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Background. Anti-drug antibodies (ADAb) frequently
form early in the treatment course of inflix-
imab and other tumour necrosis factor (TNF)
inhibitors, leading to treatment failure and adverse
events.

Objective. To identify risk factors for ADAD in the
early phase of infliximab treatment.

Methods. Patients (n = 410) with immune-mediated
inflammatory diseases who initiated infliximab
treatment were included in the 38-week Norwegian
Drug Monitoring Trial (NOR-DRUM) A and ran-
domised 1:1 to therapeutic drug monitoring (TDM)
or standard therapy. Serum levels of infliximab
and ADADb were measured at each infusion. Possi-
ble risk factors for ADADb formation were assessed
using logistic regression, adjusting for potential
confounders.

Results. ADAb were detected in 78 (19%) patients. A
diagnosis of rheumatoid arthritis (RA) (odds ratio
[OR], 1.9 [95% confidence interval [CI] 1.0-3.6])
and lifetime smoking (OR, 2.0 [CI 1.1-3.6]) were
baseline risk factors, while baseline use of con-
comitant immunosuppressors (OR, 0.4 [CI 0.2—
0.8]) and a diagnosis of spondyloarthritis (SpA)
(OR, 0.4 [CI 0.2-0.8]) reduced the risk of ADAbD.
Higher disease activity during follow-up (OR, 1.1
[CT 1.0-1.1]) and “drug holidays” of more than
11 weeks (OR, 4.1 [CI 1.2-13.8]) increased the risk
of ADAD, whereas higher infliximab doses (OR, 0.1
[CI 0.0-0.3) and higher serum infliximab concen-
trations (OR, 0.7 [CI 0.6-0.8]) reduced the risk of
immunogenicity.

Conclusion. Several risk factors for ADAb formation
during early-phase infliximab treatment were iden-
tified. This knowledge provides a basis for treat-
ment strategies to mitigate the formation of ADAb
and identify patients in whom these measures are
of particular importance.

Keywords: autoimmune disease, immunosuppres-
sive treatment

Introduction

Tumour necrosis factor « inhibitors (TNFi), includ-
ing infliximab, have revolutionised the treatment
of prevalent chronic immune-mediated inflam-
matory diseases such as rheumatoid arthritis
(RA), psoriatic arthritis (PsA), spondyloarthritis

(SpA), ulcerative colitis (UC), Crohn’s disease
(CD), and psoriasis (Ps). However, lack or loss
of response to treatment, leading to increased
disability, reduced quality of life, and poten-
tial irreversible organ damage, is seen in up to
55% of patients during the first 6 months of
treatment [1-4].
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Immunogenicity is a major concern associated with
TNFi use. The formation of neutralising anti-drug
antibodies (ADAb) which inactivate the therapeu-
tic agent is a leading cause of TNFi treatment fail-
ure [5-9]. ADADb formation is also related to safety
issues and frequently leads to infusion reactions in
patients on infliximab therapy [5, 10, 11]. Immuno-
genicity is of particular concern early in the treat-
ment course [12]. Infliximab, a murine-human
chimeric antibody, exhibits a greater immuno-
genic potential than other TNFi, and ADAb even-
tually develop in approximately one out of four
patients [7].

Data to help identify patients at risk of developing
ADAD are scarce. The use of concomitant immuno-
suppressive medications, such as methotrexate
and azathioprine, has been suggested to prevent
ADAD formation [7, 13] whereas smoking and prior
use of TNFi may increase the risk of ADAb for-
mation [14, 15]. Low serum infliximab concentra-
tions have been proposed to trigger immunogenic-
ity [16], but a cut-off associated with this increased
risk has not yet been identified. Studies examining
risk factors and mitigation strategies across dis-
ease groups are lacking.

The Norwegian Drug Monitoring Trial (NOR-DRUM)
A randomised clinical trial assessed the effec-
tiveness of proactive therapeutic drug monitoring
(TDM) during induction of infliximab therapy and
did not find TDM to be superior to standard inflix-
imab therapy in terms of achieving clinical remis-
sion in the overall population [17]. However, the
subgroup of patients who subsequently developed
ADAD benefited from TDM during induction ther-
apy, suggesting that TDM might be a beneficial
treatment strategy in patients at increased risk of
immunogenicity [18].

Identifying patients at risk of ADAb formation
is clinically important for the timely detec-
tion of ADADb to prevent treatment failure and
immunogenicity-related side effects. Increased
knowledge of risk factors will facilitate the choice
of treatment strategies to mitigate the formation of
ADAD.

The aim of this sub-study of the NOR-DRUM A trial
[17] was to identify patient- and treatment-related
risk factors for ADAD formation, including the rela-
tionship between infliximab serum concentrations
and ADADb during the early phases of infliximab
therapy.

Methods
Population and study design

The randomised controlled NOR-DRUM A trial
assessed the effectiveness of TDM compared to
standard infliximab therapy [17]. Adult patients
(n=411) with an immune-mediated inflammatory
disease (84 (20%) RA, 45 (11%) PsA, 119 (29%)
SpA, 83 (20%) UC, 58 (14%) CD, and 22 (5%)
Ps) initiating infliximab therapy were enrolled in
the 38-week trial. The patients were randomised
1:1 to TDM or standard infliximab therapy. The
starting dose of infliximab was according to the
summary of product characteristics: 3 mg/kg for
patients with RA and 5 mg/kg for patients with
PsA, SpA, UC, CD, and Ps. Study visits were sched-
uled at each infusion: weeks 0, 2, and 6 and every
6-10th week thereafter. In the TDM arm, adjust-
ments in infliximab dose and infusion intervals
were performed in accordance with an algorithm
that included the serum concentrations of inflix-
imab and ADAb. This algorithm advised increas-
ing the infliximab dose if ADAb were detected at
concentrations <50 ug/L, whereas switching to
another therapy was advised if the ADAb concen-
tration was >50 ug/L (Appendix Table 1 in the
Supporting Information). The 50 ug/L cut-off was
established after considering prior observational
data using the same assay, demonstrating that
ADADb above this level were rarely transient [17]. In
the standard therapy arm, infliximab administra-
tion was based only on clinical judgment. The con-
centrations of infliximab and ADAb were assessed
in all patients at each infusion, but the results
for patients in the standard therapy arm were not
made available to study personnel. Treatment with
concomitant immunosuppressive medication was
at the discretion of the treating physician for both
groups. The primary endpoint was remission at
week 30. Further details regarding study design
and patient disposition have been described else-
where [17, 19]. The study (ClinicalTrials.gov num-
ber NCT-03074656) was conducted in accordance
with the Declaration of Helsinki and approved by
the Norwegian Regional Committees for Medical
and Health Research Ethics. Written informed con-
sent was obtained from all the patients.

Study assessments and outcome

Demographic data (sex, age, tobacco and snuff
use, and coffee consumption), diagnosis, and
use of immunosuppressive comedication were
recorded at Dbaseline. Infliximab treatment
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regimen (starting dose, drug doses during follow-
up, infusion intervals, and treatment intensi-
fications), serum concentrations of infliximab
and ADAb, and changes in co-medication were
recorded at each study visit. Disease activity
parameters (disease-specific composite scores,
patient global assessment, physician global
assessment, C-reactive protein (CRP), erythrocyte
sedimentation rate (ESR), and faecal calprotectin
levels [in UC and CD]) were recorded at baseline
and during follow-up [17]. The main disease activ-
ity measures for the six diseases were the Disease
Activity Score in 28 joints (DAS28) for RA and
PsA, the Ankylosing Spondylitis Disease Activity
Score (ASDAS) for SpA, the Partial Mayo Score
(PMS) for UC, the Harvey-Bradshaw index (HBI)
for CD, and the Psoriasis Area and Severity Index
(PASI) for Ps [17]. Blood samples were collected
within 1 week before each infusion (trough) for all
participants. Serum samples for infliximab and
ADAb measurements were analysed at a central
laboratory (Department of Medical Biochemistry,
Oslo University Hospital, Radiumhospitalet) using
in-house assays automated on the AutoDELFIA
(PerkinElmer, Waltham, MA, USA) immunoassay
platform [20]. Analyses of ADAb were performed
for all samples with serum drug concentrations
<5 mg/L.

The ADAbL assay is a drug-sensitive inhibition
assay that only detects neutralising ADAb, using
biotinylated recombinant human TNF on the solid
phase and europium-labelled infliximab F(ab’), as
tracer. The assay is calibrated against recom-
binant anti-infliximab antibody (Bio-Rad, clone
AbD20436 hlgG1l). Appendix Table 2 in the Sup-
porting Information provides a more detailed
description of this assay. ADAb were defined as
positive if its concentration was >15 pg/L.

Statistical analysis

The outcome of this study was ADADb formation in
patients on infliximab therapy. In patients who dis-
continued infliximab treatment, ADAb had to be
detected within 12 weeks after the last infu-
sion for the patient to be registered as ADAb-
positive. Logistic regression analyses were per-
formed to assess baseline risk factors, as well as
treatment- and disease-related risk factors dur-
ing follow-up. For the follow-up variables, data up
to, but not including, the first date of detection
of ADAb in ADAb-positive patients were included.
All variables were assessed in univariate analy-

ses, and variables with a p value <0.25 were fur-
ther examined in multivariate analyses adjust-
ing for age, sex, diagnosis, and disease activ-
ity. To adjust for disease activity, despite disease
activity scores on different scales, a standard-
ised variable was computed using the z-score for
each patient (subtracting the mean of the vari-
able from the raw values and dividing by the SD
of the variable). Sensitivity analyses with adjust-
ment for CRP and without adjustment for disease
activity, respectively, were also performed. Multi-
plicity adjustment was done using the Benjamini
and Hochberg procedure with the false discovery
rate set to 5% [21]. The subgroup analyses were
adjusted for age, sex, and disease activity. Patients
with missing independent variable data were not
included in the analyses of the relevant vari-
ables. The cumulative hazard functions for each
diagnosis were examined using the Nelson-Aalen
estimator [22].

The occurrence of ADAb according to infliximab
concentration was assessed to explore the concen-
tration/risk relationship. In patients with ADAb
formation, infliximab concentrations up to but not
including the first time point with ADAb detec-
tion were included in the analyses. As infliximab
treatment follows an induction regimen, the con-
centration/risk relationship was assessed sepa-
rately for drug concentrations before infusions
2 and 3 (induction phase) and after infusion 3
(maintenance phase). Drug concentrations in the
maintenance phase were summarised into a mean
value for each patient. To explore the associa-
tion between mean infliximab concentration and
the probability of ADAb development, we grouped
patients according to concentration deciles and
estimated the probability of developing ADADb sep-
arately in each group. To determine a cut-off for
infliximab concentrations that could best stratify
patients with and without ADAb, receiver operat-
ing characteristic curve (ROC) analyses were per-
formed. Statistical analyses were performed using
STATA v.16 (StataCorp). p values <0.05 were con-
sidered statistically significant.

Role of the funding source

The funder of the study (The Norwegian Regional
Health Authorities) had no role in the study design
or conduct; data collection, management, anal-
ysis, or interpretation; manuscript preparation,
review, or approval; nor in the decision to submit
the manuscript for publication.
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Fig. 1 Nelson-Aalen plot showing the cumulative hazard of ADAb formation for each diagnosis. Each step indicates a new
event. The slope of the curve indicates the hazard rate. ADAD, anti-drug antibodies; w, weeks.

Results
Description of the study cohort

Of the 411 patients in the NOR-DRUM A trial,
410 underwent at least one serum infliximab con-
centration assessment and were included in the
present analyses. Table 1 presents the demo-
graphic and disease- and treatment-related char-
acteristics stratified by ADAb status. In total,
106 (26%) had used prior biologic therapy and
226 (55%) received concomitant immunosuppres-
sive therapy at baseline, mainly methotrexate and
thiopurines (Table 1). Additionally, 22 patients
started methotrexate comedication and 24 patients
started thiopurine comedication during follow-up.
Systemic glucocorticoid treatment was adminis-
tered to 131 (32%) patients at some point dur-
ing the study (73 (18%) at baseline), 70 of which
used high-dose prednisolone (>15 mg/kg). The
median infliximab dose during the maintenance
phase was 5.0 mg/kg (interquartile range [IQR]
4.7-5.2). As shown in Appendix Table 3 in the
Supporting Information, patients with RA and UC
had the lowest and highest weekly drug doses,
respectively, in the maintenance phase. Overall,
median infliximab serum concentrations were 29.5
(IQR21.0-36.9), 24.8 (IQR 16.7-32.1), and 7.0 (IQR

4.1-11.3) mg/L at infusions 2 and 3 and during
the maintenance phase, respectively. The lowest
infliximab concentrations during the maintenance
phase were observed in patients with RA, and the
highest in patients with UC (Appendix Table 3 in
the Supporting Information). Infliximab was dis-
continued in 113 (28%) patients, of whom 44 were
ADADb-positive.

Anti-drug antibody formation

ADAb formation while on infliximab therapy was
detected in 78 (19%) patients (RA 25/84 (30%), PsA
11/44 (25%), SpA 13/119 (11%), UC 15/83 (18%),
CD 9/58 (16%), Ps 5/22 (23%)) (Table 1). Addition-
ally, ADAb were detected in 26 patients after the
discontinuation of infliximab. The mean time from
baseline to ADAb detection was 19.7 weeks (95%
confidence interval [CI], 17.6-21.8). Figure 1 shows
the cumulative hazard function for each diagno-
sis. Nine patients had transient ADAb (concentra-
tion range 16-89 pg/L). Detailed information about
these patients is provided in Appendix Table 4 in
the Supporting Information.

In the standard therapy arm reflecting stan-
dard care, 10/36 (27.8%) of patients with ADAb
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Table 1. Demographic, disease, and treatment-related characteristics, stratification according to ADAD status

Patients Patients with
without ADAb ADADb
All patients formation formation
(n=410) (n=332) (n=178)
Demographics
Median age (IQR), years 44 (32-56) 44 (30-55) 47 (37-58)
Female sex, n (%) 209 (51) 166 (50) 43 (595)
Median disease duration (IQR), years 3.6 (0.8-12.9) 3.6 (0.8-13.4) 4.3 (0.8-12.5)
Diagnoses®
Rheumatoid arthritis, n (%) 84 (21) 59 (70)2 25 (30)2
Psoriatic arthritis, n (%) 44 (10) 33 (75)2 11 (25)2
Spondyloarthritis, n (%) 119 (29) 106 (89)2 13 (11) @
Ulcerative colitis, n (%) 83 (20) 68 (82)2 15 (18)*
Crohn’s disease, n (%) 58 (14) 49 (85)2 9 (16)2
Psoriasis, n (%) 22 (5) 17 (77)* 5 (23)2
Therapy
Prior use of biologic therapy, n (%) 106 (26) 90 (27) 16 (21)
Prior use of one or more TNF inhibitorsP, n (%) 94 (23) 80 (24) 14 (18)
Prior use of other biologics®, n (%) 17 (4) 15 (5) 2 (3)
Concomitant immunosuppressive therapy at baseline?, n (%) 226 (55) 185 (56) 41 (53)
Concomitant use of methotrexate, n (%) 154 (38) 123 (37) 31 (40)
Median dose (IQR), mg/week 20 (15-23)¢ 20 (15-20) 20 (15-25)
Concomitant use of thiopurines, n (%) 55 (13) 41 (15) 4 (5)
Median dose (IQR), mg/day 100 (50-100)f 100 (50-100) 75 (50-250)
Concomitant use of glucocorticoids, n (%) 73 (18) 59 (18) 14 (18)
Prednisolone >15mg/day, n (%) 30 (7) 28 (8) 2 (2)
General baseline characteristics
Median ESR" (IQR), mm/h 13.0 (6.0-25.0)  13.0 (6.0-25.0) 16.0 (9.0-24.0)
Median CRP (IQR), mg/L 5.0 (1.0-14.0) 5.0 (1.0-15.0) 4.5 (2.0-12.0)
Mean patient’s global assessment of disease activity®"? (SD), mm  58.3 (22.9) 59.3 (22.6) 53.9 (23.9)
Mean physician’s global assessment of disease activity®" 46.5 (21.4) 47.1 (21.1) 44.1 (22.7)
(SD), mm
Lifetime smoking, n (%) 233 (57) 177 (53) 56 (72)
Median infliximab starting dose (IQR), mg/kg 5.0 (4.7-5.2) 5.0 (4.7-5.3) 4.9 (3.1-5.2)
Disease specific baseline characteristics
Rheumatoid arthritis
Anti-citrullinated protein antibody positive, n (%) 57 (68) 42 (71) 15 (60)
Rheumatoid factor positive, n (%) 55 (66) 40 (69) 15 (60)
Mean DAS28 (SD) 4.5 (1.2) 4.4 (1.2) 4.6 (1.2)
Concomitant immunosuppressive therapy, n (%) 78 (92) 55 (93) 23 (92)
Psoriatic arthritis
Mean DAS28 (SD) 4.5(1.2) 4.6 (1.2) 4.2 (1.0)
Concomitant immunosuppressive therapy, n (%) 35 (80) 26 (79) 9 (82)
Spondyloarthritis
Mean ASDAS (SD) 3.1 (1.0) 3.1 (1.0) 3.2 (0.8)
Concomitant immunosuppressive therapy, n (%) 27 (23) 27 (26) 0 (0)
(Continued)
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Table 1. (Continued)

Patients Patients with
without ADAb ADADb
All patients formation formation
(n=410) (n=332) (n=178)
Ulcerative colitis
Median PMS (IQR) 6 (4-7) 6 (5-7) 6 (2-7)
Concomitant immunosuppressive therapy, n (%) 33 (40) 30 (44) 3 (20)
Crohn’s disease
Median HBI (IQR) 8 (6-10) 8 (6-10) 7 (6-9)
Concomitant immunosuppressive therapy, n (%) 37 (64) 34 (70) 3 (33)
Psoriasis
Mean PASI (SD) 9.4 (7.4-10.8) 10.2 (7.6-11.1) 8.6 (6.1-9.4)
Concomitant immunosuppressive therapy, n (%) 16 (73) 13 (77) 3 (60)

Data are n (%), mean (SD) or median (IQR).

ADAD, anti-drug antibody; TNF, tumour necrosis factor; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein;
DAS28, Disease Activity Score in 28 Joints; HLA, human leukocyte antigen; ASDAS, Ankylosing Spondylitis Disease
Activity Score; HBI, Harvey-Bradshaw Index; PMS, Partial Mayo Score; PASI, Psoriasis Area and Severity Index.
aPercentage is the proportion with/without ADAbD formation within the disease group.

PPrior TNFi include: Etanercept, adalimumab, certolizumab pegol, golimumab, and infliximab.

¢Other biologics include: abatacept, rituximab, secukinumab, tocilizumab, ustekinumab, and vedolizumab.
dConcomitant immunosuppressive medication include: methotrexate, azathioprine, leflunomide (n = 5), and sulfasalazine

(n=12).

®Methotrexate doses: 55% received >20 mg/week, 24% received 15-20 mg/week, and 21% received <15 mg/week.
fThiopurine doses: 45% received 100 mg/day and 38% received 50 mg/day.
8Global assessment of disease activity range, O to 100 on a visual analogue scale, with O indicating no disease activity

and 100 indicating the highest possible disease activity.
hData were missing for some patients.

versus 72/168 (42.9%) of patients without ADAD,
achieved remission. Additionally, a large propor-
tion of patients with ADAb discontinued inflix-
imab (14/36 (39%) versus 33/135 (16.6%)) or had
an infusion reaction (12/36 (33.3%) versus 4/168
(2.4%)), compared to patients without ADAD.

Risk factors for ADAb formation

Baseline risk factors of ADAb (Table 2) included
a diagnosis of RA (odds ratio [OR], 1.9 [CI 1.0-
3.6]) and lifetime smoking (OR, 2.0 [CI 1.1-3.6]),
whereas a diagnosis of SpA (OR, 0.4 [CI 0.2-0.8])
and concomitant immunosuppression (OR, 0.4 [CI
0.2-0.8]) were shown to reduce the risk of ADAb
(Table 2).

During follow-up (Table 3), higher disease activ-
ity assessed by mean ESR (OR, 1.1 [CI 1.0-1.1])
and mean CRP level (OR, 1.1 [CI 1.0-1.1]) and
“drug holidays” of more than 11 weeks (OR, 4.1
[CI 1.2-13.8]) increased the risk of ADAb, whereas
higher infliximab doses (OR, 0.1 [CI 0.0-0.3]) and

higher serum infliximab concentrations (OR, 0.7
[CI 0.6-0.8]) were associated with reduced risk of
immunogenicity.

These findings were consistent in the univariate
and multivariate analyses, except for the use of
concomitant immunosuppressive therapy, which
was not significantly associated with ADAb for-
mation in the univariate analysis (Table 2). Vari-
ables with p values <0.25 in the univariate anal-
yses are shown in Tables 2 and 3, and variables
with p values >0.25 are listed in the table legends.
Sensitivity analyses with adjustment for CRP level
and without adjustment for disease activity yielded
similar results (Appendix Table 5 in the Supporting
Information).

A total of 37 potential risk factors were assessed
in the univariate analyses (Tables 2 and 3), of
which 15 had univariate associations with p val-
ues <0.05. Twelve of the 15 remained significant
after controlling for multiple testing, using a false
discovery rate of 5%. The three that did not stand
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Table 2. Baseline risk factors for anti-drug antibody formation

Anti-drug antibody formation, n=78/410

Univariate analysis

Adjusted analysis

OR [95% CI] p value OR [95% CI] p value

Age 1.02 [1.00-1.04] 0.03 1.01 [0.99-1.03] 0.17

Diagnosis of rheumatoid arthritis 2.18 [1.26-3.79] <0.01 1.93 [1.04-3.60] 0.04
(n=84/410)

Diagnosis of spondyloarthritis 0.43 [0.23-0.81] <0.01 0.41 [0.21-0.79] <0.01
(n=119/410)

Prior use of >1 TNF inhibitor(s) 0.69 [0.37-1.29] 0.25 0.61 [0.31-1.20] 0.16
(n=94/410)

Concomitant immunosuppressive 0.88 [0.54-1.44] 0.612 0.40 [0.21-0.76] <0.01
therapy (n=226/410)

Concomitant use of prednisolone 0.29 [0.07-1.23] 0.09 0.26 [0.06-1.16] 0.08
>15 mg/day (n=30/410)

Patient’s global assessment of 0.99 [0.98-1.00] 0.06 0.99 [0.98-1.00] 0.20
disease activity, VAS (0-100 mm)
(n=408P)

Infliximab starting dose (mg/kg) 0.75 [0.60-0.93] 0.01 0.84 [0.60-1.17] 0.29
(n=410)

Lifetime smoking (n=233/410) 2.23 [1.30-3.82] <0.01 1.98 [1.11-3.55] 0.02

Results are presented as odds ratios (OR) with 95% confidence intervals (CI). The adjusted analysis was corrected for age,
gender, diagnosis, and a standardised disease activity score. All variables with a p value <0.25 in the univariate analysis
were included in the adjusted analyses. Variables tested, but not associated with ADAb (p values >0.25 in univariate anal-
ysis) included: gender, BMI, coffee drinking, snuff consumption, disease duration, randomization (TDM/standard care),
prior non-TNFi treatment, physician’s global assessment of disease activity and methotrexate and thiopurine dosing.

TNF, tumour necrosis factor.

aIncluded in table despite an unadjusted p value>0.25 because this variable was significant in adjusted analysis.

PData were missing in some patients.

up to multiplicity adjustment in the univariate
analyses were having more than 11 weeks between
infusions, having one or more infliximab dose
increments, and age (Appendix Table 6 in the
Supporting Information).

Risk factors for ADAb formation in disease subgroups

Subgroup analyses in patients with peripheral
arthritis (RA and PsA, n= 128), SpA (n= 119), and
inflammatory bowel disease (UC and CD, n = 141)
were performed to assess disease-specific risk fac-
tors for ADAb formation (Appendix Table 7 in the
Supporting Information). The number of patients
with Ps (n = 22) was too low to allow separate
analyses in this subgroup. Higher infliximab con-
centrations during the induction and maintenance
phases reduced the risk of ADADb formation in all
subgroups. In the peripheral arthritis subgroup,
we found lifetime smoking (OR, 3.0 [CI 1.1-8.4])

to be a risk factor for ADADb formation, in addition
to systemic glucocorticoid therapy after baseline
(OR, 3.4 [CI 1.2-9.5]), higher mean DAS28 score
(OR, 1.5 [CI 1.1-2.3]), and higher mean ESR (OR,
1.1 [CI 1.0-1.1]) and mean CRP levels (OR, 1.1 [CI
1.0-1.2]). In the SpA subgroup, higher mean ESR
(OR, 1.1 [CI 1.0-1.1]) and mean CRP levels (OR, 1.1
[CI 1.0-1.1]) were risk factors for immunogenicity.
None of the 27 patients with SpA and comedication
at baseline (25 methotrexate and 2 sulfasalazine)
had ADADb formation. In the inflammatory bowel
disease subgroup, higher age (OR, 1.0 [CI 1.0-1.1]),
systemic glucocorticoid therapy after baseline (OR,
9.5 [CI 3.2-28.2]), higher mean ESR (OR, 1.1 [CI
1.0-1.1]), and higher mean white blood cell count
(OR, 1.3 [CI 1.0-1.8]) were risk factors for ADAb
formation. Higher infliximab doses in the mainte-
nance phase (OR, 0.1 [CI 0.0-0.4]), having one or
more infliximab dose increments (OR, 0.3 [CI 0.1-
0.9]), and concomitant use of thiopurines (OR, 0.3
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Table 3. Patient and treatment related risk factors for anti-drug antibody formation during follow-up

Anti-drug antibody formation, n=77/406%

Univariate analysis

Adjusted analysis

OR [95% CI] p value OR [95% CI] p value
Concomitant use of systemic 5.19 [2.86-9.43] <0.001 5.53 [2.90-10.55] <0.001
glucocorticoids after
baseline (n=58/406)
Infliximab dose/week infusion 0.43 [0.23-0.79] <0.01 0.59 [0.26-1.32] 0.20
1 and 2 (mg/kg/week)
(n=390P)
Infliximab dose/week infusion 0.11 [0.04-0.35] <0.001 0.08 [0.02-0.31] <0.001
3 and onwards
(mg/kg/week) (n=355°)
One or more infliximab dose 0.51 [0.29-0.89] 0.02 0.43 [0.24-0.78] <0.01
increment(s) (n=148/406)
More than 11 weeks between 3.89 [1.27-11.92] 0.02 4.12 [1.23-13.75] 0.02
infusions (n=13/406)
Mean CRP level (n=406) 1.05[1.01-1.08] <0.01 1.05[1.02-1.09] <0.01
Mean ESR level (n=406) 1.05[1.03-1.07] <0.001 1.05[1.02-1.08] <0.001
Infliximab concentration 0.95 [0.93-0.97] <0.001 0.96 [0.93-0.98] <0.01
before infusion 2 (n=3989)
Infliximab concentration 0.91 [0.88-0.94] <0.001 0.91 [0.89-0.94] <0.001
before infusion 3 (n=389¢)
Mean infliximab concentration 0.74 [0.65-0.83] <0.001 0.73 [0.64-0.84] <0.001

after infusion 3 (n=326f)

Results are presented as odds ratios (OR) with 95% confidence intervals (CI). The adjusted analyses are corrected for age,
gender, diagnosis, and a standardised disease activity score. All variables with a p value <0.25 in univariate analysis
included. Variables tested, but not associated with ADAb (p value >0.25 in univariate analysis) include mean patient’s
global assessment of disease activity, mean physician’s global assessment of disease activity, starting or terminating
concomitant immunosuppressive medication, and having one or more infection(s).

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein.

2Four patients did not have assessments after baseline.
PSome patients did not have more than one infusion.
®Some patients did not have three or more infusions.

dSome patients did not have more than one infusion or did not have a serum infliximab assessment before infusion 2.
¢Some patients did not have more than two infusions or did not have a serum infliximab assessment before infusion 3.
fSome patients did not have more than three infusions or did not have serum infliximab assessments after infusion

[CI 0.1-0.9]) reduced the risk of immunogenicity.
The nonsignificant disease-specific factors tested
are shown in Appendix Table 7 in the Supporting
Information.

Relationship between infliximab concentration and
ADAb

The relationship between infliximab concentration
and risk of ADAb formation is shown in Fig. 2,
demonstrating a concentration/risk relationship
during both induction and maintenance therapies.

The ROC analyses (Fig. 3) suggest that infliximab
concentrations during maintenance therapy (after
infusion 3) had the strongest influence on the risk
of ADADb formation with an area under the curve
(AUC) of 0.76 (CI 0.71-0.80). The serum infliximab
cut-off that best discriminated between patients
with and without later ADAb formation was 5 mg/L
(sensitivity 71% [CI 55-83] and specificity 74% [CI
69-79]) during maintenance. At infusions 2 and 3,
the AUC was 0.66 (C10.61-0.70) and 0.76 (C10.71-
0.80), respectively, and the cut-offs were 26 mg/L
(sensitivity 69% [CI 57-78] and specificity 67%
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Fig. 2 Concentration-risk curves. Predicted probability of later ADAb formation with CI for infliximab trough serum con-
centrations before infusion 2 (a), before infusion 3 (b) and in the maintenance phase (c). Patients were sorted by inflix-
imab concentrations (low to high) and divided into equally sized groups (n = 10). Mean values were calculated for each
group. Predictive values were obtained from univariate regression analyses. ADAb, anti-drug antibodies; CI, 95% confidence

interval.

[CI 62-72]) and 19 mg/L (sensitivity 71.0% [CI 59—
80] and specificity 76% [CI 71-80]), respectively.

Discussion

In this study of 410 patients with immune-
mediated inflammatory diseases initiating inflix-
imab therapy, ADAb formation occurred in 19%
of patients during the first 38 weeks of infliximab
treatment. Thus, a large proportion of patients is
at risk of treatment failure and immunogenicity-
related side effects. Several risk factors for ADAb
formation were identified: diagnosis of RA, lifetime
smoking, infliximab monotherapy, higher disease
activity, lower infliximab doses, “drug holidays” of
more than 11 weeks, and lower infliximab serum
concentrations. This knowledge provides a basis
for treatment strategies to mitigate the formation

of ADAD and for identifying patients in whom these
measures are of particular importance.

An association between low infliximab drug con-
centrations and subsequent immunogenicity has
previously been proposed [13, 16, 23], but the con-
centration necessary to mitigate ADAb formation is
not known. This large prospective study confirmed
the relationship between low drug concentrations
and immunogenicity and suggested target drug
concentrations to reduce the risk of ADAb forma-
tion. We identified the drug concentrations to best
discriminate patients with and without later ADAb
formation to be 26, 19, and 5 mg/L at infusions
2 and 3 and during maintenance therapy (after
infusion 3), respectively. The concentration/risk
curves suggested that drug concentrations above
these levels did not further reduce the risk of ADAb
formation. These results imply that slightly higher
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regression analyses. The optimal cut-off point was defined by the point closest to 0.1 (i.e., 100% sensitivity and specificity).
(a). Infliximab concentrations before infusion 2. AUC is 0.66 (CI 0.61-0.71) with optimal cut-off at 26 mg/ L with a sensitivity
of 68.5% (CI 57.1-78.0) and specificity of 66.8% (CI 61.5-71.7). (b). Infliximab concentrations before infusion 3. AUC is 0.76
(CI 0.71-0.80) with optimal cut-off at 19 mg/L with a sensitivity of 71.0% (CI 59.4-80.4) and a specificity of 75.9% (CI 71.0—
80.3). (c). Infliximab concentrations in the maintenance phase (calculated mean for each patient). AUC is 0.79 (CI 0.74-0.83)
with optimal cut-off at 5 mg/L with a sensitivity of 71.1% (CI 55.2-83.0) and specificity of 74.3% (CI 69.0-79.0). AUC, area
under the curve; ADAbD, anti-drug antibody; CI, 95% confidence interval.

infliximab concentrations are needed to prevent
ADADb formation than to ensure effectiveness [17,
19]. This information needs to be balanced against
the increased costs and possible increased risk of
infections with higher doses of infliximab [24].

We found a reduced risk of immunogenicity for
higher infliximab doses during the maintenance
phase. However, this did not apply during the
induction phase. As serum drug concentrations
were significantly associated with ADAb formation
during the induction phase, the lack of association
between drug doses and ADAb may indicate that
factors other than dosing, such as disease activ-
ity, influence variations in drug concentrations to a

greater extent during induction than during main-
tenance treatment with infliximab.

Prior studies have shown a high rate of immuno-
genicity in patients receiving episodic “on demand”
infliximab treatment [25], stressing the importance
of ensuring continuous, scheduled infliximab ther-
apy. The risk of immunogenicity posed by single
short-term pauses in therapy such as pauses rec-
ommended in relation to surgery and infections,
has not been established. Our study demonstrated
that the risk of immunogenicity increased more
than fourfold in patients with an infusion inter-
val of more than 11 weeks. As drug holidays are
unavoidable in some cases, these data underscore
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the importance of keeping these delays as short as
possible, at most 11 weeks.

Consistent with several previous reports, the use of
concomitant immunosuppressive medications low-
ered the risk of immunogenicity in our study [7,
13, 26, 27]. The proposed dose-dependent protec-
tive effects of thiopurines or methotrexate could not
be confirmed by our results [13, 28]. This may be
due to the high doses of methotrexate used by most
patients in this study. The use of methotrexate or
sulfasalazine co-medication in the RA and PsA sub-
groups was not significantly protective. This find-
ing is most likely explained by the fact that most
patients (90% and 80% with RA and PsA, respec-
tively) used concomitant immunosuppressive med-
ication, mainly methotrexate. In the SpA subgroup,
none of the 27 patients who used concomitant
immunosuppressive medications (25 methotrexate
and 2 sulfasalazine) developed ADAb, compared to
13 of 92 patients who did not. This finding sug-
gests that, contrary to current clinical practice, the
use of concomitant immunosuppressive medica-
tion may be valuable in patients with SpA. This
finding is supported by observational data show-
ing increased drug survival of TNFi in patients with
SpA on concomitant immunosuppressive medica-
tion [29].

High disease activity has been associated with
increased immunogenicity [14, 30]. Patients with
an activated immune system are probably more
likely to develop an immune response to the drug
[31], partly due to increased infliximab clearance
[13]. In line with this, higher disease activity
assessed by mean ESR and CRP levels increased
the risk of ADAb formation in our study. The
observed association between ADAb and glucocor-
ticoid therapy during follow-up likely represents
patients with flares.

We have shown that lifetime smoking almost dou-
bles the odds of ADAb formation. Similar find-
ings have been reported in studies of patients with
CD and RA [13, 14]. Smoking has been shown
to alter both humoral and cell-mediated immune
responses [32]; however, the exact mechanism
behind this finding remains unknown.

To our knowledge, this is the first study to assess
risk factors for immunogenicity across all six diag-
noses for which infliximab is approved. Patients
with SpA had a significantly lower risk of immuno-
genicity than those with other diagnoses, while

the highest rate of immunogenicity was seen in
patients with RA, for whom the risk of ADAD for-
mation was almost doubled compared to that of
the other diagnoses. This finding was unexpected,
as prior data have indicated high immunogenicity
rates in patients with inflammatory bowel diseases
[7]. High immunogenicity rates in RA patients,
despite the high proportion of patients on con-
comitant medication compared to SpA patients [33,
34], might be partly explained by the fact that
RA patients receive a lower starting dose of inflix-
imab than patients with other diagnoses (3 mg/kg
vs. 5 mg/kg). Patients with SpA, however, did not
receive higher doses than patients with the other
diagnoses but still had the highest serum drug con-
centrations and the lowest rate of ADAb formation.
Although these observational data cannot estab-
lish a causal link between the risk factors identi-
fied and ADAD formation, our findings indicate that
not only treatment-related factors but also disease-
specific mechanisms influence both drug concen-
trations and immunogenicity. Cytokines that can
activate B cells, including interleukin-6 and B-
cell activating factor, have been suggested to con-
tribute to the pathogenesis of RA [35-37] and may
also promote immunogenicity [37, 38]. This may
explain some of the differences in immunogenicity
rates between RA and other diseases, where these
cytokines are thought to be less important.

Our study identified risk factors for ADAb forma-
tion in patients treated with infliximab, and further
research should address whether these risk factors
are also of significance in patients treated with less
immunogenic TNFi. Prior data, however, suggest
some of the same risk factors for ADAb formation
to adalimumab which exhibits a similar immuno-
genic profile as infliximab [13, 14].

The ADAD assay used in this study reports ADAb
in the 15-200 pg/L range, which is comparable
to the ranges of several commercially available
assays. However, different assays for the detec-
tion of ADAD are in use, and ADAb concentrations
are not always comparable between studies [39].
We used a drug-sensitive assay with limited ability
to detect ADAD in the presence of drug. Although
infliximab concentrations measured at the same
time point to or later than the detection of ADAb
were not included in our regression analyses and
concentration/risk relationship assessments, we
cannot exclude the possibility that the low drug
concentrations measured prior to detection of the
first ADAb-positive sample could have been a result
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of incipient ADAb formation in some patients.
Therefore, a cause—effect relationship cannot be
established based on this study. With a drug-
tolerant assay, ADAb formation could potentially
have been detected earlier in some patients and
provided more insight into the timely development
of ADAD in relation to drug concentrations. How-
ever, low concentrations of ADAD in the presence
of drug are often transient or of minor clinical rel-
evance [31, 40], and studies have indicated a lack
of additional clinical value of drug-tolerant assays
[41-43]. Drug-tolerant assays usually involve elab-
orate preanalytical acid dissociation steps, which
are rarely feasible in routine practice. Other limi-
tations include the risk of damage/inactivation of
ADADb molecules due to low pH. Additionally, we
used an assay designed to detect neutralising anti-
bodies only, as these are presumably the most clin-
ically relevant ADAD [44].

One of the strengths of our study is the inclu-
sion of six different diagnoses, which provides
new insights into immunogenicity in immune-
mediated inflammatory diseases in general. Fur-
ther strengths include the study design, the large
number of included patients, the high retention
rate, and the fact that all serum samples were
obtained as trough samples.

This study has some limitations. The large number
of univariate analyses performed confers a possi-
ble bias. Of the 15 significant risk factors in the
univariate analyses, 12 remained significant after
controlling for multiple testing. The three variables
that did not stand up to multiplicity adjustment in
univariate analyses (having more than 11 weeks
between infusions, having one or more infliximab
dose increments, and age) should therefore be
interpreted with caution. Furthermore, this study
was not powered to conduct robust subgroup
analyses. Therefore, these analyses should be
regarded as explorative, and further studies are
needed to confirm our results. However, these
analyses still serve as an indication of the most
influential factors in each subgroup.

In conclusion, this large prospective study of
patients with immune-mediated inflammatory dis-
eases starting infliximab therapy identified sev-
eral patient- and treatment-related risk factors
for immunogenicity and suggests optimal cut-offs
for drug concentrations to prevent ADAb forma-
tion. Ensuring an optimal infliximab dose, use of
concomitant immunosuppressive medication, and

avoiding “drug holidays” longer than 11 weeks are
measures that can mitigate the formation of ADAb
and thus improve effectiveness of infliximab ther-
apy, particularly for patients with other risk fac-
tors for immunogenicity such as smoking or a
diagnosis of RA. Proactive TDM to ensure optimal
doses and timely identification of ADAb formation
might also be useful in at-risk patients to prevent
treatment failure and infusion reactions [17]. For
patients exhibiting risk factors where these treat-
ment strategies are not feasible, treatment with a
less immunogenic TNFi or other biologic or targeted
synthetic drugs might be a better choice.

Acknowledgements

The authors thank all the patients who partici-
pated in the NOR-DRUM study. They are grateful
for the time and effort invested in this study. Many
people contributed to the study design and imple-
mentation of the NOR-DRUM trial. They thank the
patient representatives in the study group, Jon
Hagfors, Bjorn Gulbrandsen, and Hilde Mellum, as
well as all study personnel involved in the clini-
cal departments and the staff at the Department of
Medical Biochemistry at Oslo University Hospital,
Radiumhospitalet.

Author contributions

Marthe Kirkesesether Brun: Conceptualization;
Data curation; Formal analysis; Investigation;
Methodology; Project administration; Resources;
Software; Validation; Visualization; Writing -
original draft; Writing — review & editing. Joseph
Sexton: Conceptualization; Data curation; Formal
analysis; Investigation; Methodology; Resources;
Software; Validation; Visualization; Writing -
review & editing. Johanna Elin Gehin: Conceptu-
alization; Investigation; Methodology; Resources;
Visualization; Writing — review & editing. Jystein
Sandanger: Conceptualization; Investigation,;
Methodology; Resources; Writing — review & edit-
ing. Inge Christoffer Olsen: Conceptualization;
Investigation; Methodology; Resources; Visual-
ization; Writing — review & editing. Rolf Anton
Klaasen: Investigation; Methodology; Resources;
Visualization; Writing — review & editing. Cato
Mork: Conceptualization; Investigation; Method-
ology; Resources; Writing — review & editing. Tore
K. Kvien: Conceptualization; Funding acquisi-
tion; Investigation; Methodology; Visualization;
Writing — review & editing. Jergen Jahnsen:
Conceptualization; Investigation; Methodology;

488 © 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2022, 292; 477-491



JIM Anti-infliximab antibodies / M. K. Brun et al.

Resources; Supervision; Writing — review & edit-
ing. Nils Bolstad: Conceptualization; Investigation;
Methodology; Resources; Supervision; Visual-
ization; Writing — review & editing. Espen A.
Haavardsholm: Conceptualization; Funding acqui-
sition; Investigation; Methodology; Resources;
Supervision; Visualization; Writing - original
draft; Writing — review & editing. Silje Watterdal
Syversen: Conceptualization; Funding acquisition,;
Investigation; Methodology; Project adminis-
tration; Resources; Supervision; Visualization;
Writing — original draft; Writing — review & editing

Conflicts of interest

Dr. Brun has nothing to disclose. Dr. Goll reports
personal fees from AbbVie, personal fees from
Pfizer, personal fees from Sandoz, personal fees
from Celltrion, personal fees from Lilly, per-
sonal fees from UCB, and personal fees from
Boehringer Ingelheim outside the submitted work.
Dr. Jgrgensen reports personal fees from BMS, per-
sonal fees from Roche, and Celltrion grants from
South-Eastern Norway Regional Health Authori-
ties. Dr. Sexton has nothing to disclose. Dr. Gehin
has nothing to disclose. Dr. Sandanger has nothing
to disclose. Dr. Olsen has nothing to disclose. Dr.
Klaasen has nothing to disclose. Dr. Warren has
nothing to disclose.

Dr. Mork reports personal fees from Novartis Norge
AS, personal fees from LEO Pharma AS, personal
fees from ACO Hud Norge AS, personal fees from
Cellgene AS, personal fees from Abbvie, and per-
sonal fees from Galderma Nordic AB and Eli-Lilly
outside the submitted work.

Dr. Kvien reports grants from the Norwegian
Regional Health Authorities (inter-regional KLIN-
BEFOSK grants) and grants from South-Eastern
Norway Regional Health Authorities during the
conduct of the study, grants from AbbVie, grants
from Amgen, personal fees from Amgen, grants
from BMS, personal fees from Celltrion, personal
fees from Egis, personal fees from Evapharma,
personal fees from Ewopharma, personal fees
from Gilead, personal fees from Hikma, personal
fees from Mylan, grants from Novartis, personal
fees from Oktal, grants from Pfizer, personal fees
from Pfizer, personal fees from Sandoz, personal
fees from Sanofi, grants from UCB, and personal
fees from UCB outside the submitted work. Dr.
Jahnsen has nothing to disclose. Dr. Bolstad

reports personal fees from Roche, personal fees
from Janssen, and personal fees from Novartis
outside the submitted work. Dr. Haavardsholm
reports grants from Norwegian Regional Health
Authorities (inter-regional KLINBEFORSK grants)
and grants from the South-Eastern Norway
Regional Health Authority during the conduct
of the study, personal fees from Pfizer, personal
fees from AbbVie, personal fees from Celgene,
personal fees from Novartis, personal fees from
Janssen, personal fees from Gilead, personal
fees from Eli-Lilly, and personal fees from UCB
outside the submitted work. Dr. Syversen reports
grants from Norwegian Regional Health Authorities
and grants from South-Eastern Norway Regional
Health Authorities during the conduct of the study
and personal fees from Thermo Fisher outside the
submitted work.

References

1 Maini R, St Clair EW, Breedveld F, Furst D, Kalden J,
Weisman M, et al. Infliximab (chimeric anti-tumour necrosis
factor alpha monoclonal antibody) versus placebo in rheuma-
toid arthritis patients receiving concomitant methotrexate: a
randomised phase III trial. ATTRACT study group. Lancet.
1999;354(9194):1932-9.

2 Rutgeerts P, Sandborn WJ, Feagan BG, Reinisch W, Olson
A, Johanns J, et al. Infliximab for induction and main-
tenance therapy for wulcerative colitis. N Engl J Med.
2005;353(23):2462-76.

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

4 Chaudhari U, Romano P, Mulcahy LD, Dooley LT, Baker
DG, Gottlieb AB. Efficacy and safety of infliximab monother-
apy for plaque-type psoriasis: a randomised trial. Lancet
2001;357(9271):1842-7.

5 Bots SJ, Parker CE, Brandse JF, Lowenberg M, Feagan
BG, Sandborn WJ, et al. Anti-drug antibody formation
against biologic agents in inflammatory bowel disease: a
systematic review and meta-analysis. BioDrugs 2021;35(6):
715-33.

6 Garces S, Demengeot J, Benito-Garcia E. The immunogenic-
ity of anti-TNF therapy in immune-mediated inflammatory
diseases: a systematic review of the literature with a meta-
analysis. Ann Rheum Dis. 2013;72(12):1947-55.

7 Thomas SS, Borazan N, Barroso N, Duan L, Taroumian S,
Kretzmann B, et al. Comparative immunogenicity of TNF
inhibitors: impact on clinical efficacy and tolerability in the
management of Autoimmune diseases. A systematic review
and meta-analysis. BioDrugs 2015;29(4):241-58.

8 Cheifetz AS, Abreu MT, Afif W, Cross RK, Dubinsky MC,
Loftus Jr. EV, et al. A comprehensive literature review and
expert consensus statement on therapeutic drug monitoring
of biologics in inflammatory bowel disease. Am J Gastroen-
terol. 2021;116(10):2014-25.

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 489

Journal of Internal Medicine, 2022, 292; 477-491



JIM Anti-infliximab antibodies / M. K. Brun et al.

10

11

12

13

14

15

16

17

18

19

20

21

22

490

Roda G, Jharap B, Neeraj N, Colombel JF. Loss of response
to anti-TNFs: definition, epidemiology, and management. Clin
Transl Gastroenterol. 2016;7:e135.

Nencini F, Vultaggio A, Pratesi S, Cammelli D, Milla M, Fiori
G, et al. The kinetics of antidrug antibodies, drug levels,
and clinical outcomes in infliximab-exposed patients with
immune-mediated disorders. J Allergy Clin Immunol Pract.
2018;6(6):2065-72.e2.

Baert F, Noman M, Vermeire S, Van Assche G, D’Haens G,
Carbonez A, et al. Influence of immunogenicity on the long-
term efficacy of infliximab in Crohn’s disease. N Engl J Med.
2003;348(7):601-8.

Ungar B, Chowers Y, Yavzori M, Picard O, Fudim E, Har-
Noy O, et al. The temporal evolution of antidrug antibodies in
patients with inflammatory bowel disease treated with inflix-
imab. Gut. 2014;63(8):1258-64.

Kennedy NA, Heap GA, Green HD, Hamilton B, Bewshea C,
Walker GJ, 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(5):341-53.

Quistrebert J, Hassler S, Bachelet D, Mbogning C, Musters
A, Tak PP, et al. Incidence and risk factors for adalimumab
and infliximab anti-drug antibodies in rheumatoid arthritis: a
European retrospective multicohort analysis. Semin Arthritis
Rheum. 2019;48(6):967-75.

Strand V, Balsa A, Al-Saleh J, Barile-Fabris L, Horiuchi
T, Takeuchi T, Immunogenicity of biologics in
chronic inflammatory diseases: a systematic review. BioDrugs
2017;31(4):299-316.

Brandse JF, Mould D, Smeekes O, Ashruf Y, Kuin S, Strik A,
et al. A real-life population pharmacokinetic study reveals fac-
tors associated with clearance and immunogenicity of inflix-
imab in inflammatory bowel disease. Inflamm Bowel Dis.
2017;23(4):650-60.

Syversen SW, Goll GL, Jorgensen KK, Sandanger @, Sexton
J, Olsen IC, et al. Effect of therapeutic drug monitoring
vs standard therapy during infliximab induction on dis-
ease remission in patients with chronic immune-mediated
inflammatory diseases: a randomized clinical trial. JAMA
2021;325(17):1744-54.

Curtis JR, Ogdie A, George MD. Treatment strategies
for patients with immune-mediated inflammatory diseases.
JAMA 2021;325(17):1726-8.

Syversen SW, Goll GL, Jorgensen KK, Olsen IC, Sandanger
@, Gehin JE, et al. Therapeutic drug monitoring of inflix-
imab compared to standard clinical treatment with inflix-
imab: study protocol for a randomised, controlled, open,
parallel-group, phase IV study (the NOR-DRUM study). Tri-
als 2020;21(1):13.

Jorgensen KK, Olsen IC, Goll GL, Lorentzen M, Bolstad
N, Haavardsholm EA, 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(10086):2304-16.

Benjamini Y, Hochberg Y. Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J Royal
Statistic Soc Ser B (Methodol). 1995;57(1):289-300.
Therneau TM, Grambsch PM. Modeling survival data: extend-
ing the Cox model. New York: Springer; 2014.

et al.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Wolbink GJ, Vis M, Lems W, Voskuyl AE, de Groot E,
Nurmohamed MT, et al. Development of antiinfliximab anti-
bodies and relationship to clinical response in patients with
rheumatoid arthritis. Arthritis Rheum. 2006;54(3):711-5.
Singh JA, Cameron C, Noorbaloochi S, Cullis T, Tucker M,
Christensen R, et al. Risk of serious infection in biological
treatment of patients with rheumatoid arthritis: a systematic
review and meta-analysis. Lancet 2015;386(9990):258-65.
Rutgeerts P, Feagan BG, Lichtenstein GR, Mayer LF,
Schreiber S, Colombel JF, et al. Comparison of scheduled and
episodic treatment strategies of infliximab in Crohn’s disease.
Gastroenterology 2004;126(2):402-13.

Colombel JF, Sandborn WJ, Reinisch W, Mantzaris GJ,
Kornbluth A, Rachmilewitz D, et al. Infliximab, azathioprine,
or combination therapy for Crohn’s disease. N Engl J Med.
2010;362(15):1383-95.

Vermeire S, Noman M, Van Assche G, Baert F, D’Haens G,
Rutgeerts P. Effectiveness of concomitant immunosuppres-
sive therapy in suppressing the formation of antibodies to
infliximab in Crohn’s disease. Gut. 2007;56(9):1226-31.
Krieckaert CL, Nurmohamed MT, Wolbink GJ. Methotrexate
reduces immunogenicity in adalimumab treated rheumatoid
arthritis patients in a dose dependent manner. Ann Rheum
Dis. 2012;71(11):1914-5.

Lie E, Kristensen LE, Forsblad-d’Elia H, Zverkova-Sandstrom
T, Askling J, Jacobsson LT, et al. The effect of comedication
with conventional synthetic disease modifying antirheumatic
drugs on TNF inhibitor drug survival in patients with anky-
losing spondylitis and undifferentiated spondyloarthritis:
results from a nationwide prospective study. Ann Rheum Dis.
2015;74(6):970-8.

Gill KL, Machavaram KK, Rose RH, Chetty M. Potential
sources of inter-subject variability in monoclonal antibody
pharmacokinetics. Clin Pharmacokinet. 2016;55(7):789-805.
Atigi S, Hooijberg F, Loeff FC, Rispens T, Wolbink
GJ. Immunogenicity of TNF-inhibitors. Front Immunol.
2020;11:312.

Arnson Y, Shoenfeld Y, Amital H. Effects of tobacco smoke
on immunity, inflammation and autoimmunity. J Autoimmun.
2010;34(3):J258-65.

Carmona L, Gémez-Reino JJ. Survival of TNF antagonists in
spondylarthritis is better than in rheumatoid arthritis. Data
from the Spanish registry BIOBADASER. Arthritis Res Ther.
2006;8(3):R72.

Fafa BP, Louzada-Junior P, Titton DC, Zandonade E, Ranza
R, Laurindo I, et al. Drug survival and causes of discontinua-
tion of the first anti-TNF in ankylosing spondylitis compared
with rheumatoid arthritis: analysis from BIOBADABRASIL.
Clin Rheumatol. 2015;34(5):921-7.

Pratt AG, Swan DC, Richardson S, Wilson G, Hilkens CMU,
Young DA, et al. A CD4 T cell gene signature for early rheuma-
toid arthritis implicates interleukin 6-mediated STAT3 sig-
nalling, particularly in anti-citrullinated peptide antibody-
negative disease. Ann Rheum Dis. 2012;71(8):1374-81.
Anderson AE, Pratt AG, Sedhom MAK, Doran JP, Routledge
C, Hargreaves B, et al. IL-6-driven STAT signalling in circulat-
ing CD4+ lymphocytes is a marker for early anticitrullinated
peptide antibody-negative rheumatoid arthritis. Ann Rheum
Dis. 2016;75(2):466-73.

Hernandez-Breijo B, Navarro-Compan V, Plasencia-
Rodriguez C, Parodis I, Gehin JE, Martinez-Feito A, et al.

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2022, 292; 477-491



JIM Anti-infliximab antibodies / M. K. Brun et al.

38

39

40

41

42

43

BAFF predicts immunogenicity in older patients with
rheumatoid arthritis treated with TNF inhibitors. Sci Rep.
2021;11(1):11632.

Bitoun S, Nocturne G, Ly B, Krzysiek R, Roques P,
Pruvost A, et al. Methotrexate and BAFF interaction pre-
vents immunization against TNF inhibitors. Ann Rheum Dis.
2018;77(10):1463-70.

Bertin D, Serrero M, Grimaud JC, Desjeux A, Desplat-
Jégo S. Monitoring of infliximab trough levels and anti-
infliximab antibodies in inflammatory bowel diseases: a com-
parison of three commercially available ELISA kits. Cytokine
2020;126:154859.

Bloem K, Hernandez-Breijo B, Martinez-Feito A, Rispens
T. Immunogenicity of therapeutic antibodies: monitoring
antidrug antibodies in a clinical context. Ther Drug Monit.
2017;39(4):327-32.

Leu JH, Adedokun OJ, Gargano C, Hsia EC, Xu Z,
Shankar G. Immunogenicity of golimumab and its clinical
relevance in patients with rheumatoid arthritis, psoriatic
arthritis and ankylosing spondylitis. Rheumatology (Oxford).
2019;58(3):441-6.

van Schouwenburg PA, Krieckaert CL, Rispens T, Aarden L,
Wolbink GJ, Wouters D. Long-term measurement of anti-
adalimumab using pH-shift-anti-idiotype antigen binding test
shows predictive value and transient antibody formation. Ann
Rheum Dis. 2013;72(10):1680-6.

Van Stappen T, Vande Casteele N, Van Assche G, Ferrante
M, Vermeire S, Gils A. Clinical relevance of detecting
anti-infliximab antibodies with a drug-tolerant assay: post
hoc analysis of the TAXIT trial. Gut. 2018;67(5):818-
26.

44 van Schie KA, Hart MH, deGroot ER, Kruithof S, Aarden LA,
Wolbink GJ, et al. The antibody response against human and
chimeric anti-TNF therapeutic antibodies primarily targets
the TNF binding region. Ann Rheum Dis. 2015;74(1):311-4.

Correspondence: Marthe Kirkesgether Brun, Division of Rheuma-
tology and Research, Diakonhjemmet Hospital, P.O. Box 23
Vinderen, N-0319 Oslo, Norway.

Email: marthe.k.brun@gmail.com

Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Appendix Table 1. Treatment algorithm in the
therapeutic drug monitoring arm

Appendix Table 2. Description of the ADAb assay
Appendix Table 3. Infliximab drug doses and
serum drug concentrations in the maintenance
phase

Appendix Table 4. Transient anti-drug antibody
formation

Appendix Table 5a-b. Sensitivity analyses of risk
factors for anti-drug antibody formation
Appendix Table 6. Multiplicity adjustment
Appendix Table 7a-c. Risk factors in disease sub-
groups @

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 491

Journal of Internal Medicine, 2022, 292; 477-491



