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Background/Aims: Infliximab treatment failure in patients with inflammatory bowel disease may
result from sub-optimal infliximab trough level. An understanding of pharmacokinetics (PKs) is
important to maintain an optimal trough level. PK studies of the switch to subcutaneous (SC)
infliximab from intravenous (IV) infliximab using real-world data are lacking. We aimed to develop
a population PK model of IV and SC infliximab to predict individual infliximab exposure during
maintenance therapy.

Methods: We used data from prospectively collected data on IV and SC infliximab concentra-
tions in patients with inflammatory bowel disease receiving maintenance treatment from Febru-
ary 2020 to December 2022 at Samsung Medical Center. Population PK analysis was conducted
by using a two-compartment model with first-order absorption and first-order elimination. Good-
ness-of-fit plots and visual predictive check were used to evaluate the PK model.

Results: A total of 2,132 samples from 181 patients (149 Crohn’s disease and 32 ulcerative
colitis) were analyzed. We developed an infliximab population PK model using body mass index,
albumin, C-reactive protein level, and the anti-drug antibody level and validated its predictive
performance.

Conclusions: It may be possible to predict the infliximab trough level of both IV and SC infliximab
in patients with inflammatory bowel disease during maintenance treatment by using our model in
real-world practice. (Gut Liver, 2025;19:376-387)

Key Words: Infliximab; Pharmacokinetic model; Intravenous; Subcutaneous; Inflammatory bow-
el diseases

INTRODUCTION

Infliximab, an anti-tumor necrosis factor-a, agent, is
effective for induction and maintenance of remission in
patients with inflammatory bowel disease (IBD)."” Many
studies have shown that a higher trough level (TL) of in-
fliximab was associated with better short- and long-term
outcomes in patients with IBD.”” Therefore, therapeutic
drug monitoring (TDM) has been performed for dose op-
timization.*” Based on Trough Concentration Adapted In-
fliximab Treatment trial, infliximab TL was recommended

to 3-7 pg/mL."’ Treatment failure might result from sub-
optimal infliximab TL, associated with increased clearance
(CL). Many factors accounted for the variability observed
in infliximab CL, including formation of antibodies to the
infliximab, serum albumin (ALB) level, concomitant use
of immunomodulator, high degree of inflammation, and
sex.””™* To maintain optimal TL, a thorough understand-
ing of pharmacokinetics (PK) of infliximab is necessary.
Intravenous (IV) administration of infliximab results
in an early and rapid peak concentration, followed by a

15-18

steady decline to TLs.”" Among the various types of IV
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infliximab, Remsima stands out as the first infliximab
biosimilar, highly resembling and interchangeable with
the originator of infliximab (Remicade) in terms of safety,
purity, and potency."”** The recently introduced subcu-
taneous (SC) infliximab, Remsima SC, has demonstrated
noninferiority to IV infliximab in a randomized, open-
label study.” Across the published data, SC infliximab has
shown relative PK stability and higher TLs compared to IV
infliximab.” Recent studies have shown that switching to
SC infliximab resulted in durability and effectiveness with
similar safety profiles in IBD patients with maintenance
therapy.””

Population PK models allowed for optimizing drug
dosing by quantifying the covariates contributing to drug
levels.” Although numerous population PK studies have
been conducted on IV infliximab, few have investigated SC
infliximab.”"*” However, in those studies, dense sampling
was performed by dividing the IV and SC-administered
groups, whereas in clinical settings, only trough concentra-
tions were sampled. Therefore, there is a need for studies
based on sparsely sampled data from real-world settings.
Additionally, using TDM data allows for obtaining both
IV and SC drug concentrations in the same patient. There-
fore, our study aimed to develop population PK model of
IV and SC infliximab that accurately predicts individual
infliximab exposure during maintenance therapy using
prospectively collected data in terms of TDM.

MATERIALS AND METHODS

1. Study design and patients

This study was a population PK model in IBD using
prospectively collected IV and SC infliximab concentra-
tions from February 2020 to December 2022 at Samsung
Medical Center, Seoul, Korea. The inclusion criteria were
as follows: (1) patients with Crohn’s disease (CD) or ul-
cerative colitis (UC); (2) those who were treated with
maintenance IV infliximab; and (3) those who agreed with
informed consent for proactive TDM with measurements
of TL of pre-dose infliximab concentration and titer of
anti-drug antibody (ADA; neutralizing antibodies related
to immunogenicity). Exclusion criteria were as follows: (1)
withdrew consent; (2) drug holiday >4 months; and (3)
patients who were immediately switched to maintenance
therapy with SC, after induction therapy with IV inflix-
imab.

The Institutional Review Board of Samsung Medical
Center approved the conduct of this study (IRB number:
2019-05-079). The study protocol conformed to the ethical
guidelines of the 1975 Declaration of Helsinki as reflected

in prior approval by the institution’s human research com-
mittee. Written informed consent was obtained.

2. Infliximab maintenance therapy with dose
optimization based on TDM

The enrolled patients received induction therapy with 5
mg/kg IV infliximab (Remicade, Janssen Pharmaceutica,
Beerse, Belgium; Remsima, Celltrion, Incheon, Korea; and
Remaloce, Samsung Bioepis, Incheon, Korea) at 0, 2, and 6
weeks; and were administered 5 mg/kg IV, as maintenance,
every 8 weeks.™!

The dosage of infliximab was adjusted based on the TL
of infliximab. Patients with sub-therapeutic TLs (<3 ug/mL)
were considered for dose escalation of infliximab to 10
mg/kg, switching to SC infliximab, or transitioning to an-
other biologic agent. SC infliximab (Remsima SC, Celltrion)
was administered via a single SC injection with a prefilled
pen containing 120 mg infliximab every 2 weeks. In patients
with UC, Korean insurance did not permit dose escalation
to 10 mg/kg. These patients were considered for switching
to SC infliximab or another biologic agent. Patients who
were already receiving 10 mg/kg of IV infliximab were con-
sidered for switching to SC infliximab or another biologic
agent if they had sub-therapeutic TL. On the other hand, the
patients with therapeutic TL (23 pg/mL) of infliximab were
administrated the same dose of infliximab administrated
previous infusion.

3. IV and SC infliximab therapy during follow-up

During the study period, regardless of TL, patients who
experienced a loss of response during maintenance therapy
with 5 mg/kg IV infliximab were either escalated to 10
mg/kg every 8 weeks, switched to SC infliximab, or transi-
tioned to another biologic agent.™”
an escalated dose of infliximab, switching to SC infliximab
or transitioning to other biologics was considered. In
patients with UC, Korean insurance did not permit dose
escalation to 10 mg/kg. These patients were considered
for switching to SC infliximab or transitioning to another
biologic agent. For patients treated with SC infliximab, a
change to other biologics was recommended.

For patients receiving

4. Data collection and processing

Demographic information, including age, sex, body
weight (BW), height, body mass index (BMI), and the labo-
ratory findings, including white blood cell count, ALB, and
C-reactive protein (CRP) levels and PK profile, including
serum TL levels of infliximab and ADA, were collected at
every outpatient clinic visiting. Also, clinical characteristics
of patients were collected from enrollment, prospectively.
The clinical features were as follows: age at the diagnosis,
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Montreal location (L1, ileum; L2, colon; or L3, ileocolon),
behavior (B1, no strictures and no penetration; B2, stric-
tures; or B3, penetration) and perianal modifier (with or
without perianal disease) in CD and Montreal disease
extent in UC (E1, ulcerative proctitis; E2, left-sided UC;
and E3, extensive UC), history of smoking and intestinal
operation, indication for infliximab (luminal or fistulizing
CD), type of infliximab, and use of concomitant immuno-
modulator. Also, remnant disease burden of patients at the
enrollment assessed. In CD, transmural healing was de-
fined as global simplified magnetic resonance index of ac-
tivity (sMaRIA) of 0. The sMaRIA was calculated using the
following formula: [1xwall thickness (>3 mm)]+ [1xmural
oedema (hyperintense signal on fat-saturated T2-weighted
images)] + [1xfat stranding (increased T2-weighted signal
intensity in mesenteric fat adjacent to bowel loops due to
oedema/fluid in perienteric fat)] + [2xulcers].” The global
sMaRIA score was calculated as summation of the sMaRIA
scores in the rectum, sigmoid colon, descending colon,
transverse colon, ascending colon and ileum.” In case of
no magnetic resonance enterography imaging, we assessed
complete endoscopic remission, defined as the Simple En-
doscopic Score for Crohn’s Disease (SES-CD) of 0.” The
International Organization for the Study of Inflammatory
Bowel Diseases has defined endoscopic remission in CD
as a SES-CD of 0-2. However, in our study, we assessed
SES-CD in 43 CD patients who did not undergo magnetic
resonance enterography and could not be evaluated trans-
mural healing. We strictly defined SES-CD score of 0 as
complete endoscopic remission, considering equity in 106
CD patients who underwent magnetic resonance enterog-
raphy and were assessed transmural healing. SES-CD was
assessed during colonoscopy or single-balloon enteroscopy
by the endoscopist based on the size of mucosal ulcers,
ulcerated surface, endoscopic extension and the presence
of stenosis in the ileum, right colon, transverse colon, left
colon and rectum regardless of previous bowel resection.”
In UC, endoscopic remission was defined as a Mayo endo-
scopic score of 0.

5. Collection and processing of PK data

A total of 10 mL of whole blood was collected in eth-
ylenediaminetetraacetic acid tubes immediately before
infliximab infusion, and the serum was isolated using cen-
trifugation. The serum level of infliximab was measured
using the Remsima kit (Immundiagnostik AG, Bensheim,
Germany) according to the manufacturer’s instructions.™”’
Free infliximab was quantitatively measured via enzyme
immunoassay. The serum was diluted with dilution buffer
at a ratio of 1:200. During the incubation step, free inflix-
imab binds to antibodies coated on the plate. After remov-
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ing unbound substances, peroxidase-labeled antibody,
tetramethylbenzidine, and acidic stop solution were se-
quentially applied. The intensity of the yellow color, which
is proportional to the concentration of free infliximab, was
measured with an enzyme-linked immunosorbent assay
reader.

Additionally, the free and bound antibodies for inflix-
imab, also known as total ADA, were measured using drug
tolerant method. Conventional laboratory techniques,
drug sensitive method led to a false negative result, because
it could not detect ADA bound to the drug. One way to
overcome the problem of drug interference is to use a drug
tolerant, precipitation, and acid dissociation assay.” Re-
gardless of the amount of drug in the serum, this process
allowed for the detection of both free and bound ADA in
samples. The ADA above the cutoff value of 10 ng/mL was
defined as ADA positive.

During IV administration, concentrations measured
at 812 weeks after the last dose were utilized for popula-
tion PK modeling. For SC administration, concentrations
measured at 14+4 days after the last dose were utilized for
population PK modeling. When the infliximab concentra-
tion was below the limit of quantitation of 3 ng/mL, a value
of 1.5 ng/mL, which is half of the limit, was used.

6. Population PK modeling

Population PK analysis was conducted using the NON-
MEM program (ICON Development Solutions, Ellicott
City, MD, USA), employing the first-order conditional es-
timation with interaction method for estimation. The base
model was evaluated for both 1- and 2-compartment mod-
els with first-order absorption and first-order elimination.
Both IV and SC data were used simultaneously in estimat-
ing CL, central volume of distribution (Vc), peripheral
volume of distribution (Vp), intercompartmental clearance
(Q), bioavailability (F), and absorption rate constant (ka).
In contrast to previous studies, only sparsely measured
concentrations were utilized, necessitating the fixation of
Vp and Q to literature-based values (1.96 L and 0.599 L/
day, respectively).” Additionally, a sensitivity analysis was
conducted by adjusting the Vp and Q values based on the
95% confidence intervals reported in the literature, with
the confidence interval for Vp ranging from 1.71 to 2.13
and for Q ranging from 74.0 to 84.3.” The inter-individual
variability was modeled using exponential error model.
Inter-individual variability was evaluated for all PK param-
eters, but it was only included for CL and E The residual
variability was modeled using combined proportional and
additive error model.

The covariate model was built using stepwise covariate
selection. The criteria for covariate selection were based
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on changes in the objective function value of 3.84 (p<0.05)
for forward selection and changes in the objective function
value of 6.63 (p<0.01) for backward elimination. Continu-
ous covariates were normalized to the mean value of the
data, while both continuous and discrete covariates were
incorporated into the base model using power functions.
Covariates evaluated for CL included age, sex, BW, height,
BMI, diagnosis (CD or UC), ADA, ALB, CRP, and white
blood cell. Covariates evaluated for F included BW, BMI,
and ADA. ADA was evaluated using both the absolute
value and the dichotomized value based on the cutoft of 10
ng/mL.

The adequacy of the PK model fit to the data was as-
sessed through goodness-of-fit plots. Bootstrap with 500
samples and visual predictive check stratified for the route
of administration were employed to assess the robustness
of the final model. Statistical significance was set at p<0.05.
All statistical analyses were performed using R version 4.1.1
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

1. Characteristics of the study population

A total of 212 IBD patients were eligible for this study.
Thirty-one patients were excluded for the following rea-
sons: withdrew consent (n=1), drug holiday >4 months
(n=5), or immediate switch to SC maintenance after IV
induction (n=25). Finally, a total of 2,132 samples from
181 patients (149 CD and 32 UC) were used for population
PK modeling (Fig. 1). The characteristics of the patients
and corresponding measurements for these individuals are
presented in Table 1.

212 Eligible patients

+ Patients with CD or UC

- Patients who treated with maintenance IV infliximab

- Patients who agreed with informed consent for
proactive therapeutic drug monitoring with measurements
of through level of predose infliximab concentration and
titer of anti-drug antibody

31 Exclusion criteria

+ Withdrew consent (n=1)

+ Drug holiday >4 mo (n=5)

- Patients who were immediately
switched to maintenance with SC,
after induction with IV infliximab (n=25)

v
181 Included analysis (149 CD and 32 UC)

Fig. 1. Flow of study. CD, Crohn’s disease; UC, ulcerative colitis; IV,
intravenous; SC, subcutaneous.

Table 1. Characteristics of Enrolled Patients for Population Pharma-
cokinetic Modeling

Characteristics Value
Demographics 181
Age, median (IQR], yr 36 (30-47)
Male sex 130 (71.8)

Body weight, median (IQR), kg
Height, median (IQR), cm

65.0 (55.0-73.6)
170.0 (162.8-174.2)

Diagnosis
CD 149 (82.3)
uc 32(17.7)
Current smoker 25(13.8)
Previous intestinal surgery 53(29.3)
Age at diagnosis
<16yr 14(7.7)
17-40 yr 143(79.0)
>40 yr 24.(68.5)
Montreal classification
CD: location
Ileal 39(26.2)
Colonic 15(10.1)
lleocolonic 95 (63.8)
Upper Gl 13(8.7)
CD: behavior
Inflammatory 60 (40.3)
Stricturing 41(27.5)
Penetrating 48(32.2)
CD: perianal disease 82 (55.0)
UC: disease extent
Proctitis 2(6.3)
Left side 12(37.5)
Extensive 18 (56.3)
Remnant disease burden at the enrollment
CD
Transmural healing (global sMaRIA score=0)  16/106 (15.1)
Complete endoscopic remission (SES-CD=0) ~ 8/43(18.6)
uc
Endoscopic remission (MES=0) 16/32 (50)
Type of infliximab*
Remicade 112(61.9)
Remsima 58 (32.0)
Remaloce 11(6.1)
Indications for infliximab
Fistulizing 19 (10.5)
Active luminal 162 (89.5)
Concomitant immunomodulator 95 (52.5)
Dose intensification (10 mg/kg) at enrollment 42(23.2)
Measurements, median (IQR) (n=2,132)
White blood cell, x107/L 5.7 (4.7-6.8)
Albumin, g/dL 4.4 (4.2-4.6)
C-reactive protein, mg/dL 0.06 (0.06-0.15)
Infliximab trough level, ug/mL 4.6(2.7-7.3)
ADA concentration, ng/mL 9.3(7.6-11.6)
ADA positive’ 12.6 (11.0-19.0)
ADA negative? 8.0(7.1-9.0)

Data are presented as number (%) unless otherwise indicated.

IQR, interquartile range; CD, Crohn’s disease; UC, ulcerative colitis;
Gl, gastrointestinal; sMaRIA, simplified magnetic resonance index of
activity; SES-CD, Simple Endoscopic Score for Crohn’s Disease; MES,
Mayo endoscopic score; ADA, anti-drug antibody.

*At the time of enrollment; 861 measurements; ¥1,271 measure-
ments.
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The median age of enrolled patients was 36 years (inter-
quartile range [IQR], 30 to 47 years). Seventy-two percent
of patients were male. Transmural healing or complete en-
doscopic remission was observed in 16.1% of CD patients,
while 50% of UC patients showed endoscopic remission
at enrollment. Over half of the patients used concomitant
immunomodulator. About 30% of patients had previous
intestinal surgery. Most patients (61.9%) were treated with
Remicade at the time of enrollment. Forty-two patients
(23.2%) were already treated with 10 mg/kg IV infliximab
at the time of enrollment, while 139 patients (76.8%) were
using 5 mg/kg I'V infliximab.

The median infliximab TL was 4.6 ug/mL (IQR, 2.7 to 7.3
ug/mL) and ADA was 9.3 ng/mL (IQR, 7.6 to 11.6 ng/mL)
in both IV and SC formula. The median infliximab TL was
4.15 ug/mL (IQR, 2.49 to 6.32 pg/mL) in IV formula and
18.65 pug/mL (IQR, 11.70 to 25.06 ug/mL) in SC formula. In
171 patients, ADA tested positive at least once, accounting
for 861 out of the total 2,132 measurements. The median
ADA value was 12.6 ng/mL (IQR, 11.0 to 19.0 ng/mL) for
ADA-positive cases, and 8.0 ng/mL (IQR, 7.1 to 9.0 ng/mL)
for ADA-negative cases.

2. Maintenance of infliximab, switch to SC infliximab

or change other biologics during follow-up

During follow-up period, 63 of the 139 patients (45.3%)
maintained the dose of 5 mg/kg IV infliximab without
switching to other biologics including SC infliximab.
Forty-five patients (32.4%, 45/139) were escalated the
dose of IV infliximab to 10 mg/kg, and 13 patients among
them then switched to SC infliximab. One of 13 patients
finally changed to other biologics. And two of 45 patients,
changed to other biologics without switching SC inflix-
imab. Five patients were changed to other biologics without
dose escalation and switching to SC infliximab. Forty-two
patients were already treated with 10 mg/kg IV infliximab
at the time of enrollment. Among them, 13 patients (31.0%,
13/42) changed to SC infliximab and 5 patients (11.9%,
5/42) changed to other biologics, other than SC infliximab.

3. Development of population PK model

The base model provided the best fit for the two-com-
partment model with first-order absorption and first-order
elimination. The changes in objective function value re-
sulting from the inclusion of covariates during the stepwise
covariate selection process were presented in Supplementa-
ry Table 1. The final model included ALB, CRP, ADA, and
BMI as covariates for CL, and ADA and BMI as covariates
for E as shown in Table 2 along with the estimated values.

In the final model, Vc and ka were estimated to be 1.87
L and 0.083 day respectively. CL and F were defined as
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follows:

CL=0.248x(ALB/4.4)""x(CRP/0.18)""**x(ADA/10)""*
x(BMI/22.5)"%

F=0.667x(ADA/10)"*"x(BM1/22.5)"*"

The values of CRP, ADA, and BMI were positively as-
sociated with CL, while ALB was inversely associated with
CL. Higher levels of ADA and BMI were associated with
lower F. ADA positivity was associated with higher CL
(0.261 L/day vs 0.246 L/day) and lower F (0.610 vs 0.762)
compared to ADA negativity.

The steady-state trough concentrations during IV and
SC administration can be calculated using the following
equations derived from the estimated parameters:

TL (at steady state during IV administration) =
Dose e —kelxt

Ve X 1—e—kelxt

TL (at steady state during SC administration) =
FXxDose ka e—kelxt_,—kaxt

Ve ka—kel

1—e—kelxt

Here, kel is the elimination rate constant, calculated as
the ratio of CL to Vc. T is the dosing interval, representing
the time between consecutive drug administrations in re-
peated dosing regimens.

Table 2. Final Estimates and Bootstrap Results

Parameter Estimates Bootstrap results, median
(RSE %) (95% CI)

CL (L/day) 0.248 (20) 0.249 (0.173 to 0.344)
Ve (L) 1.87 (61) 1.88 (0.23 to 4.36)
Vp (L) 1.96 fixed -
Q (L/day) 0.599 fixed -
F 0.667(19) 0.677 (0.477 t0 0.921)
ka (day) 0.083 (26) 0.083(0.051 to 0.151)
Ops-cL -0.372 (30) -0.383 (-0.592 to -0.154)
G 0.022 (33) 0.023 (0.010 to 0.036)
OppacL 0.022 (42) 0.021(0.001 to 0.042)
Gl 0.360(31) 0.354 (0.150 to 0.627)
Oponr -0.213(19) -0.209 (-0.298 to -0.057)
Oamir -0.832(33) -0.838 (-1.450 to -0.300)
weL (CV%) 20.3(8) 20.0(17.2 to 23.4)
w (CV%) 21.6(19) 21.0(10.8 to 29.3)
Cove ¢ 0.017 0.017 (~0.002 to 0.039)
Proportional error ()~ 0.333 (6) 0.328 (0.290 to 0.368)
Additive error (mg/L) ~ 0.561(12) 0.571(0.438 t0 0.732)

RSE, relative standard error; Cl, confidence interval; CL, clearance;
Vc, central volume of distribution; Vp, peripheral volume of distribu-
tion; Q, intercompartmental clearance; F, bioavailability; ka, absorp-
tion rate constant; ALB, albumin; CRP, C-reactive protein; ADA, anti-
drug antibody; BMI, body mass index; CV, coefficient of variation; Cov,
covariance.
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Fig. 2. Goodness-of-fit plots. (A] Observed value (DV) versus population predicted value (PRED), (B) DV versus individual predicted value (IPRED), (C)
PRED versus conditional weighted residuals (CWRES), (D) time versus CWRES.

4. Evaluation of PK model

Goodness-of-fit plots were shown in Fig. 2. The ob-
served values closely matched the individual predicted
values, with the exception of case where the observed value
was extremely large at 97.846. The distribution of condi-
tional weighted residuals with respect to population pre-
dicted value or time showed no apparent trend, with the
majority of values falling between —2 and 2. Table 2 also
presents the bootstrap results. All estimated values were
similar to the median values obtained from bootstrapping
and fell within the 95% confidence interval. Fig. 3 demon-
strates the results of the visual predictive check analysis,
indicating that the observed concentrations fall within the
predicted intervals of the simulated data.

The sensitivity analysis evaluated the changes in param-
eter estimates based on variations in the fixed values of

Vp and Q (Supplementary Table 2). Changes in estimates,
except for Vc, were minimal, and the variation in Vc es-
timates remained within the bootstrap 95% confidence
interval.

DISCUSSION

We used real-world data from prospective cohort study
to develop population PK model for IV and SC infliximab
that predicted infliximab TL during maintenance therapy
in patients with IBD. Indeed, TL from our cohort (4.15
ug/mkL in IV and 18.65 pg/mL in SC) showed reasonable
levels consistent with previous study for cutoff values re-
quired for clinical and biochemical remission in IV and SC
formula.*"" The final model incorporated BMI, ALB, CRP
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Fig. 3. Visual predictive check plot
of final population pharmacokinetic
model. (A) Intravenous infliximab
and (B) subcutaneous infliximab.
The observed concentrations are
shown as circles. The solid line and
two dashed lines represent the me-
dian, 2.5th and 97.5th percentiles of
the observations. The red shaded
area represents 95% confidential in-
terval (Cl) of the simulation median,
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and ADA as covariates for CL, with BMI and ADA for F.
The diagnosis (CD or UC) not being included as a covari-
ate in the model indicates no significant PK differences
between the diseases.

The covariates for CL derived from our study were con-
sistent with those from previous studies. Previous studies
showed that CL of IV infliximab increased significantly
with low ALB, high BW, and the presence of ADA."**” BW
is a common covariate for infliximab, which is adminis-
tered based on weight-based dosing. However, in patients
with obesity or underweight, BMI may better reflect the
PK of infliximab. In this study, both BW and BMI were
evaluated, and the results demonstrated that BMI provides
a superior explanation of infliximab PK. The relationship
between serum ALB level and infliximab TL was well-
established and ALB was a significant covariate for CL of
anti-tumor necrosis factor and other biologics in patients
with IBD."”*** ALB binds to many drugs in the body,
slowing down their elimination.” Additionally, low ALB
levels reflected intestinal leakage of severe colitis, which
resulted in increased intestinal loss of infliximab." During
the course of infliximab treatment, ADA can be developed,
enhancing drug CL and neutralizing its effects.”” The pres-
ence of ADA has been used as a covariate for CL in several
studies, where its presence has been associated with an in-
crease in CL ranging from 29% to 72%."***"” However, the
distinctive feature of our model was that ADA levels were
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whereas the blue shaded areas rep-
resent 95% Cl of the simulation 2.5th
and 97.5th percentiles.

200 400 600 800
Time (day)

chosen as covariates rather than the presence of ADA.
Actually, there was no absolute cutoff level for ADA, so
the presence of ADA might be relatively more ambiguous
than ADA level. Furthermore, while binary classification is
intuitive, it can lead to information loss. For instance, cate-
gorizing ADA levels above 10 ng/mL as positive may over-
look the variability within this range. In this study, ADA
levels are densely distributed: the median for ADA positive
was 12.6 ng/mL, and for ADA negative it was 8.0 ng/mL.
Therefore, classifying ADA levels around 10 ng/mL simply
as positive and negative can be problematic. Also, our PK
model used CRP as another covariate. CRP, which reflected
acute systematic inflammation, was widely used to moni-
tor IBD disease activity." Selecting Therapeutic Targets
in Inflammatory Bowel Disease, STRIDE II recommends
that normalization of CRP is intermediate treatment tar-
get in patients with IBD.” CRP has been used to evaluate
disease severity and predict disease course.””' Moreover,
elevated CRP levels were associated with increased CL of
infliximab.” CRP levels are indicators of intestinal mucosal
inflammation, which can lead to increased protein-losing
enteropathy and extracellular catabolism of infliximab.*
To explore potential interactions among covariates, we in-
corporated interaction terms among covariates included in
the final model to evaluate their impact on CL and E How-
ever, the inclusion of these terms did not lead to significant
improvement in the model's performance. This suggested
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that the effects of the individual covariates on CL and F are
additive, rather than interactive.

The incomplete absorption and lower F of SC inflix-
imab compared to IV infliximab can be attributed to the
restricted transport of monoclonal antibodies through
the hypodermis.™ The population estimate of F for SC
infliximab derived in our study, 0.667, was consistent with
previously reported values ranging from 0.576 to 0.791.”"%
In previous studies, the F of SC infliximab was not found
to be affected by BML"* However, in our study, BMI was
included as a covariate. The thickness of the hypodermis
increases with BMI, which has been identified as a nega-
tive covariate affecting the F of therapeutic antibodies.” In
addition, ADA was identified as a covariate affecting F in
our study. The absorption of infliximab can be reduced by
pre-systemic catabolism via ADA.

During follow-up study period, 64 out of 139 patients
(45.3%) who were treated with 5 mg/kg IV infliximab
at enrollment, sustained infliximab treatment without
change. Considering that the loss of response over time is
50%, it is relevant findings. Five patients changed to other
biologics without dose escalation and switched to SC in-
fliximab. Four out of five patients showed that relatively
low TL <1 pg/mL with positive ADA. And 86 patients did
not use concomitant immunomodulator at the enrollment.
Among them, 17 patients (19.8%, 17/86) finally used im-
munomodulator during follow-up periods. Most of them
(15/17) did not need to change other biologics after adding
concomitant immunomodulator; however, five patients
switched to SC infliximab to sustain optimal TL. The effect
of immunomodulators on infliximab CL was presumed to
occur through the decreased formation of ADA. However,
this relationship has not been universally identified in pre-
vious PK models.""
to prescribe concomitant immunomodulator for patients
those who showed low infliximab level or presence of
ADA. Therefore, patients already treated with concomitant
immunomodulator at the enrollment, were more likely to
had lower TL than patients without concomitant immuno-
modulator. Moreover, more than half of our study patients
already used immunomodulators at the enrollment. Even
though we did not figure out effect of immunomodulators
on infliximab TL, but we found that immunomodulators
were clinically useful to maintain the optimal TL without
changing treatment.

For practical reasons, TLs were incorporated into TDM
algorithms for IV infliximab. However, it was unclear
whether TL was the optimal exposure measure to guide
clinical decision nor if it had the strongest correlation with
therapeutic efficacy.”** Indeed, previous randomized con-
trolled trial showed that clinical indicators were similar,

In clinical practice, clinicians tended

not superior, even though SC infliximab revealed higher
TL compared to IV infliximab.” In our study, the TLs of
infliximab were higher in SC administration than in IV
administration (18.65 pug/mL vs 4.15 ug/mL). However,
the predicted 8-week area under the curve (AUC), repre-
senting overall drug exposure, was greater for IV inflix-
imab compared to SC infliximab (46,064 ug-hr/mL for IV
vs 32,538 pg-hr/mL for SC). Previously reported AUC for
SC infliximab and IV infliximab were comparable (28,284
pg-hr/mL for IV vs 35,467 ug-hr/mL for SC).* While the
AUC for SC infliximab in our study was similar to previ-
ous study, the higher AUC for IV infliximab in our study
can be attributed to the inclusion of 10 mg/kg dose. In our
study, analyzing only the cases where IV infliximab was
administered at a dose of 5 mg/kg, the AUC was 34,625
ug-hr/mL, comparable to SC infliximab. Theoretically, if
effect of infliximab was dependent on peak concentration,
SC infliximab results in lower clinical efficacy. But clini-
cally, most of the patients who switched to SC infliximab
demonstrated durable response, similar to the study of
Buisson et al,” which showed that switching from IV to
SC infliximab 120 mg every other week was safe and well
accepted, leading to a low risk of relapse in IBD patients.
It might be related to lowering ADA and other factors
which has not been identified yet. Schreiber et al.* showed
that the overall ADA or neutralizing ADA was lower in
SC compared to IV infliximab group. There are several
unproven hypotheses.” First, the drug level stability of SC
dosing may avoid exposure to the more immunogenic con-
centration thresholds of IV therapy.”"** Second, the higher
circulating drug levels seen with SC infliximab may both
reduce formation of immunogenic drug-antigen immune
complexes and induce “high-zone tolerance””® In “high-
zone tolerance,” exposure to high concentrations of an
antigen may induce tolerance via blunting of the immune
response. In our study, 48 patients were treated with more
than two times of SC infliximab, and 32 out of 48 patients
(66.7%) showed ADA negative conversion after switching
to SC infliximab. Interestingly, one patient among 32 pa-
tients with ADA negative conversion, showed dramatically
decreased ADA from 269 to 7 ng/mL. Factors including
the change in formulation and administration intervals
which impact TL might contribute to any such differences
in immunogenicity.

The strength of our study was the large number of en-
rolled patients and prospectively collected TLs from real-
world clinical settings. And population PK model was
developed including clinically important covariates as a
relatively simple equation. Regardless of route of adminis-
tration (IV or SC), present model accurately reflected the
PK of infliximab, and validations were proved it. Roblin
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et al.* showed that SC injection of infliximab resulted in
stable drug levels within 2-week treatment cycle in CD
patients during the maintenance therapy. Therefore, in
inactive CD patients who treated with infliximab SC, in-
fliximab level sampling could be collected at any time-
points during 14-day cycle for infliximab rather than at
TL as utilized for IV infliximab. Therefore, our model had
advantage for applying very conveniently regardless of IV
or SC formulation.

However, our study also had several limitations. First,
since our PK model used prospectively collected TLs,
based on TDM protocol, the probability that clinical dis-
ease course influenced PK mechanisms could not be ruled
out. On the other hand, these might be more suitable for
clinical application in real-world practice. Second, our
study did not evaluate the use of concomitant immuno-
modulator, as covariate for infliximab CL. It was impos-
sible to make PK model using immunomodulator as a
simplified covariate, because of its complexity based on
different types, prescribed dosages, and serum levels in
individuals (depending on polymorphism, and genotype).
Third, since our cohort only included Koreans, the gener-
alization of our findings to IBD patients of other ethnici-
ties is not clear. Fourth, this study included IBD patients
with maintenance infliximab therapy. It could not apply to
induction infliximab therapy.

We used real-world data from a prospective cohort
study to develop population PK model for IV and SC inf-
liximab that predicted infliximab TL during maintenance
therapy in patients with IBD. Our final model included
BMI, ALB, CRP, and ADA as real-time covariates to pre-
dict individual infliximab CL and E

In conclusion, our study developed the population PK
model in patients with IBD who were treated with mainte-
nance infliximab, regardless of route of administration, to
predict TL in real-world clinical practice, using BMI, ALB,
CRP, and ADA. This model could be used to optimize TL
of infliximab, in a way both efficient and tailored optimi-
zation for clinical situations. A further study is warranted
to verify whether TL has a role with SC infliximab, and to
suggest optimal target TL of SC infliximab.
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