In terms of transitioning to the preferential use of MTX for concomitant immunomod-
ulation, the first question that must be answered is whether it is as effective as thiopurines
at maintaining anti-TNF trough levels and preventing ADA formation. There have been
only two prospective observational studies that have directly compared the efficacies of
MTX and thiopurines in combination with anti-TNFs [19,28]. There was no difference in
the anti-TNF drug levels between the groups in either study, and MTX was found to be
as effective at reducing ADA formation as AZA. The first study was a prospective cohort
study of 369 patients with IBD and on maintenance IFX, vedolizumab, or ustekinumab.
It investigated the differences in pharmacokinetics between biologic monotherapy and
combination therapy with either MTX or thiopurines at varying doses. MTX was given
orally, with the majority (65.4%) in low doses of 12.5 mg/week. IFX drug levels were found
to be significantly lower in those who received IFX monotherapy (3.8 μg/mL) compared
to those on concomitant MTX (17.1 μg/mL, p = 0.0001) and thiopurines (14.5 μg/mL,
p = 0.01), with a trend towards higher levels in the MTX group compared to the thiopurines
(p = 0.07) [19]. The rates of ADA formation were higher in those on IFX monotherapy
compared to combination therapy (OR 8.6; 95% CI 2.59–29.16); however, this was not
stratified by type of immunomodulator. The second study followed a cohort of 174 patients
with CD across three centres, all of whom were treated with IFX in an episodic on-demand
schedule. In total, 37.3% received AZA, 28.7% received MTX, and 34% received no concomi-
tant immunomodulator [28]. MTX was given only to those who had previous thiopurine
intolerance. It was administered parenterally at 15 mg/week after a 12-week induction
of 25 mg/week. Those researchers found that MTX was as effective at reducing ADA
formation as AZA, and both significantly reduced the risk of ADA formation compared
to IFX monotherapy. They also showed that there was no significant difference in the rate
of ADAs in those who started their concomitant immunomodulators > 3 months prior to
commencing IFX compared to those who started the immunomodulators at the time of IFX
induction. There was no difference in the median IFX level in those receiving AZA or MTX;
this was measured 4 weeks after each infusion (6.15 μg/mL vs. 5.65 μg/mL, respectively;
p = 0.27) [28].

4. Optimal Methotrexate Dosing for Concomitant Immunomodulation

The optimal dose and route of administration of MTX to optimise anti-TNF levels and
prevent ADA formation is yet to be determined. When used as a monotherapy for IBD,
MTX has traditionally been given parenterally and in high doses of 15–25 mg weekly [56].
However, high-dose subcutaneous administration may be unnecessary when MTX is used
for the purpose of augmenting the pharmacokinetics of anti-TNF agents (Tables 1 and 2).

Oral MTX has been shown to be as effective as parenteral administration in improving
clinical outcomes when used in combination with anti-TNFs [30,33], although there is a
paucity of data available for direct comparison. A retrospective review of over 200 patients
demonstrated no differences in clinical outcomes such as IBD-related hospitalisations
or surgery, change in biologic therapy, and steroid initiation between concomitant oral
and parenteral MTX [33]. MTX is absorbed in the proximal jejunum to a varying extent
between individuals, resulting in a bioavailability ranging from 30 to 90% [62]. This was
demonstrated in patients with a range of rheumatological and dermatological conditions
and appears to be independent of gastrointestinal disease involvement. Indeed, two small
studies of patients with quiescent CD found oral MTX to have a bioavailability of 73–86%
compared to subcutaneous administration [63,64]. Evidence around potential reduced
absorption in those with proximal small bowel disease is lacking [65].

The saturable, dose-dependent mechanism of MTX absorption means the bioavailabil-
ity of the oral formulation is higher at lower doses of up to 15 mg [65]. This explains why
MTX, at low doses of 10–12.5 mg/week, is sufficient to reduce ADA formation and increase
anti-TNF levels in both rheumatology and IBD [19,29,34,35,37], as exemplified in the CON-
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CERTO trial [35]. This large randomised double-blind parallel-armed study investigated
the effects of oral MTX at 2.5 mg, 5 mg, 10 mg, and 20 mg/week doses in combination with
ADL in almost 400 patients with rheumatoid arthritis. There were lower rates of ADAs
with increasing doses of MTX of up to 10 mg, with corresponding increases in the mean
ADL levels, of up to 6.5 μg/mL, for those on 10 mg/week compared to 4.4 μg/mL in the
2.5 mg/week group. This dose-dependent effect was limited to a ceiling of 10 mg/week,
with no difference in ADL levels compared to the 20 mg/week group. Improvement in
clinical disease activity also plateaued at an MTX dose of 10 mg/week. These results
have been reiterated in IBD cohorts with MTX doses of 10–12.5 mg/week [19,29,33]. A
prospective cohort study of patients with IBD on IFX found that concomitant oral MTX
improved trough levels to 17.1 μg/mL compared to 3.8 μg/mL in those on IFX monother-
apy (p = 0.001). The improvement in IFX levels with MTX was numerically higher than
that with thiopurines (14.5 μg/mL), although this did not reach significance (p = 0.07). The
majority of the patients in the MTX group received doses of 12.5 mg/week [19]. Similarly,
a cross-sectional study of over 200 paediatric patients found that concomitant low-dose
oral MTX increased IFX trough levels to 15.59 μg/mL compared to 12.35 μg/mL in those
who received IFX monotherapy (p = 0.01) [29].

Role of Therapeutic Drug Monitoring in Guiding Methotrexate Dosing

Although TDM and metabolite monitoring are well-established for anti-TNFs and
thiopurines, there is no such role to guide MTX administration. MTX is a prodrug that
only inhibits purine synthesis once it has had a number of glutamic acid residues added
to it to form MTX polyglutamates [66]. Long-chain MTX-polyglutamates (MTX-PGs)
are not effluxed efficiently from cells and therefore are a measure of intra-cellular MTX
concentration [67]. A systematic review of the use of MTX-PG monitoring in inflammatory
arthopathies has demonstrated that there may be a role for TDM in targeting disease activity
but that it was not useful in predicting MTX toxicity or AEs [68]. A small cross-sectional
study in a paediatric Crohn’s cohort found a trend towards increased short-chain MTX-PGs
in those who were in remission compared to those with active disease [67]. Conversely, a
similar retrospective study in adult IBD patients found that increased long-chain MTX-PG
concentrations were associated with worse clinical disease activity and a higher rate of
AEs [69]. Given this paucity of evidence, there is no established role for TDM of MTX via
polyglutamate testing.

5. Safety Profile of Methotrexate as a Concomitant Immunomodulator with Anti-TNF
Agents

The side effect profile of thiopurines has been well-described, with a range of mild-to-
moderate AEs reported [26,70]; however, it is the more serious AEs, including infections,
NMSC, and lymphoma, associated with their prolonged use that cause concern. These risks
are increased when thiopurines are used in combination with anti-TNF agents [27,71–75].

MTX has a similar mild-to-moderate side effect profile to that of thiopurines. In fact,
a retrospective cohort study of almost 800 patients with IBD found that those on MTX
were more likely to discontinue treatment due to nausea, fatigue, and hepatotoxicity than
those on thiopurines [70]. Meanwhile, patients who took thiopurines had higher rates of
pancreatitis and lower leukocyte and neutrophil counts at 1 year. The patients on MTX
were older and had higher rates of prior immunomodulator intolerance compared to those
on thiopurines. Oral MTX was better tolerated than subcutaneous administration, with
significantly less fatigue (3% vs. 10%, respectively; p = 0.04) and a trend towards lower
discontinuation rates (32% vs. 45%, respectively; p = 0.07). The researchers of that study also
found that lower doses (<20 mg oral or <15 mg subcutaneous) were better tolerated, with
numerically lower discontinuation rates (24% vs. 40%, respectively; p = 0.19) compared to
higher doses (≥20 mg oral or ≥15 mg subcutaneous). Of note is that these lower doses are
still higher than is required for concomitant immunomodulation with anti-TNF therapy.
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Supplementation with folic acid reduces the incidence of gastrointestinal side effects and
hepatotoxicity, improves tolerability, and helps prevent cytopenias [76,77].

More serious but less common AEs of MTX include interstitial lung disease and
pleural or pericardial serositis [78,79]. MTX is not, however, associated with lymphoprolif-
erative disorders when used in monotherapy or in combination with anti-TNF agents [80].
Combination immunosuppressive therapy has raised concern around increasing risk of
infective complications. Indeed, a population-based French study of over 190,000 IBD
patients showed that concomitant thiopurine and anti-TNF therapy increased the risk
of serious and opportunistic infections compared to anti-TNF monotherapy [72]. This
same risk is not apparent with concomitant MTX. A large retrospective registry study of
almost 8000 patients with rheumatoid arthritis reviewed the risk of infections in patients
on combination MTX (mean dose of 13.2 mg/week) and anti-TNF therapy compared to
monotherapy with either agent [81]. These data followed patients for 15,047 patient-years.
Surprisingly, there were no increased rates of infection in those on concomitant MTX and
anti-TNF compared to those on anti-TNF monotherapy (37.1/100 person-years, 95% CI
[34.9–39.3] vs. 41.8/100 person-years, 95% CI [37.0–43.3], respectively) [81]. Whilst the risk
may differ between rheumatoid arthritis and IBD, these data suggest that MTX may have a
lower rate of infective complications than thiopurines.

6. Recommendations for the Use of Low-Dose Oral Methotrexate in Combination with
Anti-TNF Agents

Given the potential safety benefits and demonstrated pharmacokinetic efficacy, we
suggest clinicians consider using low-dose oral MTX as an alternative to thiopurines for
concomitant immunomodulation with anti-TNF therapy for IBD. Low-dose oral MTX
is particularly suitable when the primary aim of the concomitant immunomodulation
is to reduce immunogenicity and increase anti-TNF drug levels rather than as a second
therapeutic agent to treat active disease. Other clinical scenarios where low-dose MTX
should be considered for concomitant immunomodulation include:

• EBV-naïve patients, especially males (due to the risk of lymphoproliferative disorders);
• Young males (due to the rare but devastating risk of hepatosplenic T-cell lymphoma);
• Thiopurine-intolerant patients;
• Homozygous thiopurine methyltransferase (TMPT)- or Nudix hydrolase-15 (NUDT15)-

deficient patients.

Whilst MTX is contraindicated in pregnancy and should be discontinued at least
3 months prior to conception, it has been shown to be safe in males who are planning on
fathering a child [82]. MTX should be avoided in those with chronic liver disease, and dose
reductions may be required for those with renal impairment.

7. Conclusions

The available evidence suggests that MTX has comparable efficacy to thiopurines
in augmenting the pharmacokinetics of anti-TNF agents. It has also been demonstrated
to eliminate ADAs, increase trough levels, and recapture clinical responses in those with
loss of response and on anti-TNF monotherapy. There are, however, a lack of head-to-
head data comparing these two agents as concomitant immunomodulators. Given the
heterogeneity of the dosing regimens that have been studied to date, further investigation
with more stringent subgroup analyses and consistent MTX doses will help clarify these
findings. Overall, low-dose oral MTX (i.e., 10–12.5 mg weekly) is better tolerated and
appears to be as effective as higher-dose parenteral administration in improving anti-TNF
pharmacokinetics. Furthermore, given a potentially more favourable serious AE profile
compared to thiopurines, low-dose oral MTX may be considered as an alternative first-line
option for concomitant immunomodulation alongside anti-TNF therapy.

110



J. Clin. Med. 2023, 12, 4382

Author Contributions: Conceptualisation, K.D., R.D.L. and M.P.S.; methodology, K.D., R.D.L. and
M.P.S.; literature search and screening, K.D.; original draft preparation, K.D. and C.K.M.; review and
editing, K.D., C.K.M., R.D.L. and M.P.S.; supervision, R.D.L. and M.P.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: R.D.L. has received educational support from Celltrion Healthcare and Janssen
and research support from Celltrion Healthcare. M.P.S. has received educational grants or research
support from Ferring, Orphan, Gilead, and Celltrion; has received speaker’s fees from Janssen,
Abbvie, Ferring, Takeda, Pfizer, Shire, and Celltrion; and has served on advisory boards for Janssen,
Takeda, Pfizer, Celgene, Abbvie, MSD, Emerge Health, Gilead, BMS, and Celltrion.

References

1. Hanauer, S.B.; Feagan, B.G.; Lichtenstein, G.R.; Mayer, L.F.; Schreiber, S.; Colombel, J.F.; Rachmilewitz, D.; Wolf, D.C.; Olson,
A.; Bao, W.; et al. Maintenance infliximab for Crohn’s disease: The ACCENT I randomised trial. Lancet 2002, 359, 1541–1549.
[CrossRef]

2. Rutgeerts, P.; Sandborn, W.J.; Feagan, B.G.; Reinisch, W.; Olson, A.; Johanns, J.; Travers, S.; Rachmilewitz, D.; Hanauer, S.B.;
Lichtenstein, G.R.; et al. Infliximab for induction and maintenance therapy for ulcerative colitis. N. Engl. J. Med. 2005, 353,
2462–2476. [CrossRef] [PubMed]

3. Hanauer, S.B.; Sandborn, W.J.; Rutgeerts, P.; Fedorak, R.N.; Lukas, M.; MacIntosh, D.; Panaccione, R.; Wolf, D.; Pollack, P. Human
anti-tumor necrosis factor monoclonal antibody (adalimumab) in Crohn’s disease: The CLASSIC-I trial. Gastroenterology 2006,
130, 323–333. [CrossRef] [PubMed]

4. Sandborn, W.J.; Hanauer, S.B.; Rutgeerts, P.; Fedorak, R.N.; Lukas, M.; MacIntosh, D.G.; Panaccione, R.; Wolf, D.; Kent, J.D.; Bittle,
B.; et al. Adalimumab for maintenance treatment of Crohn’s disease: Results of the CLASSIC II trial. Gut 2007, 56, 1232–1239.
[CrossRef]

5. Colombel, J.F.; Sandborn, W.J.; Rutgeerts, P.; Enns, R.; Hanauer, S.B.; Panaccione, R.; Schreiber, S.; Byczkowski, D.; Li, J.; Kent,
J.D.; et al. Adalimumab for maintenance of clinical response and remission in patients with Crohn’s disease: The CHARM trial.
Gastroenterology 2007, 132, 52–65. [CrossRef] [PubMed]

6. Sands, B.E.; Anderson, F.H.; Bernstein, C.N.; Chey, W.Y.; Feagan, B.G.; Fedorak, R.N.; Kamm, M.A.; Korzenik, J.R.; Lashner, B.A.;
Onken, J.E.; et al. Infliximab maintenance therapy for fistulizing Crohn’s disease. N. Engl. J. Med. 2004, 350, 876–885. [CrossRef]

7. D’Haens, G.R.; van Deventer, S. 25 years of anti-TNF treatment for inflammatory bowel disease: Lessons from the past and a look
to the future. Gut 2021, 70, 1396–1405. [CrossRef]

8. Steenholdt, C.; Brynskov, J.; Thomsen, O.Ø.; Munck, L.K.; Fallingborg, J.; Christensen, L.A.; Pedersen, G.; Kjeldsen, J.; Jacobsen,
B.A.; Oxholm, A.S.; et al. Individualised therapy is more cost-effective than dose intensification in patients with Crohn’s disease
who lose response to anti-TNF treatment: A randomised, controlled trial. Gut 2014, 63, 919–927. [CrossRef]

9. Adedokun, O.J.; Sandborn, W.J.; Feagan, B.G.; Rutgeerts, P.; Xu, Z.; Marano, C.W.; Johanns, J.; Zhou, H.; Davis, H.M.; Cornillie, F.;
et al. Association between serum concentration of infliximab and efficacy in adult patients with ulcerative colitis. Gastroenterology
2014, 147, 1296–1307.e5. [CrossRef]

10. Gibson, D.J.; Ward, M.G.; Rentsch, C.; Friedman, A.B.; Taylor, K.M.; Sparrow, M.P.; Gibson, P.R. Review article: Determination
of the therapeutic range for therapeutic drug monitoring of adalimumab and infliximab in patients with inflammatory bowel
disease. Aliment. Pharmacol. Ther. 2020, 51, 612–628. [CrossRef]

11. Mitrev, N.; Vande Casteele, N.; Seow, C.H.; Andrews, J.M.; Connor, S.J.; Moore, G.T.; Barclay, M.; Begun, J.; Bryant, R.; Chan,
W.; et al. Review article: Consensus statements on therapeutic drug monitoring of anti-tumour necrosis factor therapy in
inflammatory bowel diseases. Aliment. Pharmacol. Ther. 2017, 46, 1037–1053. [CrossRef]

12. Ungar, B.; Levy, I.; Yavne, Y.; Yavzori, M.; Picard, O.; Fudim, E.; Loebstein, R.; Chowers, Y.; Eliakim, R.; Kopylov, U.; et al.
Optimizing Anti-TNF-α Therapy: Serum Levels of Infliximab and Adalimumab Are Associated with Mucosal Healing in Patients
with Inflammatory Bowel Diseases. Clin. Gastroenterol. Hepatol. 2016, 14, 550–557.e2. [CrossRef] [PubMed]

13. Yarur, A.J.; Kanagala, V.; Stein, D.J.; Czul, F.; Quintero, M.A.; Agrawal, D.; Patel, A.; Best, K.; Fox, C.; Idstein, K.; et al. Higher
infliximab trough levels are associated with perianal fistula healing in patients with Crohn’s disease. Aliment. Pharmacol. Ther.
2017, 45, 933–940. [CrossRef] [PubMed]

14. Mitrev, N.; Kariyawasam, V.; Leong, R.W. Editorial: Infliximab trough cut-off for perianal Crohn’s disease—another piece of
the therapeutic drug monitoring-guided infliximab dosing puzzle. Aliment. Pharmacol. Ther. 2017, 45, 1279–1280. [CrossRef]
[PubMed]

15. Papamichael, K.; Cheifetz, A.S.; Melmed, G.Y.; Irving, P.M.; Vande Casteele, N.; Kozuch, P.L.; Raffals, L.E.; Baidoo, L.; Bressler, B.;
Devlin, S.M.; et al. Appropriate Therapeutic Drug Monitoring of Biologic Agents for Patients with Inflammatory Bowel Diseases.
Clin. Gastroenterol. Hepatol. 2019, 17, 1655–1668.e3. [CrossRef] [PubMed]

16. Cheifetz, A.S.; Abreu, M.T.; Afif, W.; Cross, R.K.; Dubinsky, M.C.; Loftus, E.V.; Osterman, M.T.; Saroufim, A.; Siegel, C.A.; Yarur,
A.J.; et al. A Comprehensive Literature Review and Expert Consensus Statement on Therapeutic Drug Monitoring of Biologics in
Inflammatory Bowel Disease. Am. J. Gastroenterol. 2021, 116, 2014–2025. [CrossRef]

111



J. Clin. Med. 2023, 12, 4382

17. Garcês, S.; Demengeot, J.; Benito-Garcia, E. The immunogenicity of anti-TNF therapy in immune-mediated inflammatory diseases:
A systematic review of the literature with a meta-analysis. Ann. Rheum. Dis. 2013, 72, 1947–1955. [CrossRef] [PubMed]

18. Thomas, S.S.; Borazan, N.; Barroso, N.; Duan, L.; Taroumian, S.; Kretzmann, B.; Bardales, R.; Elashoff, D.; Vangala, S.; Furst, D.E.
Comparative Immunogenicity of TNF Inhibitors: Impact on Clinical Efficacy and Tolerability in the Management of Autoimmune
Diseases. A Systematic Review and Meta-Analysis. BioDrugs Clin. Immunother. Biopharm. Gene Ther. 2015, 29, 241–258. [CrossRef]

19. Yarur, A.J.; McGovern, D.; Abreu, M.T.; Cheifetz, A.; Papamichail, K.; Deepak, P.; Bruss, A.; Beniwal-Patel, P.; Dubinsky, M.;
Targan, S.R.; et al. Combination Therapy with Immunomodulators Improves the Pharmacokinetics of Infliximab But Not
Vedolizumab or Ustekinumab. Clin. Gastroenterol. Hepatol. 2022, 22, S1542–S3565. [CrossRef]

20. Karmiris, K.; Paintaud, G.; Noman, M.; Magdelaine-Beuzelin, C.; Ferrante, M.; Degenne, D.; Claes, K.; Coopman, T.; Van
Schuerbeek, N.; Van Assche, G.; et al. Influence of trough serum levels and immunogenicity on long-term outcome of adalimumab
therapy in Crohn’s disease. Gastroenterology 2009, 137, 1628–1640. [CrossRef]

21. Matar, M.; Shamir, R.; Turner, D.; Broide, E.; Weiss, B.; Ledder, O.; Guz-Mark, A.; Rinawi, F.; Cohen, S.; Topf-Olivestone, C.; et al.
Combination Therapy of Adalimumab with an Immunomodulator Is Not More Effective Than Adalimumab Monotherapy in
Children With Crohn’s Disease: A Post Hoc Analysis of the PAILOT Randomized Controlled Trial. Inflamm. Bowel Dis. 2020, 26,
1627–1635. [CrossRef] [PubMed]

22. Matsumoto, T.; Motoya, S.; Watanabe, K.; Hisamatsu, T.; Nakase, H.; Yoshimura, N.; Ishida, T.; Kato, S.; Nakagawa, T.; Esaki, M.;
et al. Adalimumab Monotherapy and a Combination with Azathioprine for Crohn’s Disease: A Prospective, Randomized Trial. J.
Crohn’s Colitis 2016, 10, 1259–1266. [CrossRef] [PubMed]

23. Kennedy, N.A.; Heap, G.A.; Green, H.D.; Hamilton, B.; Bewshea, C.; Walker, G.J.; Thomas, A.; Nice, R.; Perry, M.H.; Bouri, S.;
et al. Predictors of anti-TNF treatment failure in anti-TNF-naive patients with active luminal Crohn’s disease: A prospective,
multicentre, cohort study. Lancet. Gastroenterol. Hepatol. 2019, 4, 341–353. [CrossRef]

24. Kopylov, U.; Al-Taweel, T.; Yaghoobi, M.; Nauche, B.; Bitton, A.; Lakatos, P.L.; Ben-Horin, S.; Afif, W.; Seidman, E.G. Adalimumab
monotherapy versus combination therapy with immunomodulators in patients with Crohn’s disease: A systematic review and
meta-analysis. J. Crohn’s Colitis 2014, 8, 1632–1641. [CrossRef]

25. Chalhoub, J.M.; Rimmani, H.H.; Gumaste, V.V.; Sharara, A.I. Systematic Review and Meta-analysis: Adalimumab Monotherapy
Versus Combination Therapy with Immunomodulators for Induction and Maintenance of Remission and Response in Patients
with Crohn’s Disease. Inflamm. Bowel Dis. 2017, 23, 1316–1327. [CrossRef] [PubMed]

26. Luber, R.P.; Honap, S.; Cunningham, G.; Irving, P.M. Can We Predict the Toxicity and Response to Thiopurines in Inflammatory
Bowel Diseases? Front. Med. 2019, 6, 279. [CrossRef] [PubMed]

27. Kotlyar, D.S.; Osterman, M.T.; Diamond, R.H.; Porter, D.; Blonski, W.C.; Wasik, M.; Sampat, S.; Mendizabal, M.; Lin, M.V.;
Lichtenstein, G.R. A systematic review of factors that contribute to hepatosplenic T-cell lymphoma in patients with inflammatory
bowel disease. Clin. Gastroenterol. Hepatol. 2011, 9, 36–41.e1. [CrossRef] [PubMed]

28. Vermeire, S.; Noman, M.; Van Assche, G.; Baert, F.; D’Haens, G.; Rutgeerts, P. Effectiveness of concomitant immunosuppressive
therapy in suppressing the formation of antibodies to infliximab in Crohn’s disease. Gut 2007, 56, 1226–1231. [CrossRef]

29. Chi, L.Y.; Zitomersky, N.L.; Liu, E.; Tollefson, S.; Bender-Stern, J.; Naik, S.; Snapper, S.; Bousvaros, A. The Impact of Combination
Therapy on Infliximab Levels and Antibodies in Children and Young Adults with Inflammatory Bowel Disease. Inflamm. Bowel
Dis. 2018, 24, 1344–1351. [CrossRef]

30. Colman, R.J.; Rubin, D.T. Optimal doses of methotrexate combined with anti-TNF therapy to maintain clinical remission in
inflammatory bowel disease. J. Crohn’s Colitis 2015, 9, 312–317. [CrossRef]

31. Ungar, B.; Kopylov, U.; Engel, T.; Yavzori, M.; Fudim, E.; Picard, O.; Lang, A.; Williet, N.; Paul, S.; Chowers, Y.; et al. Addition
of an immunomodulator can reverse antibody formation and loss of response in patients treated with adalimumab. Aliment.
Pharmacol. Ther. 2017, 45, 276–282. [CrossRef]

32. Vasudevan, A.; Raghunath, A.; Anthony, S.; Scanlon, C.; Sparrow, M.P.; Gibson, P.R.; van Langenberg, D.R. Higher Mucosal
Healing with Tumor Necrosis Factor Inhibitors in Combination with Thiopurines Compared to Methotrexate in Crohn’s Disease.
Dig. Dis. Sci. 2019, 64, 1622–1631. [CrossRef] [PubMed]

33. Borren, N.Z.; Luther, J.; Colizzo, F.P.; Garber, J.G.; Khalili, H.; Ananthakrishnan, A.N. Low-dose Methotrexate has Similar
Outcomes to High-dose Methotrexate in Combination with Anti-TNF Therapy in Inflammatory Bowel Diseases. J. Crohn’s Colitis
2019, 13, 990–995. [CrossRef] [PubMed]

34. Maini, R.N.; Breedveld, F.C.; Kalden, J.R.; Smolen, J.S.; Davis, D.; Macfarlane, J.D.; Antoni, C.; Leeb, B.; Elliott, M.J.; Woody, J.N.;
et al. Therapeutic efficacy of multiple intravenous infusions of anti-tumor necrosis factor alpha monoclonal antibody combined
with low-dose weekly methotrexate in rheumatoid arthritis. Arthritis Rheumatol. 1998, 41, 1552–1563. [CrossRef]

35. Burmester, G.R.; Kivitz, A.J.; Kupper, H.; Arulmani, U.; Florentinus, S.; Goss, S.L.; Rathmann, S.S.; Fleischmann, R.M. Efficacy
and safety of ascending methotrexate dose in combination with adalimumab: The randomised CONCERTO trial. Ann. Rheum.
Dis. 2015, 74, 1037–1044. [CrossRef] [PubMed]

36. Ducourau, E.; Rispens, T.; Samain, M.; Dernis, E.; Le Guilchard, F.; Andras, L.; Perdriger, A.; Lespessailles, E.; Martin, A.; Cormier,
G.; et al. Methotrexate effect on immunogenicity and long-term maintenance of adalimumab in axial spondyloarthritis: A
multicentric randomised trial. RMD Open 2020, 6, e001047. [CrossRef]

112



J. Clin. Med. 2023, 12, 4382

37. van der Kraaij, G.; Busard, C.; van den Reek, J.; Menting, S.; Musters, A.; Hutten, B.; de Rie, M.; Ouwerkerk, W.; van Bezooijen, S.J.;
Prens, E.; et al. Adalimumab with Methotrexate vs. Adalimumab Monotherapy in Psoriasis: First-Year Results of a Single-Blind
Randomized Controlled Trial. J. Investig. Dermatol. 2022, 142, 2375–2383.e6. [CrossRef]

38. Ben-Horin, S.; Chowers, Y. Review article: Loss of response to anti-TNF treatments in Crohn’s disease. Aliment. Pharmacol. Ther.
2011, 33, 987–995. [CrossRef]

39. Brandse, J.F.; van den Brink, G.R.; Wildenberg, M.E.; van der Kleij, D.; Rispens, T.; Jansen, J.M.; Mathôt, R.A.; Ponsioen, C.Y.;
Löwenberg, M.; D’Haens, G.R. Loss of Infliximab into Feces Is Associated with Lack of Response to Therapy in Patients with
Severe Ulcerative Colitis. Gastroenterology 2015, 149, 350–355.e2. [CrossRef]

40. Fasanmade, A.A.; Adedokun, O.J.; Ford, J.; Hernandez, D.; Johanns, J.; Hu, C.; Davis, H.M.; Zhou, H. Population pharmacokinetic
analysis of infliximab in patients with ulcerative colitis. Eur. J. Clin. Pharmacol. 2009, 65, 1211–1228. [CrossRef]

41. Kuo, T.T.; Aveson, V.G. Neonatal Fc receptor and IgG-based therapeutics. mAbs 2011, 3, 422–430. [CrossRef] [PubMed]
42. Roblin, X.; Marotte, H.; Leclerc, M.; Del Tedesco, E.; Phelip, J.M.; Peyrin-Biroulet, L.; Paul, S. 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, 525–531. [CrossRef] [PubMed]

43. Brandse, J.F.; Mathôt, R.A.; van der Kleij, D.; Rispens, T.; Ashruf, Y.; Jansen, J.M.; Rietdijk, S.; Löwenberg, M.; Ponsioen, C.Y.;
Singh, S.; et al. Pharmacokinetic Features and Presence of Antidrug Antibodies Associate with Response to Infliximab Induction
Therapy in Patients With Moderate to Severe Ulcerative Colitis. Clin. Gastroenterol. Hepatol. 2016, 14, 251–258.e2. [CrossRef]
[PubMed]

44. Ben-Horin, S.; Yavzori, M.; Katz, L.; Kopylov, U.; Picard, O.; Fudim, E.; Coscas, D.; Bar-Meir, S.; Goldstein, I.; Chowers, Y. The
immunogenic part of infliximab is the F(ab′)2, but measuring antibodies to the intact infliximab molecule is more clinically useful.
Gut 2011, 60, 41–48. [CrossRef] [PubMed]

45. Ternant, D.; Aubourg, A.; Magdelaine-Beuzelin, C.; Degenne, D.; Watier, H.; Picon, L.; Paintaud, G. Infliximab pharmacokinetics
in inflammatory bowel disease patients. Ther. Drug Monit. 2008, 30, 523–529. [CrossRef]

46. Buurman, D.J.; Maurer, J.M.; Keizer, R.J.; Kosterink, J.G.; Dijkstra, G. Population pharmacokinetics of infliximab in patients with
inflammatory bowel disease: Potential implications for dosing in clinical practice. Aliment. Pharmacol. Ther. 2015, 42, 529–539.
[CrossRef]

47. Colombel, J.F.; Sandborn, W.J.; Reinisch, W.; Mantzaris, G.J.; Kornbluth, A.; Rachmilewitz, D.; Lichtiger, S.; D’Haens, G.; Diamond,
R.H.; Broussard, D.L.; et al. Infliximab, azathioprine, or combination therapy for Crohn’s disease. N. Engl. J. Med. 2010, 362,
1383–1395. [CrossRef]

48. Colombel, J.F.; Adedokun, O.J.; Gasink, C.; Gao, L.L.; Cornillie, F.J.; D’Haens, G.R.; Rutgeerts, P.J.; Reinisch, W.; Sandborn,
W.J.; Hanauer, S.B. Combination Therapy with Infliximab and Azathioprine Improves Infliximab Pharmacokinetic Features and
Efficacy: A Post Hoc Analysis. Clin. Gastroenterol. Hepatol. 2019, 17, 1525–1532.e1. [CrossRef]

49. Macaluso, F.S.; Sapienza, C.; Ventimiglia, M.; Renna, S.; Rizzuto, G.; Orlando, R.; Di Pisa, M.; Affronti, M.; Orlando, E.; Cottone,
M.; et al. The addition of an immunosuppressant after loss of response to anti-tnfalpha monotherapy in inflammatory bowel
disease: A 2-year study. Inflamm. Bowel Dis. 2018, 24, 394–401. [CrossRef]

50. Nielsen, O.H.; Coskun, M.; Steenholdt, C.; Rogler, G. The role and advances of immunomodulator therapy for inflammatory
bowel disease. Expert Rev. Gastroenterol. Hepatol. 2015, 9, 177–189. [CrossRef]

51. Herfarth, H.; Barnes, E.L.; Valentine, J.F.; Hanson, J.; Higgins, P.D.R.; Isaacs, K.L.; Jackson, S.; Osterman, M.T.; Anton, K.; Ivanova,
A.; et al. Methotrexate Is Not Superior to Placebo in Maintaining Steroid-Free Response or Remission in Ulcerative Colitis.
Gastroenterology 2018, 155, 1098–1108.e9. [CrossRef] [PubMed]

52. Chande, N.; Wang, Y.; MacDonald, J.K.; McDonald, J.W. Methotrexate for induction of remission in ulcerative colitis. Cochrane
Database Syst. Rev. 2014, 2014, CD006618. [CrossRef] [PubMed]

53. Bendtzen, K. Is there a need for immunopharmacologic guidance of anti-tumor necrosis factor therapies? Arthritis Rheumatol.
2011, 63, 867–870. [CrossRef]

54. Garman, R.D.; Munroe, K.; Richards, S.M. Methotrexate reduces antibody responses to recombinant human alpha-galactosidase
A therapy in a mouse model of Fabry disease. Clin. Exp. Immunol. 2004, 137, 496–502. [CrossRef] [PubMed]

55. Joseph, A.; Munroe, K.; Housman, M.; Garman, R.; Richards, S. Immune tolerance induction to enzyme-replacement therapy
by co-administration of short-term, low-dose methotrexate in a murine Pompe disease model. Clin. Exp. Immunol. 2008, 152,
138–146. [CrossRef] [PubMed]

56. Torres, J.; Bonovas, S.; Doherty, G.; Kucharzik, T.; Gisbert, J.P.; Raine, T.; Adamina, M.; Armuzzi, A.; Bachmann, O.; Bager, P.; et al.
ECCO Guidelines on Therapeutics in Crohn’s Disease: Medical Treatment. J. Crohn’s Colitis 2020, 14, 4–22. [CrossRef]

57. Sunseri, W.; Hyams, J.S.; Lerer, T.; Mack, D.R.; Griffiths, A.M.; Otley, A.R.; Rosh, J.R.; Carvalho, R.; Grossman, A.B.; Cabrera, J.;
et al. Retrospective cohort study of methotrexate use in the treatment of pediatric Crohn’s disease. Inflamm. Bowel Dis. 2014, 20,
1341–1345. [CrossRef]

58. Feagan, B.G.; McDonald, J.W.; Panaccione, R.; Enns, R.A.; Bernstein, C.N.; Ponich, T.P.; Bourdages, R.; Macintosh, D.G.; Dallaire,
C.; Cohen, A.; et al. Methotrexate in combination with infliximab is no more effective than infliximab alone in patients with
Crohn’s disease. Gastroenterology 2014, 146, 681–688.e1. [CrossRef]

113



J. Clin. Med. 2023, 12, 4382

59. Kappelman, M.D.; Wohl, D.A.; Herfarth, H.H.; Firestine, A.M.; Adler, J.; Ammoury, R.F.; Aronow, J.E.; Bass, D.M.; Bass, J.A.;
Benkov, K.; et al. Comparative Effectiveness of Anti-TNF in Combination with Low-Dose Methotrexate vs Anti-TNF Monotherapy
in Pediatric Crohn’s Disease: A Pragmatic Randomized Trial. Gastroenterology 2023, 165, 149–161.e7. [CrossRef]

60. Ben-Horin, S.; Waterman, M.; Kopylov, U.; Yavzori, M.; Picard, O.; Fudim, E.; Awadie, H.; Weiss, B.; Chowers, Y. 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, 444–447. [CrossRef] [PubMed]

61. Stallhofer, J.; Guse, J.; Kesselmeier, M.; Grunert, P.C.; Lange, K.; Stalmann, R.; Eckardt, V.; Stallmach, A. Immunomodulator
comedication promotes the reversal of anti-drug antibody-mediated loss of response to anti-TNF therapy in inflammatory bowel
disease. Int. J. Color. Dis. 2023, 38, 54. [CrossRef]

62. van Roon, E.N.; van de Laar, M.A. Methotrexate bioavailability. Clin. Exp. Rheumatol. 2010, 28, S27–S32.
63. Wilson, A.; Patel, V.; Chande, N.; Ponich, T.; Urquhart, B.; Asher, L.; Choi, Y.; Tirona, R.; Kim, R.B.; Gregor, J.C. Pharmacokinetic

profiles for oral and subcutaneous methotrexate in patients with Crohn’s disease. Aliment. Pharmacol. Ther. 2013, 37, 340–345.
[CrossRef]

64. Kurnik, D.; Loebstein, R.; Fishbein, E.; Almog, S.; Halkin, H.; Bar-Meir, S.; Chowers, Y. Bioavailability of oral vs. subcutaneous
low-dose methotrexate in patients with Crohn’s disease. Aliment. Pharmacol. Ther. 2003, 18, 57–63. [CrossRef] [PubMed]

65. Cassinotti, A.; Batticciotto, A.; Parravicini, M.; Lombardo, M.; Radice, P.; Cortelezzi, C.C.; Segato, S.; Zanzi, F.; Cappelli, A.; Segato,
S. Evidence-based efficacy of methotrexate in adult Crohn’s disease in different intestinal and extraintestinal indications. Ther.
Adv. Gastroenterol. 2022, 15. [CrossRef]

66. Goss, S.L.; Klein, C.E.; Jin, Z.; Locke, C.S.; Rodila, R.C.; Kupper, H.; Burmester, G.R.; Awni, W.M. Methotrexate Dose in Patients
With Early Rheumatoid Arthritis Impacts Methotrexate Polyglutamate Pharmacokinetics, Adalimumab Pharmacokinetics, and
Efficacy: Pharmacokinetic and Exposure-response Analysis of the CONCERTO Trial. Clin. Ther. 2018, 40, 309–319. [CrossRef]
[PubMed]

67. Morrow, R.; Funk, R.; Becker, M.; Sherman, A.; Van Haandel, L.; Hudson, T.; Casini, R.; Shakhnovich, V. Potential Role of
Methotrexate Polyglutamates in Therapeutic Drug Monitoring for Pediatric Inflammatory Bowel Disease. Pharmaceuticals 2021,
14, 463. [CrossRef] [PubMed]

68. Mohamed, H.J.; Sorich, M.J.; Kowalski, S.M.; McKinnon, R.; Proudman, S.M.; Cleland, L.; Wiese, M.D. The role and utility of
measuring red blood cell methotrexate polyglutamate concentrations in inflammatory arthropathies—A systematic review. Eur. J.
Clin. Pharmacol. 2015, 71, 411–423. [CrossRef]

69. Brooks, A.J.; Begg, E.J.; Zhang, M.; Frampton, C.M.; Barclay, M.L. Red blood cell methotrexate polyglutamate concentrations in
inflammatory bowel disease. Ther. Drug Monit. 2007, 29, 619–625. [CrossRef]

70. Vasudevan, A.; Parthasarathy, N.; Con, D.; Nicolaides, S.; Apostolov, R.; Chauhan, A.; Bishara, M.; Luber, R.P.; Joshi, N.; Wan, A.;
et al. Thiopurines vs methotrexate: Comparing tolerability and discontinuation rates in the treatment of inflammatory bowel
disease. Aliment. Pharmacol. Ther. 2020, 52, 1174–1184. [CrossRef]

71. Singh, S.; Facciorusso, A.; Dulai, P.S.; Jairath, V.; Sandborn, W.J. Comparative Risk of Serious Infections with Biologic and/or
Immunosuppressive Therapy in Patients with Inflammatory Bowel Diseases: A Systematic Review and Meta-Analysis. Clin.
Gastroenterol. Hepatol. 2020, 18, 69–81.e3. [CrossRef] [PubMed]

72. Kirchgesner, J.; Lemaitre, M.; Carrat, F.; Zureik, M.; Carbonnel, F.; Dray-Spira, R. Risk of Serious and Opportunistic Infections
Associated with Treatment of Inflammatory Bowel Diseases. Gastroenterology 2018, 155, 337–346.e10. [CrossRef] [PubMed]

73. Peyrin-Biroulet, L.; Khosrotehrani, K.; Carrat, F.; Bouvier, A.M.; Chevaux, J.B.; Simon, T.; Carbonnel, F.; Colombel, J.F.; Dupas, J.L.;
Godeberge, P.; et al. Increased risk for nonmelanoma skin cancers in patients who receive thiopurines for inflammatory bowel
disease. Gastroenterology 2011, 141, 1621–1628.e5. [CrossRef] [PubMed]

74. Siegel, C.A.; Marden, S.M.; Persing, S.M.; Larson, R.J.; Sands, B.E. Risk of lymphoma associated with combination anti-tumor
necrosis factor and immunomodulator therapy for the treatment of Crohn’s disease: A meta-analysis. Clin. Gastroenterol. Hepatol.
2009, 7, 874–881. [CrossRef]

75. Lemaitre, M.; Kirchgesner, J.; Rudnichi, A.; Carrat, F.; Zureik, M.; Carbonnel, F.; Dray-Spira, R. Association Between Use of
Thiopurines or Tumor Necrosis Factor Antagonists Alone or in Combination and Risk of Lymphoma in Patients with Inflammatory
Bowel Disease. JAMA 2017, 318, 1679–1686. [CrossRef]

76. Shea, B.; Swinden, M.V.; Tanjong Ghogomu, E.; Ortiz, Z.; Katchamart, W.; Rader, T.; Bombardier, C.; Wells, G.A.; Tugwell, P. Folic
acid and folinic acid for reducing side effects in patients receiving methotrexate for rheumatoid arthritis. Cochrane Database Syst.
Rev. 2013, 2013, CD000951. [CrossRef]

77. Whittle, S.L.; Hughes, R.A. Folate supplementation and methotrexate treatment in rheumatoid arthritis: A review. Rheumatology
2004, 43, 267–271. [CrossRef]

78. Kremer, J.M.; Alarcón, G.S.; Weinblatt, M.E.; Kaymakcian, M.V.; Macaluso, M.; Cannon, G.W.; Palmer, W.R.; Sundy, J.S.; St Clair,
E.W.; Alexander, R.W.; et al. Clinical, laboratory, radiographic, and histopathologic features of methotrexate-associated lung
injury in patients with rheumatoid arthritis: A multicenter study with literature review. Arthritis Rheumatol. 1997, 40, 1829–1837.
[CrossRef]

79. Kremer, J. Major Side Effects of Low-Dose Methotrexate. Available online: https://www.uptodate.com/contents/major-side-
effects-of-low-dose-methotrexate (accessed on 18 May 2023).

114



J. Clin. Med. 2023, 12, 4382

80. Wolfe, F.; Michaud, K. The effect of methotrexate and anti-tumor necrosis factor therapy on the risk of lymphoma in rheumatoid
arthritis in 19,562 patients during 89,710 person-years of observation. Arthritis Rheumatol. 2007, 56, 1433–1439. [CrossRef]

81. Greenberg, J.D.; Reed, G.; Kremer, J.M.; Tindall, E.; Kavanaugh, A.; Zheng, C.; Bishai, W.; Hochberg, M.C. Association of
methotrexate and tumour necrosis factor antagonists with risk of infectious outcomes including opportunistic infections in the
CORRONA registry. Ann. Rheum. Dis. 2010, 69, 380–386. [CrossRef]

82. Sammaritano, L.R.; Bermas, B.L.; Chakravarty, E.E.; Chambers, C.; Clowse, M.E.B.; Lockshin, M.D.; Marder, W.; Guyatt, G.;
Branch, D.W.; Buyon, J.; et al. 2020 American College of Rheumatology Guideline for the Management of Reproductive Health in
Rheumatic and Musculoskeletal Diseases. Arthritis Rheumatol. 2020, 72, 529–556. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

115





Citation: Wong, R.; Qin, L.; Pan, Y.;

Mahtani, P.; Longman, R.; Lukin, D.;

Scherl, E.; Battat, R. Higher

Adalimumab Trough Levels Are

Associated with Histologic

Remission and Mucosal Healing in

Inflammatory Bowel Disease. J. Clin.

Med. 2023, 12, 6796. https://

doi.org/10.3390/jcm12216796

Academic Editors: Konstantinos

Papamichael and Jun Kato

Received: 4 August 2023

Revised: 14 October 2023

Accepted: 20 October 2023

Published: 27 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Higher Adalimumab Trough Levels Are Associated with
Histologic Remission and Mucosal Healing in Inflammatory
Bowel Disease

Rochelle Wong 1, Lihui Qin 2, Yushan Pan 1, Prerna Mahtani 1, Randy Longman 1, Dana Lukin 1, Ellen Scherl 1

and Robert Battat 1,3,*

1 Division of Gastroenterology, Department of Medicine, Weill Cornell Medical College,
New York, NY 10065, USA

2 Department of Pathology, Weill Cornell Medical College, New York, NY 10065, USA
3 Division of Gastroenterology, Centre Hospitalier de l’Universite de Montreal, Montreal, QC H2X 0C1, Canada
* Correspondence: robert.battat@umontreal.ca; Tel.: +1-514-890-8000 (ext. 30787)

Abstract: (1) Many patients with inflammatory bowel disease (IBD) in endoscopic remission have
persistent histologic activity, which is associated with worse outcomes. There are limited data on
the association between adalimumab drug concentrations and histologic outcomes using validated
histologic indices. We aimed to assess the relationship between adalimumab concentrations and the
Robarts Histopathology Index (RHI). (2) Patients from a tertiary IBD center from 2013 to 2020 with
serum adalimumab (ADA) trough concentrations measured during maintenance therapy (≥14 weeks)
and a colonoscopy or flexible sigmoidoscopy with biopsies performed within 90 days of drug
level were included. Blinded histologic scoring using the RHI was performed. Primary analysis
assessed the relationship between adalimumab drug concentrations and histologic remission using
receiver operating characteristic curve analysis. (3) In 36 patients (26 Crohn’s Disease, 9 ulcerative
colitis, 1 indeterminate), median adalimumab concentrations were higher (17.3 ug/mL, 12.2–24.0)
in patients with histologic remission compared to those without (10.3 ug/mL, 6.8–13.9, p = 0.008).
The optimal ADA concentration identified using the Youden threshold was ≥16.3 ug/mL (sensitivity
70%, specificity 90%). Patients with ADA ≥ 16.3 ug/mL had higher histologic remission rates (78%)
compared to lower ADA concentrations (14%, p= 0.002), as well as higher mucosal healing rates
(86%) compared to lower levels (12%, p = 0.001). Symptoms correlated weakly and non-significantly
with both histologic (RHI) scores (r = 0.25, p = 0.2) and adalimumab concentrations (r = 0.05, p = 0.8).
(4) The current study demonstrated that higher serum adalimumab concentrations (≥16.3 ug/mL)
are needed for histologic remission and mucosal healing assessed using the RHI.

Keywords: adalimumab maintenance; therapeutic drug monitoring; mucosal healing

1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD) are chronic inflammatory bowel
diseases (IBD) [1,2]. Endoscopic healing in IBD has consistently been associated with
reductions in corticosteroid use, hospitalization, and surgery. Thus, endoscopic healing is
the recommended primary treatment target for IBD [3–7]. Additionally, improved long-
term outcomes are associated with more stringent endoscopic outcomes with a complete
absence of disease activity [8–13]. Despite this fact, significant proportions of patients
with IBD in endoscopic remission have persistent histologic activity, which is associated
with higher rates of symptomatic relapse, corticosteroid use, surgery, and dysplasia [14,15].
Thus, incorporating histology into management is now recommended, and regulatory
authorities require the term “mucosal healing” to refer to achieving both endoscopic and
histologic remission [16]. Consequently, there has been significant interest in the use of
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validated histology instruments, such as the Robarts Histopathology Index (RHI), to assess
histologic remission [17].

Therapeutic drug monitoring (TDM) has been demonstrated to optimize therapies
to maintain efficacy in IBD, in which there are limited existing therapies [18]. Clinical
situations during which TDM can be helpful include treatment failure, after successful
induction and transition into maintenance therapy, assessing timing for a drug holiday,
or during clinical remission when subsequent activity results would change management.
Tumor necrosis factor (TNF) antagonist trough and anti-drug antibody concentrations
are used in TDM and have been associated with important outcomes in IBD [19]. There
are various strategies for providers to utilize TDM that are currently being studied. The
standard of care currently involves empiric dose escalation of anti-TNF therapy if the patient
does not achieve a response. Reactive TDM, where providers use drug concentration levels
and antidrug antibodies to guide decision-making, has been helpful for patients who are
suspected or confirmed to have a loss of response to therapy [20]. In contrast, proactive
drug monitoring, where the drug is titrated to a target concentration, has been associated
with better clinical outcomes, reduced risk of treatment failure, and lower risk of developing
antidrug antibodies [21,22].

In both Crohn’s disease (CD) and ulcerative colitis (UC), TNF antagonists, such as
adalimumab (ADA), are often required to induce and maintain remission. Adalimumab
has been found to be effective in achieving and maintaining clinical remission for both
CD [23] and UC [24,25] patients, including those who have been treated with prior anti-TNF
therapy. Various studies have been published on the optimal therapeutic drug level for
adalimumab to achieve clinical, endoscopic, and histologic remission. Levels of 4.8 ug/mL
have been associated with clinical remission and >7.5 ug/mL for endoscopic remission [26].
For histologic remission, one study found drug levels >7.8 ug/mL were associated with
histologic healing, using standard-of-care pathologist assessment for the absence of micro-
scopic inflammatory infiltrate to define histologic remission but no formal histologic scoring
criteria [27]. This initial study suggests higher concentrations may be needed to achieve
deeper levels of remission. Another study showed that adalimumab drug concentrations
>13.9 ug/mL at week 4 were associated with serological remission at week 24, consistent
with emerging literature suggesting that higher concentrations of anti-TNF therapy may be
needed to achieve a response [28,29].

However, despite the success of adalimumab therapy to induce and maintain re-
mission, significant proportions of patients experience either primary non-response or
secondary loss of response to anti-TNF therapy [30]. There are limited exposure-response
data on adalimumab for validated histologic endpoints [31,32]. A recent randomized
controlled trial found reduced efficacy of adalimumab relative to vedolizumab to achieve
histologic remission defined using the RHI [33]. A potential explanation for suboptimal
histologic outcomes with adalimumab may be inadequate drug concentrations. However,
data on the relationship between serum adalimumab concentrations and histologic out-
comes with validated indices are lacking. The RHI is a responsive indicator of histologic
disease and treatment response in UC and CD, [33–35] with similar test characteristics to
other histologic indices [36] and validated against endoscopy [37,38]. The RHI has been
deemed appropriate to measure histological disease activity in CD [39] and utilized in
landmark CD trials.

This study aimed to assess the relationship between serum drug concentrations of
adalimumab and a validated histologic disease activity index in patients with IBD using
prospectively collected, blinded and objective histologic scores.

2. Materials and Methods

2.1. Study Population

In this retrospective study, patients from a tertiary IBD center from 2013 to 2020 with
adalimumab (ADA) trough drug concentrations measured during maintenance therapy
(≥14 weeks) and a colonoscopy or flexible sigmoidoscopy with biopsies performed within
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90 days of drug level were included. A chart review was performed for demographic data,
medication and surgical history, and disease characteristics.

2.2. Data and Outcome Definitions

Serum adalimumab trough concentrations were measured using a homogenous mo-
bility shift assay (Prometheus Laboratories, San Diego, CA, USA). Drug levels were drawn
during maintenance therapy for routine drug monitoring, regardless of clinical symptoms
or clinical remission. Additional bloodwork was drawn to evaluate for active inflammation
if the patient was symptomatically active.

For inclusion criteria, trough levels were defined as drug concentration levels drawn
within 7 days prior to the next administration of ADA for patients receiving therapy every
2 weeks, or on the day prior to the next administration for those on weekly injections.
However, because the standard practice at our center is to collect serum adalimumab
concentrations within 1 day prior to drug administration, the median time of drug concen-
tration measurement prior to the next dose reflected a more stringent trough definition
(1.5 days) in this study.

For patients with colonoscopy or flexible sigmoidoscopy performed within 90 days of
drug level, histologic scoring using the RHI was performed by a blinded pathologist on
the biopsies obtained during ileo-colonoscopy [15,17,34]. Biopsies for CD were taken from
endoscopically inflamed segments, or at random if no endoscopic inflammation existed,
from at least one segment throughout the ileum and/or colon. Biopsies for UC were also
taken from endoscopically inflamed segments, or at random if no endoscopic inflammation
existed, from the colon with at least one biopsy from the rectum, given the continuous
pattern of inflammation from the rectum in this disease. Additional biopsies were taken
from areas that appeared most endoscopically active or affected, such as the presence of
ulcers or erythema, in order to accurately assess for inflammation.

Rates of endoscopic remission, defined as the absence of ulcers for CD [3,16] and a
Mayo endoscopic score of 0 for UC [3,16] were assessed. Histologic remission, defined
as RHI = 0, was also assessed [17,40]. Mucosal healing (MH) was defined as achieving
both endoscopic and histologic remission. Rates of clinical (symptomatic) remission were
assessed, as defined using a Harvey Bradshaw Index of 4 or less for patients with CD or a
partial Mayo score of 2 or less for patients with UC.

2.3. Statistical Analysis

Primary analysis assessed the diagnostic accuracy of adalimumab drug concentrations
for histologic remission using receiver operating characteristic curve analysis. Outcome
proportions were compared above and below identified optimal (Youden) thresholds using
Fisher’s exact test. Rates of endoscopic remission and mucosal healing (achieving both
endoscopic and histologic remission) were additionally compared using the identified
threshold. A p-value < 0.05 was considered significant.

All statistical analyses were performed using STATA SE 15.1 (Statacorp, College
Station, TX, USA).

2.4. Ethics

All authors had access to the study data and reviewed and approved the final
manuscript. Study protocol and materials were approved by the institutional review
board at Weill Cornell Medicine. The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board of Weill Cornell Medicine
(Protocol code 20-04021893 and date of approval 5 August 2020). All patients provided
written informed consent.

3. Results

Thirty-six patients were included (26 CD, 9 UC, 1 indeterminate, Table 1). The median
cohort age was 34 years old, and 56% of patients were female. The median ADA drug
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concentration was 11.1 ug/mL (IQR: 7.0–15.5 ug/mL). The median time from treatment
initiation to drug concentration measurement was 103 weeks (IQR 25–75 = 35.6–286). The
median time of drug concentration measurement prior to the next dose was 1.5 days. En-
doscopic remission was noted in 7/24 (29%) of CD patients and 1/4 (25%) of UC patients.
The median RHI score was 8.5 (IQR 25–75 = 0–21.8) and histologic remission was achieved in
10/30 (33%) of patients. Of the 24 patients with both endoscopic and histologic data available,
8 patients (33%) achieved mucosal healing (endo-histologic remission). Median adalimumab
concentrations were 12.1 ug/mL in patients with symptomatic remission, 13.9 ug/mL in
patients with endoscopic remission, 17.3 ug/mL in patients with histologic remission, and
19.6 ug/mL in patients with complete mucosal healing (endo-histologic remission).

Table 1. Patient Cohort Demographics (n = 36).

Demographics n(%)

Median Age at Drug Level (years) 34
Gender (female) 20 (0.56)

Type of IBD
Crohn’s Disease 26 (0.72)

Ulcerative Colitis 9 (0.25)
Indeterminate Colitis 1 (0.02)

Adalimumab
Median Drug Level Concentration (IQR 25–75) 11.1 (7.0–15.5)

Median Dose (mg) 40
Median Frequency (every X weeks) 2

Median Days of Therapy (d) 718
Median Weeks of Therapy (wk) 103

Age at Diagnosis
Age < or = 16 11 (0.31)

Age 17–40 15 (0.42)
Age > or = 41 8 (0.22)

Unknown 2 (0.06)

Montreal Classification
Crohn’s Disease (n = 26)

B1—inflamed, non-stricturing, non-penetrating 13 (0.50)
B2—stricturing 6 (0.23)

B3—fistulizing (penetrating) 7 (0.26)
CD: L1 ileal 5 (0.19)

CD: L2 colonic 3 (0.12)
CD: L3 ileocolonic 17 (0.65)

CD: L4 isolated upper GI disease 6 (0.23)
Ulcerative Colitis (n = 9)

UC: left-sided (rectum to splenic flexure) 5 (0.56)
UC: Extensive (beyond splenic flexure, including ascending/transverse colon) 4 (0.44)

Endoscopy
CD: Presence of ulcers (lack of remission) 7/24 (0.29)

UC: Mayo Score <2 (presence of remission) 1/4 (0.25)
Histology

RHI score = 0 (histologic remission) 10/30 (0.33)
Median RHI Score 8.5
Mucosal Healing

Endohistologic Remission 8/24 (0.33)
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Table 1. Cont.

Demographics n(%)

Medication History
Previously used mesalamine 28 (0.78)
Previously used sulfasalazine 5 (0.14)
Previously used budesonide 14 (0.39)

Previously used 6-mercaptopurine 14 (0.39)
Previously used methotrexate 5 (0.14)
Previously used azathioprine 6 (0.17)

Prior TNF exposure 13 (0.36)
Prior Vedolizumab exposure 1 (0.03)

Prior steroid (prednisone) use 19 (0.53)
Surgical History

Previous IBD-related abdominal surgery 12 (0.33)

3.1. Relationship between Adalimumab Concentrations and Histology

Median adalimumab concentrations were higher (17.3 ug/mL, 12.2–24.0) in patients
with histologic remission compared to patients without histologic remission (10.3 ug/mL,
6.8–13.9, p = 0.008). The area under the curve for ADA concentrations to identify histologic
remission was 0.80 (95% CI 0.61–0.99, Figure 1). The optimal ADA concentration identified
using the Youden threshold was ≥16.3 ug/mL (sensitivity 70%, specificity 90%, positive
likelihood ratio 7.0, negative likelihood ratio 0.33). Patients with ADA ≥ 16.3 ug/mL had
higher histologic remission rates (78%) compared to patients with lower ADA concentra-
tions (14%, p= 0.002, Figure 2).

 
Figure 1. Area Under the Receiver Operator Curve Analysis for Histologic Remission (RHI = 0) and
adalimumab drug concentrations.

In quartile analysis of drug concentrations associated with the primary outcome, 17%
(1/6) of patients achieved mucosal healing in quartile 1 (0–7 ug/mL), 17% (1/6) of patients
achieved mucosal healing in quartile 2 (7–12.3 ug/mL), 14% (1/7) of patients achieved
mucosal healing in quartile 3 (12.4–16.3 ug/mL), and 100% (5/5) achieved mucosal healing
in quartile 4 (16.4–26.4 ug/mL).
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Figure 2. Patients with higher adalimumab (ADA) concentrations achieved statistically significantly
higher histologic remission rates than patients with lower ADA concentrations (p = 0.002).

3.2. Relationship between Adalimumab Concentrations and Endo-Histologic Outcomes

The median adalimumab concentrations were significantly higher (19.6 ug/mL, 14.6–24.9)
in patients with complete mucosal healing (both endoscopic and histologic remission) com-
pared to patients without complete mucosal healing (10.3 ug/mL, 5.9–13.9, p = 0.009).
Using the previously identified threshold, patients with an adalimumab concentration
≥16.3 ug/mL also had higher rates of complete mucosal healing (86%) compared to patients
with lower adalimumab concentrations (12%, p = 0.001, Figure 3).

Figure 3. Patients with higher ADA concentrations achieved statistically significantly higher mucosal
healing (endohistologic remission) rates than patients with lower ADA concentrations (p = 0.001).

Using the previously identified threshold, patients with an adalimumab concentration
≥16.3 ug/mL had higher endoscopic remission (100%) compared to patients with lower
adalimumab concentrations (57%, p = 0.04). In addition, the median adalimumab concentra-
tions were numerically higher (13.9 ug/mL, 7.7–17.0) in patients with endoscopic remission
compared to patients without endoscopic remission (9.1 ug/mL, 6.1–13.0, p = 0.16).

3.3. Relationship between Adalimumab Concentrations and Symptomatic Outcomes

The median adalimumab concentrations were similar between patients with (12.1 ug/mL,
5.9–14.5) and without (10.9 ug/mL, 8.9–16.0) symptomatic (clinical) remission. The area
under the curve for ADA concentrations to identify symptomatic remission was 0.45 (95%
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CI 0.24–0.66). Symptoms correlated weakly and non-significantly with both histologic
(RHI) scores (r = 0.25, p = 0.2) and adalimumab concentrations (r = 0.05, p = 0.8).

3.4. Relationship between Adalimumab Concentrations and Composite Outcome of Mucosal
Healing and Clinical Remission

The median adalimumab concentrations for patients with both mucosal healing and
clinical remission was 18.9 ug/mL, IQR 13.7–22.7, while the median adalimumab concen-
tration for patients without both was 11.2 ug/mL, IQR 7–14.8, p = 0.15. Similar numerical
differences existed with a smaller sample size of those with endoscopic, symptomatic, and
histologic data. Using the previously identified threshold, patients with an adalimumab
concentration ≥16.3 ug/mL trended toward higher mucosal healing and clinical remission
(43%) compared to patients with lower adalimumab concentrations (6%, p = 0.06, Figure 4).

Figure 4. Patients with higher ADA concentrations trended towards improved mucosal healing and
clinical remission when compared to patients with lower ADA concentrations (p = 0.06).

4. Discussion

Histologic remission and MH may better predict relapse and long-term outcomes than
clinical or endoscopic remission alone [19,30]. Thus, histopathology has been suggested
as an adjunctive goal in therapeutic targets in management guidelines [3]. Consequently,
understanding the exposure-response relationship between common biologic therapies
and these outcomes is important. Adalimumab has been shown to have inferior histologic
outcomes to other agents [33]. However, data on the relationship between validated
histologic disease activity indices and adalimumab drug concentrations are lacking. The
current study was the first to uniquely describe and demonstrate a significant relationship
between adalimumab maintenance trough concentrations and histologic outcomes using a
validated histologic index.

Therapeutic drug monitoring (TDM), defined as using serum drug concentrations
and the presence of anti-drug antibodies to guide management, can be helpful in patients
with both a primary non-response or secondary loss of response to biologic therapy [41].
As TDM becomes more incorporated into clinical practice and management, it will be
important to clarify the target goal for patients to achieve histologic remission and mucosal
healing. The current recommended target adalimumab concentration is 7.5 ug/mL to
achieve endoscopic remission [42]. However, this level is best correlated with the lack
of endoscopic lesions and may not achieve mucosal healing (endohistologic remission)
due to low sensitivity [27]. Our study suggests that a higher than traditional serum ADA
target (≥16.3 ug/mL) is needed to achieve histologic remission. Several prior studies
have reported on the higher maintenance of adalimumab concentrations, which achieved
higher rates of histologic remission and mucosal healing in IBD patients [27,43]. However,
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the main strength of our study is that it is the first to use a validated histologic scoring
tool, as well as a blinded histologic disease activity assessment, in contrast to previous
studies that lacked validated histologic scoring tools and utilized retrospectively reviewed
pathology [27].

One strength of our study was the use of stringent endoscopic and histologic out-
comes. It has been suggested that early proactive monitoring of mucosal inflammation and
mucosal healing within 6 months of biologic initiation is associated with a reduction in
complications at 24 months, including corticosteroid use, change in biologic, IBD-related
hospitalization, or surgery [44]. However, rather than using noninvasive monitoring, such
as fecal calprotectin, endoscopic evaluation, or cross-sectional radiographic enterogarphy,
our primary outcome was the most stringent of histologic remission, defined as RHI of 0.
This has been already strongly associated with patient clinical and endoscopic remission
status [40]. An RHI score of 0 ensures complete histologic remission outcomes. Our use of
mucosal healing, defined as endo-histologic remission, as an endpoint also better reflects
current practice. Although not formally defined as a therapeutic target, histopathology
showing active mucosal inflammation on biopsy may increase clinical suspicion for un-
derappreciated endoscopic disease activity, and prompt treatment adjustments or earlier
disease activity reassessments.

Limitations of the current study include its retrospective study design, its limited
sample size, and a low proportion of patients being in complete endo-histologic remission.
However, between-group differences in histologic and MH rates were not only statistically
significant but also had strikingly large numerical differences. It is important to note the
evolving definitions of mucosal healing [45]. We define mucosal healing in our study
to be combined endoscopic and histologic remission, in line with recent Food and Drug
Administration (FDA) recommendations. Prior studies have used similar terminology to
define only endoscopic remission [46,47]. Our study also defines endoscopic remission for
UC as Mayo 0. Mayo 0 shows a lower risk of clinical relapse than Mayo 1, but no differences
in risk of hospitalization or IBD surgery [48]. Drug concentration thresholds may differ
depending on the outcome of interest. Ungar et al. defined mucosal healing as endoscopic
score remission and found that ADA serum levels > 7.1 ug/mL predicted endoscopic MH
with 85% specificity, while the current study data suggest a higher ADA level is required to
achieve both endoscopic and histologic remission.

Another limitation to consider is that a serum ADA target of 16.3 ug/mL may be
difficult to achieve. Proactive therapeutic drug monitoring, which utilizes dose escalation to
achieve a threshold concentration regardless of disease activity, may be a strategy to achieve
higher adalimumab concentrations appropriately and cost-effectively [49,50]. Testing has
more commonly been performed at trough, as the presence of the drug can interfere
with the detection of anti-TNF antibodies. The timing of when to measure drug serum
concentrations can also be unclear when practicing therapeutic drug monitoring. However,
recent data suggest that serum adalimumab concentrations are stable in the first 9 days after
injection and can reasonably predict therapeutic trough drug levels, potentially allowing
for earlier decision-making based on non-trough adalimumab levels [51,52]. One study by
Kato et al. found serum ADA levels are predictive of clinical outcomes regardless of trough
timing [53]. This may be helpful for patients on more frequent dosing of adalimumab, while
the timing of drug levels may be more important to make for patients requiring longer
follow-up. Future studies are needed to investigate the feasibility of this TDM practice.

5. Conclusions

To conclude, this study reports a serum ADA concentration that is higher than tradi-
tional targets (≥16.3 ug/mL) is associated with higher rates of histologic remission and
mucosal healing.
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Abstract: Biological therapy is very effective for treating patients with moderate to severe inflamma-
tory bowel disease (IBD). However, up to 40% can have primary non-response, and up to 50% of the
patients can experience a loss of response to anti-tumor necrosis factor therapy. These undesirable
outcomes can be attributed to either a mechanistic failure or pharmacokinetic (PK) issues character-
ized by an inadequate drug exposure and a high drug clearance. There are several factors associated
with accelerated clearance of biologics including increased body weight, low serum albumin and
immunogenicity. Drug clearance has gained a lot of attention recently as cumulative data suggest
that there is an association between drug clearance and therapeutic outcomes in patients with IBD.
Moreover, clearance is used by model informed precision dosing (MIDP) tools, or PK dashboards, to
adjust the dosing for reaching a target drug concentration threshold towards a more personalized
application of TDM. However, the role of drug clearance in clinical practice is yet to be determined.
This comprehensive review aims to present data regarding the variables affecting the clearance of
specific biologics, the association of clearance with therapeutic outcomes and the role of clearance
monitoring and MIPD in patients with IBD.

Keywords: clearance; inflammatory bowel disease; therapeutic drug monitoring; anti-TNF therapy;
vedolizumab; ustekinumab; mirikizumab; risankizumab; model informed precision dosing;
pharmacokinetic dashboard

1. Introduction

Biological therapy is very effective for treating patients with moderate to severe in-
flammatory bowel diseases (IBD) such as Crohn’s disease (CD) and ulcerative colitis (UC).
However, up to 40% and 80% of the patients can have primary non-response and primary
non-remission to anti-tumor necrosis factor (anti-TNF) therapy, respectively [1]. Moreover,
up to half of the patients with IBD may experience secondary loss of response [2]. Therapeu-
tic drug monitoring (TDM) can help to explain these unwanted outcomes attributed either
to a mechanistic failure in the presence of adequate drug concentration or pharmacokinetic
(PK) issues characterized by an inadequate drug exposure and a high drug clearance [3].

Drug clearance is expressed as the volume of plasma in the vascular compartment that
is cleared of drug per unit of time, and it is estimated using Bayesian modeling [3]. Mecha-
nisms underlying the clearance of monoclonal antibodies include intracellular catabolism
and endocytosis, increase in target load, protein-losing enteropathy and binding to anti-
drug antibodies. There are several factors associated with the above mechanisms that can
influence the clearance of biologics including body weight, serum albumin and immuno-
genicity (Figure 1) [4–46]. In particular, increased body weight, decreased albumin and
anti-drug antibodies (ADAs) have been associated with higher clearance for almost all the
biologics currently used in IBD (Figure 1).

J. Clin. Med. 2023, 12, 7132. https://doi.org/10.3390/jcm12227132 https://www.mdpi.com/journal/jcm
129



J. Clin. Med. 2023, 12, 7132

Figure 1. Variables associated with higher clearance of biologics in patients with inflammatory
bowel disease. CD: Crohn’s disease; IBD: inflammatory bowel disease; UC: ulcerative colitis; ADA;
anti-drug antibodies; CRP: C-reactive protein, AZA: azathioprine, MTX: methotrexate, FC: fecal
calprotectin, CDAI: Crohn’s disease activity index, PMS: partial Mayo score, WBC: white blood count,
ESR: erythrocyte sedimentation rate, EOW: every other week, PCDAI: pediatric CDAI, ALP: alkaline
phosphatase; nCD64: neutrophil CD64; ↑ higher; ↓ lower.

Drug clearance has gained a lot of attention recently as an increased estimated baseline
clearance may identify patients at high risk of underexposure to biologics and PK-related
treatment failure. Furthermore, a sudden increase in clearance during therapy can precede
the decrease in drug concentrations and may predict a flare prior to the development of
symptoms or low drug concentrations. Moreover, cumulative data suggest that there is
an association between drug clearance and therapeutic outcomes in patients with IBD
(Table 1) [17,21,22,24,32,36,40,47–51].

Table 1. Estimated clearance of biologics associated with therapeutic outcomes in patients with
inflammatory bowel disease.

Author (Year) Study Design Drug Population (N)
Estimated
Clearance

Time Point

Estimated
Clearance
Threshold,

L/Day

Therapeutic
Outcome

(Time Point)

Battat (2021)
[47] Retrospective IFX ASUC (N = 39) Baseline ≥0.627 Colectomy

(6 months)

Vande Casteele
(2019) [48]

ACT 1 and
2 RCTs IFX UC (N = 484) Baseline <0.397 MES ≤ 1

(week 8)

Vande Casteele
(2019) [48]

ACT 1 and
2 RCTs IFX UC (N = 484) Baseline <0.364 MES ≤ 1

(week 30)

Peticollin (2019)
[17] Prospective IFX IBD (N = 91) At time of

de-escalation >0.320
Relapse following

treatment
de-escalation
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Table 1. Cont.

Author (Year) Study Design Drug Population (N)
Estimated
Clearance

Time Point

Estimated
Clearance
Threshold,

L/Day

Therapeutic
Outcome

(Time Point)

Whaley (2023)
[21] Prospective IFX ASUC * (N = 38) Day 3 after

drug initiation >0.480 Colectomy

Chung (2023)
[24] Retrospective IFX CD (N = 85) Baseline <0.230 Remission

(5 months)

Chung (2023)
[24] Retrospective IFX CD (N = 85) Baseline <0.238 Remission

(10 months)

Chung (2023)
[24] Retrospective IFX CD (N = 85) Baseline <0.243 Remission

(16 months)

Chung (2023)
[24] Retrospective IFX CD (N = 85) End of

induction <0.230 Remission
(5 months)

Chung (2023)
[24] Retrospective IFX CD (N = 85) End of

induction <0.213 Remission
(10 months)

Chung (2023)
[24] Retrospective IFX CD (N = 85) End of

induction <0.252 Remission
(16 months)

Vermeire (2022)
[22] Prospective IFX IBD (N = 276) Baseline, weeks

2, 6, 14 <0.250 CRP-based clinical
remission

Abraham (2023)
[49] Prospective IFX IBD (N = 275) Maintenance >0.294 Active disease,

drug discontinuation

Wright (2023)
[50] Retrospective ADM CD (N = 237) Maintenance # <0.350 SES-CD < 3

Wright (2023)
[50] Retrospective ADM CD (N = 237) Maintenance # <0.280 FC < 100 ug/g

Wright (2023)
[50] Retrospective ADM CD (N = 237) Maintenance # <0.300 CRP-based clinical

remission

Lefevre (2022)
[32]

PRECiSE 1 and
2 RCTs CZP CD (N = 964) Baseline >0.500 Drug TC < 36 μg/mL

(week 6)

Vande Casteele
(2022) [51] Retrospective VDZ IBD (N = 695) Baseline <0.170 Clinical remission

(week 52)

Vande Casteele
(2022) [51] Retrospective VDZ IBD (N = 695) Baseline <0.160 Deep remission

(week 52)

Osterman
(2019) [36] GEMINI 1 RCT VDZ UC (N = 693) Week 6 <0.140 Clinical response

(week 14)

Colman (2022)
[40] Prospective VDZ IBD (N = 21) Baseline <0.161 FC < 250 mg/g

(week 14)

* Pediatric; # The sampling time for adalimumab pharmacokinetics were matched to the study visit assessment,
occurring anytime relative to the last dose. IFX: infliximab; ADM: adalimumab; CZP: certolizumab pegol; VDZ:
vedolizumab; ASUC: acute severe ulcerative colitis; IBD: inflammatory bowel disease; MES: Mayo endoscopic
score; CD: Crohn’s disease; UC: ulcerative colitis; FC: fecal calprotectin; CRP: C-reactive protein; SES-CD: Simple
Endoscopic Score for Crohn’s Disease; RCT: randomized controlled trial; TC: trough concentration.

Finally, clearance is used by model informed precision dosing (MIDP) tools, or PK
dashboards, to adjust the dosing for reaching a target drug concentration threshold, typi-
cally depending on the desired therapeutic set by the treating physician. However, the role
of drug clearance in clinical practice is yet to be determined.

The aim of this comprehensive review is to present data regarding the variables
affecting the clearance of specific biologics, the association of clearance with therapeutic
outcomes and the role of clearance monitoring and MIPD in patients with IBD.
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2. Variables Affecting Clearance of Biologics

2.1. Infliximab

Numerous factors have been shown to accelerate infliximab clearance in patients
with IBD. The most frequently identified variables from studies were increased body
weight, lower albumin and immunogenicity (Figure 1) [4–20]. Other factors that can
lead to high clearance include male gender [5,12,18], induction compared to mainte-
nance therapy [14,21,22], prior biologic therapy [13], an increased Crohn’s disease ac-
tivity index (CDAI) [11], as well as elevated fecal calprotectin [10,11], C-reactive protein
(CRP) [14,23,24] and erythrocyte sedimentation rate (ESR) [10]. On the other hand, con-
comitant immunomodulators (IMMs) (thiopurines/methotrexate) were found to decrease
infliximab clearance by around 15% [6,9,17]. This is probably due to the fact that IMM can
prevent or suppress immunogenicity as well as decrease the TNF target-antigen burden
and consequently the target-mediated elimination of infliximab; although, the mechanisms
by which IMM decrease infliximab clearance have not been clearly defined yet [17].

A post hoc analysis of the REACH and ACCENT I randomized controlled trials (RCTs)
showed that the clearance was higher in those who developed ADAs or had low baseline
albumin [6]. Moreover, concurrent IMM use decreased infliximab clearance by 14% [6].
Data from the Phase I study of maintenance subcutaneous therapy with the infliximab
biosimilar CT-P13 in patients with IBD showed that clearance could be increased by 43.2%,
30.1% and 39% by an elevated body weight (from 70 to 120 kg), lower albumin (from
44 to 32 gr/L) and positive ADAs, respectively [13]. The same study showed that patients
previously treated with biologics also exhibited a higher drug clearance compared to anti-
TNF naïve patients, probably reflecting a more refractory disease and a higher tendency to
develop ADAs [13]. A multi-center prospective study including pediatric patients with CD
showed that median clearance was higher in ADA-positive compared to ADA-negative
patients (0.0111 L/h vs. 0.0094 L/h, p < 0.001) [8]. A post hoc analysis of the TAILORIX RCT
showed that higher infliximab clearance in patients with CD was associated with increased
fecal calprotectin, decreased albumin, increased CDAI and immunogenicity [11]. In a PK
analysis of the ACT1 and ACT2, RCTs increased body weight, and lower albumin predicted
a higher infliximab clearance in UC. The same study also showed that the mean clearance
was 47.1% higher for patients with positive ADAs [12]. A prospective PK study regarding
patients with IBD showed that concomitant azathioprine use led to a 15.1% decrease in
infliximab clearance [17].

2.2. Adalimumab

Several factors have been shown to accelerate adalimumab clearance in patients with
IBD including body weight, lower albumin and immunogenicity. (Figure 1) [26–30]. Other
factors associated with increased clearance include prior biologic exposure [50], every week
dosing [27], UC [29], elevated CRP [29,30] and higher fecal calprotectin [29].

A post hoc analysis of the SERENE CD and UC RCTs identified increased body weight,
lower baseline albumin and immunogenicity as variables associated with higher drug
clearance [29]. Other factors associated with accelerated adalimumab clearance were UC
and elevated baseline fecal calprotectin and CRP levels. The PK analysis of the IMAgINE-
1 RCT showed that increased body weight, higher baseline CRP and lower baseline albumin
levels were associated with a greater clearance of adalimumab in pediatric CD [30]. In a
prospective multicenter study, positive ADAs increased the clearance of a typical patient
with CD from 0.330 L/d to 0.525 L/d [26]. Similarly, another study showed a four-fold
increase in adalimumab clearance in the presence of ADAs in patients with CD [27].

2.3. Certolizumab Pegol

Variables associated with a higher clearance of certolizumab pegol in patients with
CD include increased body weight, lower albumin, immunogenicity and elevated CRP
(Figure 1) [31,32].
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In a certolizumab pegol PK modeling study, body weight (46.8–100.5 kg) increased
the median clearance from 82 to 120%; albumin (32–48 g/L) decreased drug clearance
from 123 to 85%; CRP (0.5–54.0 mg/L) increased the median clearance from 83 to 113%;
and positive ADAs increased the median clearance by 142–174% [31]. A PK analysis on
phase 2 and 3 certolizumab pegol clinical trials demonstrated that the predicted baseline
certolizumab pegol clearance of ≥0.5 L/d was associated with a higher probability of a
sub-therapeutic drug concentration at week 6 [32]. The same study using the PRECiSE
1 and 2 RCTs datasets identified a baseline certolizumab pegol clearance associated with
composite remission (CDAI ≤ 150 and fecal calprotectin concentration ≤ 250 μg/g) at both
week 6 [odds ratio (OR): 0.92; 95% confidence interval (CI): 0.87–0.96] and week 26 (OR:
0.93; 95%CI 0.88–0.97) [32].

2.4. Golimumab

Limited data show that the factors associated with a higher golimumab clearance in
patients with UC include increased body weight, lower albumin, immunogenicity, previous
biological therapy and a lack of concomitant methotrexate use (Figure 1) [33,34].

A population PK model developed on pooled data from studies regarding adults
(NCT00487539 and NCT00488631) and children with moderate-to-severe UC (NCT 01900574),
as well as children with polyarticular juvenile idiopathic arthritis (NCT01230827), showed
that golimumab clearance increased with body weight and immunogenicity, while the
clearance decreased with higher baseline albumin and concomitant methotrexate. Pa-
tients receiving methotrexate had a 17% lower clearance compared to those on golimumab
monotherapy, and positive ADAs were associated with a 21% higher drug clearance [34].
In the same line, in a PK study of 56 patients with moderate-to-severe UC, golimumab
clearance was 31% higher when ADAs were detected [33].

2.5. Vedolizumab

Several factors have been identified to accelerate vedolizumab clearance in patients
with IBD; the most important ones being increased body weight, lower albumin and
immunogenicity (Figure 1) [35–40]. Other factors that can lead to a high clearance include
prior biological therapy [36,38,39], older age [36], and higher endoscopic Mayo score [35],
as well as elevated fecal calprotectin [36,39], CRP [39] and ESR [40].

The prospective multicenter LOVE-CD (NCT02646683) study showed that vedolizumab
clearance was higher in patients with CD with lower serum albumin concentrations (+26%,
from 41 g/L to 28 g/L), presence of ADAs (+89% compared to no ADAs) and previous
exposure to other biologic therapies (+25% compared to no biologic naïve patients) [38]. A
PK study of the GEMINI 1 RCT demonstrated that the vedolizumab clearance was higher
in patients with UC with a history of prior anti-TNF treatment, lower serum albumin and
higher fecal calprotectin [36].

2.6. Ustekinumab

Several factors have been identified to accelerate the ustekinumab clearance in pa-
tients with IBD including increased body weight, lower albumin and immunogenicity
(Figure 1) [41–44]. Other factors that can lead to a high clearance include prior exposure
to biologics [42,43], increasing fat-free mass [43], male gender [42,44], Asian race [42] and
higher CRP levels [42].

Data from four phase IIb/III ustekinumab clinical trials (C0743T26, CNTO1275CRD3001,
CNTO1275CRD3002, CNTO1275CRD3003) demonstrated that increased body weight,
elevated CRP, decreased albumin, TNF antagonist failure status (11% higher in failed
patients), immunogenicity (increased by 13% in positive ADA status), sex (17% higher in
males) and race (14% higher in Asian compared to non-Asian races) were associated with a
higher clearance in CD [42]. In a PK analysis of UNIFI (NCT02407236), clearance increased
non-linearly with body weight in patients with UC [44]. Moreover, a higher ustekinumab
clearance was associated with lower albumin, male sex and immunogenicity [44].
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2.7. Risankizumab

A PK analysis from a phase I study in healthy participants (NCT05305222) and phase
II and III studies in CD (NCT02031276, ADVANCE, MOTIVATE and FORTIFY) identified
increased body weight, decreased albumin, increased fecal calprotectin, corticosteroid use,
increased creatinine clearance and male gender as variables associated with higher risak-
inumab clearance (Figure 1) [45]. Neutralizing antibodies and ADAs were not identified as
significant covariates for risankizumab clearance [45].

2.8. Mirikizumab

A PK analysis of three RCTs (NCT02589665, NCT03518086, NCT03524092), including
1362 patients with UC, identified increased body weight and decreased albumin as factors
associated with higher mirikizumab clearance (Figure 1) [46].

3. Association of Clearance with Therapeutic Outcomes

There is cumulating evidence suggesting that a higher clearance is associated with
sub-therapeutic drug concentrations and unwanted therapeutic outcomes in patients with
IBD, while a lower drug clearance is associated with clinical, biomarker, endoscopic and
deep remission (Table 1).

Regarding infliximab, a PK analysis of the ACT 1 and two RCTs found a linear
relationship between the baseline infliximab clearance and week 8 Mayo endoscopic scores
(MES) (p < 0.001). Based on a receiver operating characteristic (ROC) curve analysis, a
threshold of <0.397 L/d was associated with week 8 MES of ≤ 1 with a sensitivity (SN),
specificity (SP), positive predictive value and area under the curve (AUC) of 75%, 48%,
68% and 0.64, respectively [48]. A prospective study of 31 children with IBD showed
that patients who achieved deep remission at week 24 had a lower infliximab clearance
at week 6 (0.202 L/d vs. 0.269 L/d, p = 0.020) and week 12 (0.215 L/d vs. 0.243 L/day,
p = 0.022) compared to patients not achieving deep remission [52]. In a retrospective study
of patients with acute severe UC, the median baseline calculated clearance was higher in
patients requiring a colectomy at 6 months than in patients without a colectomy (0.733 vs.
0.569 L/d; p = 0.005). An infliximab clearance threshold of 0.627 L/d identified patients
who required a colectomy with 80% SN and 82.8% SP (AUC: 0.80) [47]. A multivariable
analysis identified the baseline infliximab clearance as the only factor associated with
colectomy [47]. A retrospective study of 36 patients with corticosteroid-refractory acute UC
showed that the infliximab clearance increased over time in those requiring a colectomy [14].
A prospective study by Peticollin et al. aiming to explore the link between PK parameters
and the probability of relapse after de-escalation of infliximab therapy in patients with IBD
showed that a drug clearance higher than 0.320 L/d at the time of infliximab de-escalation
was associated with a shorter time to relapse [17].

There are only limited data regarding the association of adalimumab clearance with
clinical outcomes in patients with IBD (Table 1). A recent retrospective cohort study
including patients with CD showed that the median clearance was lower in patients
achieving endoscopic remission as compared to those with persistent active endoscopic
disease (0.247 L/d vs. 0.326 L/d, p < 0.01) [50]. Of note, there was no significant difference
in the median adalimumab concentration between patients with endoscopic remission
compared to those without (9.3 μg/mL vs. 11.7 μg/mL), implying that drug clearance may
be a more superior PK measure than drug concentration to predict outcomes and a better
reflection of inflammatory burden than drug concentration. While highly correlated with
one another, clearance performed better than drug concentration alone with respect to all
investigated outcomes based on the higher AUC in the ROC curve analysis [50].

Regarding the association of vedolizumab clearance with clinical outcomes in patients
with IBD, the ERELATE study showed that baseline vedolizumab clearance thresholds
of <0.17 L/d and <0.16 L/d were associated with clinical and deep remission at week
52, respectively [51]. The same study showed that clearance in the lower quartiles was
associated with higher rates of favorable therapeutic outcomes, including clinical and
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deep remission assessed either at week 14 or week 52 [51]. In a propensity-score-based
case-matching analysis using data from the GEMINI 1, the RCT clinical response and
remission rates at week 14 were 26.6% and 5.9%, respectively, in the highest vedolizumab
clearance quartile (0.23 to <0.55 L/d) compared to 65.5% and 35.7, respectively, in the
lowest vedolizumab clearance concentration quartile (0.03 to <0.14 L/d) at week 6 [36]. In
a prospective multicenter study in children with IBD, starting with a vedolizumab baseline
clearance of less than 0.161 L/d predicted a fecal calprotectin remission (<250 μg/g) at the
end of the induction [40].

Currently, there are no data available regarding the association of ustekinumab,
mirikzumab or risankizumab clearance with therapeutic outcomes in patients with IBD.

4. Clearance Monitoring and Model Informed Precision Dosing

The optimal dose of a biologic is not the same for every patient with IBD due to
the high interindividual variability in the monoclonal antibodies’ PK, and one size does
not fit all [3]. Clinical decisions based only on TDM are rather empirical as they are
based on analog flowcharts or decision trees that refer more to a trial-and-error treatment
optimization, underestimating the true value of TDM [53]. One of the most important
aspects of PK is clearance. Clearance precedes changes in drug concentrations and can
be an early predictor of disease relapse or development of immunogenicity. A recent
study showed that a combination of infliximab concentration and clearance was a better
predictor of CRP-based clinical remission compared to either one alone [54]. Another study
showed that clearance may be even better than drug concentrations for predicting favorable
therapeutic outcomes in patients with CD treated with adalimumab [50].

Baseline clearance, although imprecise as it is estimated only based on patients’ clinical
and demographic data, can be used to identify patients at high risk of underexposure
requiring early proactive TDM and an intensified induction regimen [55]. Drug clearance
during biologic therapy is more accurately estimated as drug concentrations are taken into
account and can be used by an MIPD tool towards a more personalized implementation of
TDM, allowing patient-specific dosing forecasts to accurately achieve a predefined drug
concentration target [55]. Of note, clearance monitoring and MIPD do not require TDM
at a trough but can operate with intermediate drug concentrations. This allows for more
flexibility in the sampling and an extended window of opportunity to adjust dosing. This is
particularly important for reactive TDM, as patients are symptomatic and cannot wait until
the next drug administration for a clinical decision to be made. A recent study showed an
excellent correlation of forecasted infliximab trough concentrations from mid-cycle blood
samples with measured trough specimens [56].

MIPD typically uses Bayesian modeling to estimate clearance based on population PK
modeling and patient data and a software tool to predict the optimal dosing for achieving
a target drug concentration. Preliminary data from retrospective and prospective studies
both in adult and pediatric patients with IBD treated with infliximab support the concept
of MIPD-based proactive TDM for maintaining therapeutic drug concentrations, showing
the benefits of reduced immunogenicity, higher response rates, drug durability and fewer
complications [52,57–63]. Most importantly, the PRECISION RCT (NCT02453776) demon-
strated that a PK dashboard-based proactive TDM of infliximab was superior to standard
dosing for sustaining remission during maintenance therapy [64].

The real-world impact of infliximab precision-guided dosing on management of pa-
tients with IBD was demonstrated by a recent study of 275 patients and 37 providers, where
in 58% of cases, providers modified the treatment plans based on the results of the MIDP,
including dose modifications (41%) and drug discontinuation (8%). Moreover, all providers
reported that MIPD was beneficial in guiding treatment decisions and added more value to
their practice than routine TDM [49]. A physiologically based pharmacokinetic model was
recently used to predict the PK of anti-TNF agents in pregnant women, fetuses and infants
to inform dosing decisions for infliximab, adalimumab and golimumab in pregnancy and
vaccination regimens for infants [65]. However, wide utilization of MIPD in clinical practice

135



J. Clin. Med. 2023, 12, 7132

is hindered by its limited availability, high cost, undetermined optimal TDM sampling
based also on the assay used, the lack of clearly defined targets for drug concentrations
among different IBD phenotypes and the complexity of bedside implementation. Prelimi-
nary data suggest that an MIPD tool can be embedded within the electronic health record,
guiding clinical decisions in real time for pediatric patients with CD treated with infliximab
or adalimumab [10,66].

5. Conclusions

Cumulative data suggest that clearance monitoring of biologics can predict thera-
peutic outcomes in IBD. Preliminary data also demonstrate the importance of clearance
when estimated by MIPD tools for providing dosing recommendations towards treatment
optimization. However, more prospective studies are needed to establish the role of MIPD
of biologics in IBD and to investigate the efficacy of a novel therapeutic strategy that in-
cludes the combination of MIPD-based proactive TDM and pharmacodynamics monitoring.
The ongoing RCTs TITRATE (NCT03937609), MODIFI (NCT04982172), REMODEL-CD
(NCT05660746) and OPTIMIZE (NCT04835506) will shed more light on the role of MIPD of
infliximab in IBD. Future perspectives regarding the use of MIPD include the incorporation
of additional factors such as visceral adipose tissue, human leukocyte antigen haplotypes
or drug concentration at the site of inflammation that could increase the accuracy of the
estimated clearance and the dosing predictions.
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Abstract: Therapeutic drug monitoring (TDM) of biologics—encompassing the measurement of
(trough) concentrations and anti-drug antibodies—is emerging as a valuable tool for clinical decision
making. While this strategy needs further validation, attention on its implementation into the clinic
is warranted. Rapid testing and easy sampling are key to its implementation. Here, we aimed
to evaluate the feasibility and volunteers’ perception of home microsampling for quantification
of adalimumab (ADM) concentrations in psoriasis patients. In addition, we compared lateral flow
testing (LFT) with enzyme-linked immunosorbent assay (ELISA). Patients participating in the SUPRA-
A study (clinicaltrials.gov NCT04028713) were asked to participate in a substudy where volumetric
absorptive microsampling (VAMS) was performed at home. At three time points, whole blood and
corresponding serum samples were collected for ADM measurement using an in-house ELISA. In
addition, the patients’ perspective on microsampling was evaluated via a questionnaire. LFT-obtained
ADM concentrations agreed very well with ELISA results (Pearson’s correlation = 0.95 and R2 = 0.89).
ADM concentrations determined in both capillary (via finger prick) and corresponding venous blood
VAMS samples correlated strongly with serum concentrations (Pearson’s correlation = 0.87). Our
preliminary data (n = 7) on rapid testing and home-based microsampling are considered promising
with regard to TDM implementation for adalimumab, warranting further research.

Keywords: psoriasis; biologics; therapeutic drug monitoring; lateral flow testing; microsampling

1. Introduction

The management of patients with moderate-to-severe psoriasis has changed dramati-
cally over the past years and has greatly benefited from the use of biologics, monoclonal
antibodies targeting specific components of the immune system [1]. The first class of
biologics comprises anti-tumor necrosis factor (anti-TNF) agents, including infliximab,
adalimumab (ADM), etanercept and golimumab, which remain widely used in psoriasis, in
addition to psoriatic arthritis and inflammatory bowel disease [2]. Although the efficacy is
superior compared to conventional systemic treatments such as methotrexate [3], real-world
evidence on effectiveness revealed primary and secondary non-responders [4–6]. Primary
non-responders are considered patients who do not respond or insufficiently respond to the
biologic, whereas secondary non-responders include patients who responded well initially,
yet lose clinical response over time. A variety of reasons exist for these observations, but
the exact mechanisms remain to be unraveled [7].

One explanation entails drug exposure, which is usually measured through the trough
(i.e., right before the next drug administration) concentrations in serum or plasma. To this
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end, a therapeutic window may be defined, making it possible to categorize patients as
‘underexposed’ or ‘overexposed’ (Figure 1).

Figure 1. Concept of therapeutic drug monitoring. Therapeutic drug monitoring as proposed in the
SUPRA-A trial: blood from the patient is sampled at trough as either whole blood (venipuncture or
finger prick). Adalimumab (ADM) concentrations can then be quantified by ELISA or lateral flow
testing (LFT). Based on the therapeutic window of ADM (dotted horizontal lines in graph) [8,9], the
patients’ trough levels can be categorized into three categories: supratherapeutic (above upper thresh-
old of window), optimal (within window), or subtherapeutic (below lower threshold of window).
Depending on the categorization, a management plan is set up by the physician and the dose admin-
istration can be adapted. In case of subtherapeutic levels, additional testing of immunogenicity may
be required to detect anti-drug antibodies (ADA). If ADA-negative, a dose increase (intensification)
may be needed. If ADAs are present, a treatment switch is recommended. Figure adapted from
Research Foundation—Flanders (FWO) grant proposal (T003218N). Abbreviations: ADA—Anti-Drug
Antibodies; Ctrough—serum trough concentration (i.e., drug concentration right before the next drug
administration.

The use of the concept of a therapeutic window, and corresponding adaptation of
a dosing regimen to ensure that the concentrations of a drug lie within this window, is
coined ‘therapeutic drug monitoring’ (TDM). TDM already found its way in the field of
treatment of inflammatory bowel disease with anti-TNF agents [10]. Here, windows have
been defined for infliximab, vedolizumab, golimumab, and ADM [8,9,11]. Interestingly,
the definition of such windows heavily depend on several factors, including the timing
of sampling (induction versus maintenance phase), the quantification assay but also the
clinical outcome and of course the disease [10]. To illustrate the latter, Juncadella et al.
evaluated ADM concentrations in light of several objective therapeutic outcomes: ADM
levels of 11.8, 12.0, and 12.2 μg/mL were associated with biochemical, endoscopic or
histological remission in patients with Crohn’s disease; respectively [11]. For ulcerative
colitis, levels of 10.5, 16.2, and 16.2 μg/mL of ADM were defined as threshold for the
respective outcomes. Endoscopic and histological remission required minimum levels of 12
and 12.2 μg/mL of ADM, respectively. Similar observations were made for infliximab [12].
In 2015, we defined a window for ADM in psoriasis of 3.51–7.0 mg/L associating with
an optimal clinical effect, which was later confirmed by Wilkinson and colleagues in a
larger cohort [8,9]. Currently, the use of TDM in patients with overexposure to ADM
(supratherapeutic levels) is being investigated in the SUPRA-A trial (recruitment ongoing;
clinicaltrials.gov NCT04028713) [13].

However, for TDM to be implemented in clinical practice, several criteria need to
be met: first, a therapeutic window or target concentration should be defined based on a
dose–response relationship, linking measurable drug concentrations (typically in serum)
to a clinical therapeutic efficacy. In addition, serum concentrations should be available
rapidly, in case of clinical flares, in order to propose dose adjustments, and, even more,
should be obtained with relative ease for patient, clinician and lab. Currently, TDM of
biologics is generally performed in serum as the sample matrix, requiring sampling to be
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done by a healthcare professional and the patient to leave their home. Not only is this time-
consuming for the patient, but during the initial COVID-19 pandemic lockdown, nearly
impossible [14]. Hence, alternative sampling methods that can be executed in the comfort
of the patients’ homes have become more relevant. Sampling via dried blood spots (DBS)
has long been a standard method of microsampling, with various studies supporting its
feasibility in different patient populations [15–19]. It has numerous advantages, including
the collection of microvolumes of equal to or less than 20 μL, which is more suitable for
reduced blood flow or when handling infants. Moreover, storage and transfer of DBS does
not require freezing, making it suitable for various settings (including patient homes or
remote locations). Another asset is the simplicity of collection, omitting centrifugation or
wet volume transfers and thus biohazardous handling. Lastly, its costs are much lower
regarding transport and storage, making it an attractive option for large trials or—when
needed regularly—in patient management.

Despite being a relatively robust sampling method for routine drug monitoring, the
implementation of dried blood microsampling is hampered by a few issues. First, since
whole blood is used as a source, the presence of haematocrit impacts the viscosity of the
sample and thus its spreading on filter paper. This may pose an issue as, for a given volume
applied on filter paper, blood with a high haematocrit will yield smaller-sized DBS than
blood with a low haematocrit. Consequently, when using a partial-punch approach, the
blood volume contained within this punch -and hence also the concentration derived for a
compound- will differ. This is also referred to as the haematocrit effect [20,21].

Second, the volume of blood that is collected is not easily controlled. However,
recently several devices have been developed that allow volumetric collection of blood
from a finger prick [20,21]. One of these newer technologies is called volumetric absorptive
microsampling (VAMS), in which a polymeric tip wicks up a fixed volume of blood (e.g.,
10, 20 or 30 microliters), irrespective of the hematocrit [20,22]. The use of VAMS for
various drugs has been tested and was found to be a reliable sampling method, also for the
determination of larger proteins such as monoclonal antibodies [16,23].

After sample collection, the sample still needs to be assessed. Until now, in clinical
laboratory settings, the measurement of biologics is predominantly performed by means
of enzyme-linked immunosorbent assay (ELISA). ELISAs are antigen-specific, provide
quantifiable results, and can easily be implemented in clinical laboratories (in essence
only requiring an absorbance microplate reader). On a downside, the execution is rather
time-consuming (impacting the turn-over time) and it is rather suitable for high-throughput
measurement; i.e., to be cost-effective, multiple samples need to be analyzed simultaneously.
Only if sufficient patients in a short time window need to be sampled, ELISA is cost-
efficient, which may induce long waiting times to meet the serum sample number. To
this end, alternative assays were developed, such as ‘rapid’ testing via lateral flow testing
(LFT) assays. LFT has gained massive use amongst the general public since the COVID-19
pandemic [24]. In the field of TDM, LFT for the measurement of ADM and anti-ADM
antibodies has been developed as well [25]. However, the use of such assays has remained
limited to the clinical setting, due to the requirement of serum or plasma as a matrix and a
specific reader.

Although recent advances in the microsampling and rapid testing field allow for
several limitations to be tackled, this is yet to be shown for TDM of ADM in the psoriasis
population. Here, we report on a preliminary evaluation of the use of rapid testing and
home sampling by patients participating in a study assessing non-inferiority of a TDM-
based dose reduction strategy for ADM in psoriasis (Soenen et al.; unpublished). In this
study, two promising tools to facilitate TDM, self-sampling at home and rapid testing,
were evaluated.
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2. Materials and Methods

2.1. Study Design and Data Collection

Subjects were recruited from the SUPRA-A trial (NCT04028713) with ethical approval
from the Ethics Committee of Ghent University Hospital in Belgium (EudraCT 2019-001918-42).
All participating subjects provided written informed consent. The study was conducted in
accordance with the Declaration of Helsinki. At the time of writing, the study had not been
completed yet.

In short, patients with confirmed supratherapeutic ADM concentration were random-
ized 1:1 to a control or intervention arm, the latter implying a lengthening of the dose
interval (once every 3 weeks instead of bi-weekly). If the therapeutic response remained
stable in the intervention arm, the dose reduction could be extended to every 4 weeks. All
patients were asked to participate in a substudy in which the use of VAMS was evaluated
as an alternative sampling technique for quantification of ADM.

Study data were collected and managed using REDCap (Research Electronic Data
Capture) hosted at Ghent University Hospital [26,27].

2.2. Sample Collection, Transportation, Preparation and Storage

On day 0, patients received a short training by an instructed nurse as well as writ-
ten instructions on home sampling (Supplementary Figure S1). The first sampling was
performed under supervision of the trained nurse in the hospital. Afterwards, patients
were asked to self-sample at 9 pre-defined time points (day 3, 5, 7, 14, 21, 28, 35, 42, and
49) using a VAMS device, marketed as Mitra® (Neoteryx LLC, Torrance, CA, USA). In
short, the device consists of a plastic handler with an absorbent polymeric tip attached to it,
which absorbs a precise volume of blood (20 μL), after a finger prick was performed with a
1.8 mm safety lancet (Novolab, Ergolance Blue 25G, Geraardsbergen, Belgium). For each
time point, patients received a home sampling kit containing the following materials to
perform home sampling (in duplicate, if needed): lancet, sampling cartridge, cotton ball,
adhesive bandage and a prepaid shipping envelope with desiccant. At each time point,
2 VAMS samples were collected by the patients (biological replicates). The VAMS samples
were sent by postal service under ambient conditions to the Dermatology Research Unit
of Ghent University Hospital for processing. Upon receipt, the tips were first visually
inspected for absorption efficiency [28]; i.e., if white spots were still visible we assumed less
than 20 μL was absorbed and this was noted for each individual sample. Next, the VAMS
tips were transferred to 1.5 mL Eppendorfs with a forceps and 480 μL superblock PBS
buffer (ThermoFisher; Waltham, MA, USA) was added. Following an incubation of 1 h at
21 ◦C at 300 RPM (Eppendorf ThermoMixer C, Hamburg, Germany), each vial was shortly
vortexed and tips were removed with cleaned forceps. Extracts were stored at −20 ◦C until
analysis. Overall, extraction was done within 4 days after sampling (ranging from 1 day
until 10 days).

In addition, at 3 predefined time points (day 0, day 14 and day 28 or day 0, day 21
and day 42, depending on the randomization arm), whole blood and serum were collected
simultaneously, allowing comparison of the different matrices, i.e., capillary VAMS samples
(obtained following finger prick), venous VAMS samples and serum (gold standard) sam-
ples. Venous VAMS samples were obtained by a trained nurse by touching the surface of
ethylenediaminetetraacetic acid (EDTA)-anticoagulated venous whole blood with a VAMS
tip. The serum was centrifuged for 10 min at 252× g at room temperature (Eppendorf cen-
trifuge 5804, Germany), after an incubation time of maximum 24 h. Serum was preserved
at minimally −20 ◦C for a median time of 185 days until analysis. An overview of the
sampling time points is depicted in Figure 2.
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Figure 2. Overview of sampling time points in the substudy of the SUPRA-A trial. Patients were
asked to self-sample at 10 predefined time points (day 0 (after training and under supervision of
nurse), 3, 5, 7, 14, 21, 28, 35, 42, and 49) using a VAMS device, marketed as Mitra® (Neoteryx LLC,
Torrance, CA, USA). At day 0, day 14 and day 28 or day 0, day 21 and day 42 whole blood and serum
were collected simultaneously, allowing comparison of the different matrices, i.e., capillary VAMS,
venous VAMS and serum (gold standard) samples. Abbreviations: D—Day; N—Number of patients.

2.3. Extraction Efficiency of Adalimumab in Volumetric Absorptive Microsamples

The extraction efficiency of ADM from VAMS tips was evaluated by spiking the blood
of healthy volunteers with known ADM concentrations, 0–1–5–10 and 20 μg/mL. After
drying for a minimum of 24 h, VAMS tips were extracted and extracts were stored at
−20 ◦C until analysis.

2.4. Quantification of Adalimumab Concentrations
2.4.1. Rapid Testing with Lateral Flow Technique

ADM serum levels were measured using RIDA®QUICK ADM Monitoring lateral
flow assay (R-Biopharm AG, Darmstadt, Germany), according to the manufacturer’s
instructions. In short, after a 5 min pre-incubation of 1:500 diluted sample with “Solution
A” and “Solution B” and 15 min developing time on the lateral flow strip, the lateral
flow strips were read using a portable reader (RIDA®- QUICK SCAN II, R-Biopharm AG,
Darmstadt, Germany). The RIDA®QUICK ADM Monitoring allows quantification of ADM
in the 0.5–25.0 μg/mL range [29].

2.4.2. Traditional Detection with ELISA

ADM concentrations in capillary VAMS samples, venous VAMS samples and serum
were determined using an in-house developed ADM ELISA with a lower limit of quan-
tification of 0.1 μg/mL [30]. Briefly, MA-ADM28B8 (4 μg/mL) was coated to 96-well
plates at 4 ◦C for 72 h. Serum and VAMS extracts were diluted to a final dilution of 1:2000
in PTAE buffer (phosphate-buffered saline (PBS) + 0.1% bovine serum albumin (BSA) +
0.002% Tween 80 + EDTA), applied on the plate and incubated overnight at 4 ◦C. The next
day, horseradish peroxide (HRP)-conjugated MA-ADM40D8 was applied for the detection
of bound ADM and incubated for 2 h at room temperature. Plates were washed and
developed using o-phenylenediamine and H2O2 in citrate buffer and the reaction was
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stopped with H2SO4 (4 M). The absorbance was then measured at 492 nm with an ELx808
Absorbance Microplate Reader (BioTek Instrumens Inc., Winooski, VT, USA).

2.5. Statistical Analysis

Correlations and agreements between the results obtained by LFT and ELISA were
assessed using the Pearson r correlation coefficient, simple linear regression, and Bland–
Altman analysis. A two-tailed p-value < 0.05 was considered significant. All statistics were
carried out using the statistical programs Graphpad Prism 8.3.0 (Graphpad software, San
Diego, CA, USA) and IBM SPSS Statistics 25 (IBM SPSS, Costa Mesa, CA, USA).

3. Results

3.1. Demographics of Study Cohort

Until present, the SUPRA-A trial recruited a total of 10 patients, of whom 6 were
randomized (1:1) in the intervention arm. With the exception of one patient, all patients
were male. The cohort had a mean age of 54.2 years, with a mean disease duration of
30.5 years. Treatment duration with ADM ranged from 3.9 years to 12.8 years, with a mean
psoriasis area and severity index (PASI) at start of therapy of 8.2. Before randomization, all
patients were screened with ELISA for supratherapeutic ADM serum trough concentrations
(>8 μg/mL). Patients were randomized if on two out of three time points, supratherapeu-
tic trough levels were measured. Overall, patients had a mean ADM concentration of
9.6 μg/mL during screening, ranging from 7.6 to 13.1 μg/mL.

Seven participants agreed to be included in the substudy for microsampling. All
patients were highly educated Caucasian men with an average age of 50.3 years. The
range of ADM serum trough concentrations obtained in the screening of this subcohort
was the same as the one mentioned above, with a mean of 9.7 μg/mL; five participants
were randomized to the intervention group.

3.2. Rapid Testing of Adalimumab Is Feasible and Valuable in Clinical Setting

A total of 15 samples were collected from 10 patients on week 0 and from 5 patients
on week 13. One patient in the control arm had dropped out before the sampling of week
13, hence the missing time point. Lateral flow testing was performed independently by
two researchers and showed a mean coefficient of variation (CV) of 7.6% (median: 6.4%;
range: 0.0–25.1%), which is slightly lower than the interassay precision reported by the
manufacturer [29]. The ADM concentrations in these serum samples ranged from 2.9
to 16.2 μg/mL (Table S1). Based on simple linear regression, a significant concentration-
dependent variation of the LFT measurements was observed (Figure 3a).

Next, LFT-obtained ADM concentrations (the mean of replicate measurements for
both assessments was used) were compared to ELISA-based quantification. The results
showed a good agreement with the reference assay, as indicated by a correlation coefficient
R2 of 0.89 (Figure 3b), which is somewhat lower than the correlation coefficient (R2 = 0.95)
previously reported by the manufacturer [29]. The Bland–Altman analysis yielded a mean
bias of −0.03 μg/mL, indicating the absence of a significant systematic bias between LFT
and ELISA (Figure 3c). Noteworthy, the span covered by the upper and lower limits of
agreement (LoA) (−1.98–1.93 μg/mL) is rather big, given the relative narrow therapeutic
window of ADM, i.e., 3.51–7.0 μg/mL. This may influence clinical decision-making as
categorization of patients as sub- or supratherapeutic may differ, depending on the method
of analysis used. However, relatively limited number of samples were included at this point
in time—future inclusion of more patients will help to further substantiate this finding.
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Figure 3. Comparison between LFT and ELISA for quantification of ADM in patient samples from
SUPRA-A trial. Serum was collected during ADM maintenance therapy from patients participating
in the SUPRA-A trial and drug concentrations were quantified in parallel by two detection methods
in duplicate, LFT and ELISA. (a) Pearson correlation between the CV (%) and the mean ADM
concentrations (μg/mL) measured with LFT by 2 independent researchers. Week 0 and week 13
values are represented by circles and triangles, respectively. The grey range indicates the 95% CI of the
best-fit line (simple linear regression). (b) Pearson correlation between ADM serum concentrations
measured with LFT (Y-axis) and in-house sandwich ELISA (X-axis). (c) Bland–Altman plot for ADM
quantification by LFT and with in-house sandwich ELISA. Mean bias and limits of agreement are
represented by full lines, 95% CI by dotted lines. Abbreviations: ADM—adalimumab; CI—confidence
interval; CV—Coefficient of variation; ELISA—enzyme-linked immunosorbent assay; LFT—lateral
flow test; N—number of samples.

3.3. VAMS Is Suitable for Extraction of Adalimumab

For validation of the VAMS extraction protocol, the extraction efficiency of ADM from
VAMS tips was evaluated by spiking the blood of healthy volunteers with known ADM
concentrations, ranging from 0 to 20 μg/mL. Extracts were measured 5 times on different
days with an in-house ADM ELISA and a mean extraction efficiency was obtained of 114.4%
(SD 13.9%, CV 12.2%).

3.4. Feasibility of Home Sampling by Non-Experienced Patients Using VAMS

Until present, seven patients were included, resulting in 136 capillary VAMS samples
(68 replicates; 4 missing), 40 venous VAMS samples (20 replicates; 2 missing) and 19 serum
samples (2 missing) which were eligible for ADM quantification. Ten capillary VAMS
samples were excluded from analysis after visual inspection due to undersampling (7.4%).

First, the quality of the patient sampling technique was assessed by comparing biolog-
ical replicates of capillary VAMS. The difference between the replicates was determined
(n = 65) and the CV was calculated. The CV obtained for capillary VAMS samples was
13.5%, which was slightly, though significantly higher than the CV of 7.5% observed for
venous VAMS samples (Chi2-test, α = 0.05). The latter were prepared by a trained nurse,
dipping the VAMS tips in EDTA-anticoagulated venous whole blood. Overall, a very good
correlation was observed between biological replicates of the capillary VAMS samples,
with no concentration- or time-dependent variation in the imprecision of home sampling
(Figure 4a–c).
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Figure 4. Patients’ performance on microsampling (capillary VAMS). Participants self-sampled VAMS
twice in a row, these replicates being taken at 10 time points between day 0 and day 49. ADM was
measured in capillary VAMS extracts with an in-house ELISA. (a) Bland–Altman plot for ADM
quantification in capillary VAMS (n = 65). Mean bias and limits of agreement are represented by full
lines, 95% CI by dotted lines. (b) Boxplots of mean ADM concentrations in capillary VAMS samples,
taken at time points between day 0 and day 49. (c) CV (%) of replicates from capillary VAMS samples
at the sampling time points between day 0 and day 49. The CV (%) threshold of 15% and the best fit
curve (simple linear regression) are indicated by a dotted and full line, respectively. Abbreviations:
ADM—adalimumab; CI—confidence interval; CV—Coefficient of variation; ELISA—enzyme-linked
immunosorbent assay; N—number of samples; VAMS—volumetric absorptive microsampling.

Next, we evaluated how quantification of ADM obtained with VAMS would compare
to simultaneously collected serum (gold standard). Hereto, we first compared ADM
concentrations obtained from venous VAMS samples (Figure 5a,b) with those obtained
from the corresponding serum samples. A good correlation between ADM concentrations
in venous VAMS samples [7.32 ± 2.78; 6.92 (5.24–8.63)] and in serum [8.56 ± 2.7; 8.4
(7.3–10.5)] was observed, with a Pearson correlation of 0.87 [mean ± SD; median (IQR),
μg/mL].

Then, we examined the concordance of the results obtained from capillary VAMS
samples (obtained by patient self-sampling) and simultaneously collected venous VAMS
samples. Figure 5c depicts a Pearson correlation of r = 0.91. From the Bland–Altman
analysis, a mean significant bias of 1.30 μg/mL was apparent, with 95% CI 0.72–1.87
(Figure 5d; p = 0.0002). This implies that ADM concentrations in venous VAMS samples
are overall slightly higher than in capillary VAMS samples, collected at the same time
point. This capillary venous difference illustrates the need for the application of a capillary-
venous correction factor. Based on our cohort, a capillary-venous correction factor of 1.28
was found.

Finally, we compared ADM concentrations obtained from capillary VAMS samples
with those obtained from the corresponding serum samples. As shown in Figure 5
(panel e,f), a good correlation between ADM concentrations in capillary VAMS samples
[5.67 ± 2.47; 5.48 (3.52–7.61)] and in serum [8.56 ± 2.7; 8.4 (7.3–10.5)] was observed, with a
Pearson correlation of 0.87 [mean ± SD; median (IQR), μg/mL]. A significant mean bias of
2.7 μg/mL (95% CI: 1.96, 3.35) was found by Bland–Altman analysis (p < 0.0001), implying
that lower concentrations are obtained from VAMS samples, compared to the correspond-
ing serum samples, which can be expected, as ADM resides in the serum/plasma fraction
of blood. By multiplying the ADM concentration from capillary VAMS samples with the
capillary-venous and blood-serum correction factors of, respectively, 1.28 and 1.22, the
calculated ADM serum concentration was determined (Figure 6). As depicted in Figure 6c,
this may be an overcorrection due to the small sample size of this cohort.
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Figure 5. Concordance between capillary VAMS samples, venous VAMS samples and serum (gold
standard). (a) Pearson correlation of ADM concentrations obtained from venous VAMS samples
prepared by nurse (X-axis) and serum (Y-axis). (b) Bland–Altman comparison of ADM concentrations
in venous VAMS samples and serum. Mean bias and limits of agreement are represented by full
lines, 95% CI by dotted lines. (c) Pearson correlation of ADM concentrations obtained from mean
venous VAMS samples, prepared by a trained nurse (Y-axis) and mean capillary VAMS samples,
collected by the patients (X-axis). (d) Bland–Altman comparison of ADM concentrations in samples
obtained by nurse versus patients. Mean bias and limits of agreement are represented by full lines,
95% CI by dotted lines. (e) Pearson correlation of ADM concentrations obtained from capillary
VAMS samples collected by patients (X-axis) and serum (Y-axis). (f) Bland–Altman comparison of
ADM concentrations in capillary VAMS samples and serum. Mean bias and limits of agreement are
represented by full lines, 95% CI by dotted lines. Abbreviations: ADM—adalimumab; CI—confidence
interval; N—number of samples; VAMS—volumetric absorptive microsampling.
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Figure 6. Concordance between capillary VAMS samples, venous VAMS samples and calculated
serum (based on a blood-serum and capillary-venous correction factor). (a) ADM (μg/mL) in the three
matrices, capillary VAMS samples, venous VAMS samples and serum. Green range represents the
therapeutic window of ADM (3.51–7.0 μg/mL [8,9]) (b) Pearson correlation of ADM concentrations
obtained from serum samples (X-axis) and calculated ADM serum concentrations based on a blood-
serum correction factor of 1.22 and a capillary correction factor of 1.28 (Y-axis). (c) ADM (μg/mL) in
serum (gold standard) and calculated ADM serum concentration, based on a blood-serum correction
factor of 1.22 and a capillary-venous correction factor of 1.28. Green range represents the therapeutic
window of ADM (3.51–7.0 μg/mL [8,9]). Abbreviations: ADM—adalimumab; CI—confidence
interval; N—number of samples; VAMS—volumetric absorptive microsampling.

3.5. Patient Experience with VAMS

All participants completed the substudy according to the protocol, which by itself was
already considered to be a success regarding acceptance of VAMS as a collection technique.
All samples, shipped by regular mail, were received within an acceptable time frame (on
average 5 days, range [3–8]).

Next, we used a questionnaire to evaluate the patients’ perception on self-sampling at
home based on Van Uytfanghe et al. and Mbughuni et al., with minor adaptations [28,31].
The questionnaire consisted of 10 main questions and gauged about the clarity of instruc-
tions, experience, performance, user-friendliness, acceptability/pain and preference.

All patients (n = 7) completed the survey. Five out of seven participants (71.4%) had a
higher degree (bachelor or master). Except one, none of the respondents had experience
with performing VAMS before. All patients judged the clarity of the instructions to be clear
or very clear and evaluated the performance as very or rather user-friendly and feasible
(Figure 7a). None of the patients felt the need to consult for additional information (data
not shown). All patients self-sampled, except for one participant, who stated their partner
was a nurse who performed the finger prick (Figure 7b). On a scale of 1 (not painful at
all) to 10 (very painful), participants scored 3 or less, with 60% rating it a zero (Figure 7c).
Moreover, with the exception of one patient, all patients scored finger prick sampling as
less painful compared to a conventional blood draw (Figure 7d). With a higher degree of
flexibility/autonomy and no transportation to the clinic, this translates to the vast majority
(85.7%) preferring this type of sampling over a conventional blood draw (Figure 7d,e).

150



J. Clin. Med. 2022, 11, 3011

Figure 7. Microsampling was found to be easily executed by patients and preferred over venous
sampling. After completing the substudy for microsampling, participants were sent an electronic
survey to inquire into their experience. Patients scored questions on execution (a) and execution
experience (b). Pain was quantified (c,d) and compared to traditional sampling (d,e). n = 7 The
number between brackets in panel (a,b,d) indicates the number of possible answers.

For VAMS to be adopted by patients in the context of TDM in psoriasis, we inquired
into patients’ acceptance. All participants scored the technique as user-friendly for use
at home (Figure 7a). In addition, all patients agreed that it would be feasible to perform
this regularly. When asked about an acceptable frequency to use VAMS, a monthly basis
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had the most votes (data not shown). Although patients were positive about this sampling
technique, more than half of the patients was uncertain about the reliability of the sampling
technique (Figure 7b), reflecting the gap of knowledge.

4. Discussion

Although the use of TDM in psoriasis is still not standard practice, parallel research
into enabling tools is required to facilitate implementation. As Figure 1 illustrates, TDM
requires various steps, and especially the first step, encompassing sampling, will pose most
challenges regarding implementation. Easy and feasible sampling is a great challenge, with
a healthcare professional being required for a traditional blood draw. Furthermore, serum
preparation from whole blood requires the sample to be handled in a laboratory setting.

Here, we investigated the home-based use of VAMS by psoriasis patients treated
with ADM for drug quantification. We focused on both the technical performance and the
patient’s user experience. From a technical perspective, our extraction protocol showed a
satisfactory extraction efficiency, with adequate reproducibility. As TDM is based on narrow
therapeutic windows, a robust extraction is essential to ensure appropriate interpretation
and treatment management plan. Patients’ performance assessed by replicates was deemed
acceptable, with a CV of 13.5%. As no long-term data were collected, at this point no
conclusions can be drawn related to ‘performance fatigue’. Performance compared to a
trained nurse also showed satisfactory results with a slightly, though significantly higher
CV than the CV derived under controlled circumstances for sampling, 7.5%. Based on this,
it could be estimated that home sampling accounted for 11.2% of the total imprecision of
the method.

In addition, a good correlation between the three matrices, capillary VAMS samples,
venous VAMS samples and serum was obtained. At this point it is too early to make
definitive statements on whether capillary samples can yield data that can reliably steer
dose adaptations (this will become clear in the ongoing trial and was beyond the scope
of the current pilot study). However, the data so far indicate that 2 kinds of corrections
are required to predict serum concentrations based on capillary blood concentrations: a
capillary-venous correction of 1.28, and a blood-serum correction of 1.22. The latter is
obvious, as ADM resides in the serum fraction of blood, and 20 μL of (dried) blood only
contains ~12 μL of serum (in the case of ~40% haematocrit blood). However, more data are
needed to validate these correction factors and verify these on independent sample sets. In
future, these data will provide further insight into the suitability of VAMS as an adequate
substitute for conventional sampling for ADM TDM.

Besides the technical suitability of microsampling for TDM of ADM in psoriasis
patients, it is also important to acknowledge the patients’ perception, as they are the end
users. Based on our questionnaire, it can be concluded that the patients were overall positive
about home-based microsampling. Even more, participants in this pilot study preferred
this type of sampling over a conventional blood draw, but this needs to be confirmed in a
larger cohort. This is in agreement with results obtained by Morgan et al., who showed
that 81% of the participants preferred VAMS collection, and is in line with the preference
for VAMS in the cohort studied by Verougstraete et al. [23,32]. Essential to implementation,
we also investigated the time it took for a sample to reach our laboratory. Based on our
limited data, the time window was deemed acceptable for psoriasis management with
ADM. Most biologics are administered from twice a month to every 3 months—rendering
an average of 5 transport days (range: 3–8 days) acceptable for the physician to adapt the
management plan.

In this paper, we did not address the impact of storage conditions on extraction
efficiency. However, we refer to Bloem et al. where a similar technique has been investigated
for several storage conditions [17]. In addition, Li et al. obtained very encouraging
drug recovery data after short and long term storage for biotherapeutics daclizumab and
trastuzumab [33]. Ideally, when patients require a change in management plan, results
should become available relatively fast, making long-term storage impact irrelevant. The
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impact of parameters such as temperature and humidity should be investigated in real
world settings for conclusive evidence. To lower the threshold of using VAMS within the
patient community and empower patients to monitor their drug concentrations, in the
future, microsampling kits could become available at the pharmacy, or could be provided
by the treating physician upon treatment with biologics.

After sampling, trough drug concentrations are traditionally measured by ELISA, re-
quiring laboratory equipment (e.g., a shaker and dedicated reader) and are time-consuming.
An additional disadvantage of ELISA is the ratio of performance time to sample size. As
ELISA is standard-dependent, a single sample run is considered wasteful. To this end, the
(complementary) use of immunochromatographic lateral flow testing allows for a more
satisfactory ratio of performance time to sample size. The LFT assay investigated here
was demonstrated to be applicable in clinical practice, with a turnover time of less than
30 min after serum preparation. Although it was compared to only one ELISA kit for ADM
quantification [25,34], our data show acceptable results for clinical applicability. As the
therapeutic window of ADM is relatively narrow [8,9], interpretation of results should
be done taking into account the type of assay. In the limited dataset from this study, a
good agreement was found between LFT and ELISA, suggesting that no adaptation of the
therapeutic window would be required when implementing this LFT assay—obviously,
more samples are required to further substantiate this finding. The current LFT assay was
performed on serum samples, and its compatibility with VAMS remains to be elucidated.
Ultimately, a combination of both tools would truly enable rapid and easy monitoring.

Limitations of this pilot study inherently include the small sample size for both
microsampling and rapid testing. In addition, we did not address various conditions to
assess the impact on both tools. For instance, we currently lack data on storage conditions
and how ADM concentrations in VAMS samples are affected. All LFT measurements were
executed by trained lab personnel. As all measurements were performed in an academic
hospital setting, extrapolation to private practices is limited. It should also be noted that
the used LFT cassettes are not compatible with all LFT-readers.

Strengths of this study reside in the affinity with real world evidence as SUPRA-A
is considered a pragmatic trial, in addition to the use of public postal services for sample
transport. Furthermore, participants had access to adequate educational material to execute
microsampling. Lastly, in addition to laboratory evaluations, we also considered and
investigated the study participants as end users—rendering this study comprehensive.

5. Conclusions

Microsampling for ADM TDM in the context of psoriasis treatment is a valuable
alternative to traditional blood sampling, enabling patient-centric TDM. VAMS, as applied
here, can be performed by non-experienced patients at home, potentially allowing to
reach a greater patient community. In addition, rapid testing by LFT of ADM allows the
dermatologist to rapidly obtain results that may impact a patient’s treatment plan.

The results presented here provide preliminary evidence, revealing that LFT and mi-
crosampling are promising tools to facilitate TDM of ADM in clinical practice. Though the
data is from a limited sample size, both tools pose interesting fields of further investigation
for TDM in psoriasis.
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Abstract: Background: Substantial inter-and intra-individual variability of Infliximab (IFX) phar-
macokinetics necessitates tailored dosing approaches. Here, we evaluated the performances of a
Model Informed Precision Dosing (MIPD) Tool in forecasting trough Infliximab (IFX) levels in as-
sociation with disease status and circulating TNF-α in patients with Inflammatory Bowel Diseases
(IBD). Methods: Consented patients undergoing every 8-week maintenance therapy with IFX were
enrolled. Midcycle specimens were collected, IFX, antibodies to IFX, albumin were determined and
analyzed with weight using nonlinear mixed effect models coupled with Bayesian data assimilation
to forecast trough levels. Accuracy of forecasted as compared to observed trough IFX levels were
evaluated using Demings’s regression. Association between IFX levels, CRP-based clinical remission
and TNF-α levels were analyzed using logistic regression and linear mixed effect models. Results:
In 41 patients receiving IFX (median dose = 5.3 mg/Kg), median IFX levels decreased from 13.0 to
3.9 μg/mL from mid to end of cycle time points, respectively. Midcycle IFX levels forecasted trough
with Deming’s slope = 0.90 and R2 = 0.87. Observed end cycle and forecasted trough levels above
5 μg/mL associated with CRP-based clinical remission (OR = 7.2 CI95%: 1.7–30.2; OR = 21.0 CI95%:
3.4–127.9, respectively) (p < 0.01). Median TNF-α levels increased from 4.6 to 8.0 pg/mL from mid to
end of cycle time points, respectively (p < 0.01). CRP and TNF-α levels associated independently and
additively to decreased IFX levels (p < 0.01). Conclusions: These data establish the value of our MIPD
tool in forecasting trough IFX levels in patients with IBD. Serum TNF-α and CRP are reflective of
inflammatory burden which impacts exposure.

Keywords: Infliximab; therapeutic drug monitoring; model informed precision dosing; inflammatory
bowel disease

1. Introduction

Therapeutic drug monitoring (TDM) assists gastroenterologists with the management
of Inflammatory Bowel Diseases (IBD; Crohn’s Disease [CD] and Ulcerative Colitis [UC]) by
clinical pharmacokinetic (PK) assessment of Infliximab (IFX) and antibodies to Infliximab
(ATI) levels to detect underexposure and to prevent negative outcomes. The American
Gastroenterological association has endorsed the TDM of IFX, and maintenance IFX trough
threshold of 5 μg/mL was proposed as an effective minimum target level that can maximize
TNF-α neutralization capabilities of the drug to promote inflammatory control of the
underlying disease [1,2]. Reactively, in the face of uncontrolled disease, TDM can be
implemented to inform on the value of dose intensification in the presence of inadequate
exposure and accelerated clearance of the drug, while proactively, sustained maintenance
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of IFX levels to promote drug tolerance can help avoid the re-emergence of inflammation
and flare post induction [3,4].

In recent years, modern and sophisticated Model Informed Precision Dosing (MIPD)
tools that employ clinical PK have emerged to guide IFX dosing [5], and both retrospective
and prospective clinical utility studies support the value of such dosing optimization to
improve outcome [6,7]. Ideally, the optimization of IFX dose during maintenance should
be proactively based on the identification of patients likely to present with underexposure
at the end of infusion cycle, and as such, the collection of specimens during the elimina-
tion phase of IFX to forecast trough levels may inform clinicians of impending risk for
underexposure that could be addressed by dose intensification.

Inflammatory burden remains a key determinant of IFX exposure; circulating
C-reactive Protein (CRP) and fecal calprotectin are commonly measured to assist clini-
cians to assess underlying inflammation. However, despite the fact that IFX and anti-TNF
blockers have been used in IBD and other immune mediated diseases for decades, the asso-
ciation between antigenic TNF-α and IFX PK is very limited, although high levels of TNF-α
at baseline or during treatment serves as a sink for IFX thereby promoting underexposure,
inadequate disease control, as reported previously in IBD [8] and rheumatoid arthritis [9].

The study establishing the validity of MIPD in forecasting trough concentration and
associating with disease control is needed before implementation in clinical practice and
the clinical laboratory setting. In this report, we establish the performance characteristics of
MIDP in forecasting trough IFX levels and in associating these levels with disease control.
We also evaluated the changes in antigenic TNF-α levels during infusion cycle and the
impact on IFX exposure.

2. Materials and Methods

2.1. Patients and Laboratory Measurements

Consented patients with IBD (CD and UC) undergoing every 8-week maintenance
therapy with IFX were enrolled at a single site. Two specimens were collected within
one maintenance cycle, a first specimen collected mid-cycle at least 20 days after infusion,
and a second specimen collected towards the end of cycle. Serum was isolated from the
clot immediately after specimen collection and stored at −20 ◦C until analysis. IFX levels
(assay range 0.8–34 μg/mL) and Antibodies to Infliximab (ATI) (cutoff > 3.1 U/mL for
positive status) were determined from serum using drug tolerant homogenous mobility
shift assay as described previously [10] (Prometheus Laboratories, San Diego, CA, USA).
Serum albumin (g/L) and CRP (mg/L) were measured using standard immunoassay
techniques (IMMAGE®800 Protein Chemistry Analyzer, Beckman Coulter, Brea, CA, USA)
while antigenic TNF-α levels (following one freeze thaw cycle) were measured using high
sensitivity immunoassays (Singulex Erenna Assay, MilliporeSigma, Burlington, MA, USA)
and expressed as pg/mL [11]. Disease activity was assessed using Harvey-Bradshaw Index
and partial Mayo score for CD and UC patients, respectively. Outcome variable consisted of
clinical and biochemical remission (HBI and Partial Mayo below 5 and 2 points, respectively,
with CRP level below 3 mg/L).

2.2. Model Informed Precision Dosing Tool

Individual PK parameters were estimated using a combinations of nonlinear mixed
effect models (Monolix 2020R1, Lixoft, Paris, France) coupled with R functions (version 4.0)
translated from MatLab (R2021a) and prior information from previously reported pop-
ulation pharmacokinetics model [7] independently of the patients enrolled in the study.
The model employed two compartment pharmacokinetics with random effects on clear-
ance (Cl), volume of distribution (central, [V1] and peripheral [V2]) and intercompartment
clearance (Q). Covariates consisted of weight (on Cl, V1, Q and V2), Albumin (on Cl) and
positive ATI status (on Cl). All parameters were fixed as described [7], with the exception
that the proportional residual error model was set at 0.10. For each subject, mid-cycle IFX
levels, ATI status, albumin and weight were used to estimate the conditional distribution
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of the individual parameters, which represents the uncertainty of the individual param-
eters given the observations collected above, and the prior information [7]. Conditional
distributions of the model parameters (clearance (Cl), central volume of distribution (V1),
intercompartmental clearance (Q), and peripheral volume of distribution (V2)) were gener-
ated for each patient using Markov Chain Monte Carlo simulations (Metropolis Hastings
algorithm), and sampling (n = 100) from those distributions were used to estimate the
median forecasted end of cycle, median trough levels (immediately before infusion, 56 days
post infusion) and median probability to achieve trough levels above 5 and 10 μg/mL.
Prediction intervals (80% corresponding to the 10th and 90th percentile of the estimates
levels) were also calculated. All observations below the limit of quantitation of the IFX
assay (0.8 μg/mL) were censored.

2.3. Statistical Analysis

Performances of the MIPD in forecasting end of cycle IFX levels using mid-cycle
determination was assessed using Deming regression, regression coefficient and Kappa
statistics (at 5 μg/mL cutoff). Area under the Receiver Operating Characteristic curve
(AUC ROC) and logistic regression were used to evaluate the association of individual
parameters with outcome measure. Group comparisons were tested using Kruskal Wallis
ANOVA while longitudinal changes in CRP and TNF-α levels in relation to IFX exposure
were evaluated using linear mixed effect models.

3. Results

A total of 41 patients with IBD (31 with CD and 10 with UC) undergoing every
8-week maintenance therapy with IFX (median dose = 5.9 mg/Kg [interquartile range,
IQR:5.3–6.2]) were enrolled. Mid-cycle specimens were collected 28-day (median) post
infusion (interquartile range [IQR]: 26–30-days), while end of cycle were collected 52-days
(median) post infusion (IQR: 44–56-days). Patient characteristics and laboratory measures
are presented in Table 1, 44% (18/41) patients presented with inactive disease (biochemical
and clinical remission). Montreal classification criteria is provided in Table 2. Median
individual PK parameter estimated using mid-cycle determination yielded 0.300 L/day
CL (IQR 0.240–0.424), with 3.36 (IQR: 3.03–3.70) and 1.56 L (IQR: 1.37–1.77) for V1 and
V2, respectively. Median Q was 0.134 L/day (IQR: 0.108–0.153). There was no significant
difference in IFX Clearance between the group of patients who received concomitant
immunomodulators (median 0.323 L/day, IQR: 0.295–0.385, n = 8) as compared to those
who did not (median 0.301 L/day, IQR: 0.234–0.435, n = 33) (p = 0.68).

Table 1. Patient characteristics. Results are expressed as median (IQR), as appropriate.

Estimate

Gender (female) 46.3% (19/41)
Age (years) 43 (34–49)
CD Diagnosis (vs UC) 76% (31/41)
Concomitant Immunomodulators 20% (8/41)
Albumin (g/L) 42.6 (40.4–44.3)
IFX (μg/mL)

Mid cycle 13.2 (6.2–20.5)

End cycle 3.9 (1.2–7.7)

ATI status

Mid cycle 15% (6/41)

End cycle 19% (8/41)

CRP (mg/L)

Mid cycle 2.4 (0.6–5.4)

End cycle 2.7 (0.1–8.8)
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Table 1. Cont.

Estimate

TNF-α (pg/mL)

Mid cycle 4.6 (3.1–8.8)

End cycle 8.0 (4.8–12.0)

Disease activity

HBI 2 (1–5)

Partial Mayo 0 (0–3)
Clinical & Biochemical Remission 44% (18/41)

Table 2. Montreal Classification criteria.

n/N

Crohn’s Disease
Age:
≤16 (A1) 2/31
17–40 (A2) 25/31
>40 (A3) 4/31
Location
Terminal Ileum (L1) 2/31
Colon (L2) 6/31

Ileocolon (L3) 23/31
Behavior

Non structuring, non-penetrating (B1) 15/31
Stricturing (B2) 12/31
Penetrating (B3) 3/31
Perianal 1/31

Ulcerative Colitis
Proctitis (E1) 0/10
Left sided (E2) 3/10

Pancolitis (E3) 7/10

3.1. End of Cycle IFX Levels Can Be Forecasted Using Mid Cycle Determinations

A typical pK profile of patient under IFX is presented in Figure 1.

 

Figure 1. Performance of MIPD in forecasting Trough levels, PK profile. Solid line corresponds to the
median IFX levels calculated from 100 random samples from the condition distribution of individual
Pk parameters. Blue zone corresponds to interquartile range, grey zone corresponds to the 10th and
90th percentile.
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The performance characteristics of the Bayesian method in forecasting end of cycle
levels using mid-cycle determinations is presented in Figure 2. Median forecasted end of
cycle IFX levels (at the time of specimen collection) were 4.2 μg/mL (IQR: 2.2–8.3 μg/mL)
and yielded Demings slope of 0.90 CI95%: 0.78 to 1.02) with 0.87 regression coefficient
(R2). We also tested the performances of the MIPD in the group of patients with (R2 = 0.89;
slope = 0.91; n = 18) or without clinical and biochemical remission status achieved (R2 = 0.75;
slope = 0.92; n = 23). A total of 17/41 (41%) patient specimens presented with IFX levels
greater than 5 μg/mL at end of cycle, of which 14 specimens were predicted by the fore-
casting method as being greater than 5 μg/mL (82%). Alternatively, 24/41 (59%) patients
specimens presented with end of cycle levels below 5 μg/mL, of which 21 specimens were
predicted by the forecasting method as being below 5 μg/mL (87.5%). Kappa statistics at
cutoff of 5 μg/mL was 0.70 ± 0.11. Forecasted median trough IFX levels (at 56 days) were
3.0 μg/mL (IQR: 1.6–7.6); individualized probability to achieve Trough IFX levels above
5 μg/mL was 0.21 (median, IQR: 0.07–0.78). The forecast time to reach threshold within
maintenance cycle was 48 days (median, IQR: 37–68 days). The probability to achieve
trough levels above 10 μg/mL was very low in this cohort (median 0.05 IQR: 0.02–0.21).

Figure 2. Comparison between observed and forecasted end of cycle IFX levels (Deming’s slope = 0.90;
slope = 0.87).

3.2. Forecasted IFX Levels Associate with Clinical and Biochemical Remission

The association between observed end of cycle and forecasted trough IFX levels with
clinical and biochemical validation was tested in the 41 patients. Patients presenting with
observed end of cycle IFX levels above 5 μg/mL were 7.2-fold (CI95%: 1.7–30.2) more
likely to present with clinical and biochemical remission (p < 0.001) as compared to patients
presenting with suboptimal exposure (below 5 μg/mL) (p < 0.01). Similarly, forecasted
trough IFX levels above 5 μg/mL associated with clinical and biochemical remission
(OR = 21.0 CI95%: 3.4–127.9) (p < 0.001). Results are summarized in Table 3.

As presented in Figure 3, the AUC under the ROC with clinical and biochemical
remission was comparable between observed end of cycle IFX (AUC = 0.778; CI95%:
0.626–0.929) and forecasted trough (AUC= 0.766; CI95%: 0.599–0.933). The probability to
achieve trough levels above target threshold of 5 μg/mL yielded an AUC of 0.761 (CI95%:
0.590–0.931) (OR range = 37.4; CI95%: 3.6–385.5) (p < 0.001). Median time to reach threshold
exposure was 40.5 days (IQR: 28–50.5 days) among patients with active disease as compared
to 65.5 days (IQR: 50–77) among patients with biochemical and clinical remission (p < 0.01).
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Table 3. Performance of Observed and Forecasted IFX levels in associating with clinical and biochem-
ical remission.

Observed End of Cycle
> 5 μg/mL

Forecasted Trough
> 5 μg/mL

Estimate −95CI +95CI Estimate −95CI +95CI

Sensitivity 0.67 0.44 0.84 0.67 0.44 0.84
Specificity 0.78 0.58 0.90 0.91 0.73 0.98
False positive 0.22 0.10 0.42 0.09 0.02 0.27
False Negative 0.33 0.16 0.56 0.33 0.16 0.56
Positive LR 3.1 1.4 7.2 7.7 2.3 28.4
Negative LR 0.4 0.2 0.8 0.36 0.2 0.6
Odds Ratio 7.2 1.8 30.2 21.0 3.9 109.0

LR: likelihood ratio.

 

Figure 3. ROC of Observed and Forecasted IFX levels with clinical and biochemical remis-

sion. Measured endcycle IFX levels: AUC = 0.778 (CI95%: 0.626–0.929); Forecasted trough lev-
els: AUC= 0.766 (CI95%: 0.599–0.936) (p = 0.89); Forecasted probability of trough level > 5 μg/mL:
AUC= 0.756 (CI95%: 0.586–0.926).

3.3. Circulating TNF-α and CRP Levels Independently and Additively Impact IFX Clearance
in IBD

There was significant increase in TNF-α levels from midcycle to end cycle (p < 0.01)
(Table 1). In contrast the change in CRP level was not significant (p = 0.44). There was
a directional trend between higher TNF-α levels and active disease that did not reach
significance (p > 0.10; data not shown). Linear mixed effect models revealed that the
change in TNF-α were independent of those from CRP (p = 0.67). In contrast the change
in IFX levels from midcycle to end of cycle associated independently with CRP (marginal
R2 = 0.06; p = 0.047), TNF-α (marginal R2 = 0.21; p < 0.01). Multivariate analysis indicated
that the impact of those inflammatory markers on IFX were additive (marginal R2 = 0.27).
Results are summarized in Table 4.
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Table 4. Linear Mixed effect Model of IFX levels in relation to inflammatory markers. Each unit
increase in TNF-α associated with 0.33 ± 0.08 μg/mL decrease in IFX levels.

Intercept Slope ± SEM p Value Marginal R2

CRP 10.0 ±1.2 −0.13 ± 0.07 0.047 0.058

TNF-α 12.4 ± 1.2 −0.33 ± 0.08 <0.001 0.213

CRP + TNF-α 13.4 ± 1.3 −0.14 ± 0.06
−0.33 ± 0.07

0.022
<0.001 0.271

Finally, multivariate logistic regression analysis revealed that patients presenting
with forecasted trough IFX levels above 5 μg/mL were 13.9-fold (adjusted OR, CI95%:
2.0–94.9; p < 0.01) and 7.3-fold (adjusted OR, CI95%: 1.3–40.4; p < 0.01) less likely to have
end cycle CRP levels above 3 mg/L, and TNF-α above 8 pg/mL (median), respectively.
The cumulative impact of the inflammatory burden on IFX exposure is presented in Table 5.

Table 5. IFX exposure in relation to Inflammatory burden.

End of Cycle
CRP ≤ 3 mg/L

and
TNF-α ≤ 8 pg/mL

CRP > 3 mg/L
or

TNF-α > 8 pg/mL

CRP > 3 mg/L
and

TNF-α > 8 pg/mL
p Value

Observed end cycle
μg/mL

7.0
(4.6–14.4)

3.3
(0.8–7.7)

1.7
(0.8–3.9) <0.01

Forecasted Trough
μg/mL

6.7
(5.3–9.0)

3.7
(0.7–7.7)

2.0
(1.1–3.2) <0.01

Probability Trough
> 5 μg/mL

0.68
(0.47–0.90)

0.25
(0.05–0.70)

0.10
(0.04–0.19) <0.01

4. Discussion

There is considerable interpatient variability in drug exposure following standard
dosing of monoclonal antibodies such as IFX, and MIDP tools are poised to improved
patient outcome by guiding dose and improving disease control [7,12]. These MIDP tools
typically employ Bayesian forecasting methods for dose individualization and have been
implemented for several therapies such as busulfan [13], vancomycin [14] and may be also
helpful for controlling side effects in oncology [15]. In this report we have established the
performance characteristics of MIPD in forecasting trough IFX concentrations by using
prior information from a model that uses two compartment pharmacokinetics with weight,
ATI and albumin as covariates [7]. In this study, the parameter estimates from the prior
published models were tested in this validation cohort with specimens collected during
the linear phase of elimination of IFX, and trough levels were forecasted by calculating
the conditional distribution of individual parameters. Traditionally MIPD rely on the
estimation of maximum a posteriori but as reported previously these methods provide
limited information and no do not reflect the uncertainty of the measurement for deci-
sion making [15,16]. In this report, Bayesian assimilation techniques were employed by
calculating the probability to achieve a certain pre-specified trough.

The forecasting method revealed generally good agreement between forecasted and
observed end of cycle levels and thus suggests that collection of one specimen during mid
cycle may be sufficient to ascertain and forecast of subsequent trough levels. While this
validation cohort establishes the performances of the MIPD tool in fore-casting trough
the number of patients enrolled was limited and additional data are currently collected to
confirm these findings.

There are several clinical applications with the MIPD tool. First, the collection of
patient specimen during the linear terminal phase of elimination of IFX may help identify
early those patients who are likely to present with suboptimal exposure at trough and
thus facilitate the implementation of countermeasures during this window of opportunity
(i.e., dose intensification at the next scheduled dose). Second the MIPD tool can allow the
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most appropriate time for dosing where IFX levels reach suboptimal threshold and can
inform on dose and dose interval combinations that can produce desired trough levels
commensurate with target troughs (i.e., >5 or 10 μg/mL). While endoscopic assessments
were not available in this study, we established a significant association between forecasted
trough IFX levels and clinical and biochemical remission, and these data add the already
existing large body of evidence supporting the value of PK measurements in association
with disease control [1,4]. We also reported a significant association between the disease
outcome variable with the probability of achieving trough concentration above 5 μg/mL.
However, a very low number of patients achieved forecasted trough concentration above
10 μg/mL and thus suggest the opportunity to improve outcome by dosing intensifica-
tion in a significant proportion of patients. These data illustrate the potential of MIPD
in optimizing Infliximab therapy, and this premise could also be applied to other mono-
clonal antibodies such as adalimumab that is also prone to underexposure leading to poor
disease control.

While anti-TNF therapy have been available for over two decades, there is paucity
of data reporting the impact of antigenic inflammatory TNF-α levels on IFX exposure in
IBD, and clinicians have traditionally relied on serum CRP as indicator of inflammation.
This is primarily due to past constraints in that there were several limitations with the
determination of TNF-α levels in the clinical practice setting, owing to significant pre-
analytical variations associated with the stability of TNF-α during specimen transportation
and processing and the challenge in determining pg quantities of the cytokine. In this
report we used highly sensitive immunoassay to quantify TNF-α levels and our data
suggest a strong association between IFX and TNF-α within maintenance cycle, whereby
the decrease in IFX levels during the elimination phase parallels a rise in circulating TNF-α.
Recent studies using drug tolerant assays have established that treatment with adalimumab
associates with an increase TNF-α, most likely reflecting the formation of adalimumab and
TNF-α complexes18. In our study, only free TNF-α levels were determined and thus it
is not surprising that the decrease IFX levels associated with lower TNF-α neutralization
and thus increase in free circulating levels of the cytokine. Whether these changes in the
circulation also associate with tissue dynamics in inflamed gut is not known, but likely, and
we speculate that inadequate exposure (as seen in most patients presenting with suboptimal
IFX trough levels) may insufficiently provide TNF-α neutralizing capabilities as seen in
patients with rheumatoid arthritis [9]. However, we acknowledge that perhaps due to the
small size we were not able to detect a significant association between TNF-α levels and
disease activity status in contrast to other studies and the levels detected in our assay may
not be biologically active TNF-α [9,17,18].

Interestingly there was also no significant correlation between CRP and TNF-α and
our analysis revealed that both CRP and TNF-α contributed independently and additively
to IFX exposure. CRP is an acute phase reactant protein produced by the liver and most
likely reflected the dynamics of inflammatory cytokine other than TNF-α such as Il-6
and IL-1 [19]. It follows that those multiple pathways can impact IFX exposure, and as
already proposed, this inflammatory burden may sink IFX levels below threshold levels
commensurate with disease control [8].

In conclusion, our data help support the implementation of MIPD to forecast IFX
exposure in IBD and provide insights into the complex dynamics between IFX and antigenic
TNF-α in IBD.
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