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Abstract
It is known that interleukin- 6 (IL- 6) can significantly modulate some key drug- 
metabolizing enzymes, such as phase I cytochrome P450s (CYPs). In this study, 
a physiologically- based pharmacokinetic (PBPK) model was developed to assess 
CYPs mediated therapeutic protein drug  interactions (TP- DIs)  in patients with 
immune- mediated  inflammatory  diseases  (IMIDs)  with  elevated  systemic  IL- 6 
levels when treated by anti- IL- 6 therapies. Literature data of IL- 6 levels in vari-
ous diseases were incorporated in SimCYP to construct respective virtual patient 
populations. The modulation effects of systemic IL- 6 level and local IL- 6 level in 
the gastrointestinal tract (GI) on CYPs activities were assessed. Upon blockade of 
the IL- 6 signaling pathway by an anti- IL- 6 treatment, the area under plasma con-
centration versus time curves (AUCs) of S- warfarin, omeprazole, and midazolam 
were predicted to decrease by up to 40%, 42%, and 46%, respectively. In patients 
with Crohn’s disease and ulcerative colitis treated with an anti- IL- 6 therapy, the 
lowering of  the elevated IL- 6  levels  in  the  local GI  tissue were predicted to re-
sult in further decreases in AUCs of those CYP substrates. The propensity of TP- 
DIs under comorbidity conditions,  such as  in patients with cancer with  IMID, 
were also explored. With further validation with relevant clinical data, this PBPK 
model may provide an in silico way to quantify the magnitude of potential TP- DI 
in patients with elevated IL- 6 levels when an anti- IL- 6 therapeutic is used with 
concomitant small- molecule drugs. This model may be further adapted to evalu-
ate the CYP modulation effect by other therapeutic modalities, which would sig-
nificantly alter levels of proinflammatory cytokines during the treatment period.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?Interleukin- 6 
(IL- 6) may significantly modulate some key drug- metabolizing enzymes, includ-
ing phase I cytochrome P450s (CYPs). A physiologically- based pharmacokinetic 
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INTRODUCTION

Drug- drug  interaction  (DDI)  characterization  is  an  im-
portant  element  in  optimizing  the  therapeutic  benefits 
in polypharmacy conditions. Owing to divergent mecha-
nisms  of  elimination,  direct  DDIs  between  therapeutic 
proteins (TPs) and small molecules are generally thought 
to be less likely. However, some disease conditions, such as 
inflammation, infections, and cancers, are known to mod-
ulate the expression of cytochrome P450 enzymes (CYPs) 
or some transporters1 and then suppress/upregulate their 
enzymatic  activity  in  the  liver2  and/or  intestines.3  The 
increased approvals and extensive use of TPs for treating 
such  diseases  has  aroused  unprecedented  clinical  needs 
and research interests in studying the CYP- mediated TP- 
drug interactions (TP- DIs). In a recent review of approved 
TPs, 49 out of 150 TP  labels  contained pharmacokinetic 
(PK)- related TP- DI  information  from nonclinical and/or 
clinical DDI evaluations, more than half of the clinical PK 
TP- DI  evaluations  showed  no  interactions,  and  no  dose 

adjustment has been recommended for any of the remain-
ing TPs.4 Due to the innate deficiency of preclinical TP- DI 
evaluation tools and high cost as well as long patient re-
cruitment of clinical TP- DI studies, a risk- based strategy 
has  been  recommended  to  assess  the  TP- DI  propensity 
before a clinical TP- DI study would be considered.5,6 With 
that, a model- informed approach would provide a useful 
tool  to  assess  potential  TP- DIs,  optimize  clinical  TP- DI 
study design, or even avoid little value- added clinical TP- 
DI studies.

CYPs,  a  primary  class  of  drug- metabolizing  enzymes 
distributed predominantly  in  the  liver and intestines, have 
been  reported  to  be  regulated  by  certain  proinflammatory 
cytokines released during inflammatory reactions. Cellular 
expressions of major CYPs, including CYP3A4/5, CYP2C9, 
CYP2C19, and CYP1A2, were downregulated upon exposure 
to high concentrations of IL- 6.7 Exposure of the hepaRG he-
patic cells to 10 ng/ml IL- 6 for 72 h decreased enzyme ac-
tivity of CYP3A4 by greater than 80%, CYP1A2 by 60%, and 
CYP2B6 and 2C19 by 80%.8 A 20% −70% downregulation in 

(PBPK)  model  was  developed  to  predict  the  impact  of  elevated  IL- 6  level  and 
anti- IL- 6 mAb treatment on multiple CYP enzymes in patients with rheumatoid 
arthritis.
WHAT QUESTION DID THIS STUDY ADDRESS?
The aforementioned PBPK model was expanded to assess potential therapeutic 
protein drug interactions (TP- DIs) between anti- IL- 6 treatment and CYP substrate 
drugs  in different  immune- mediated  inflammatory disease  (IMID) populations 
with elevated IL- 6 levels. For the inflammatory bowel disease (IBD) populations, 
modulation  effects  from  elevated  IL- 6  levels  in  the  local  gastrointestinal  tract 
were taken into consideration. The potential additive modulation effect on CYPs 
from concomitant cancer- IMID situation was also assessed. Furthermore, simu-
lations at different hypothetical IL- 6  levels were performed to identify the IL- 6 
levels, which would result in weak, moderate, and strong CYP modulation effects 
based on the definitions in the US Food and Drug Administration (FDA) drug- 
drug interaction guidance.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The PBPK platform model was expanded to assess the potential TP- DIs during 
anti- IL- 6 treatment in several IMIDs including systemic lupus erythematosus, ul-
cerative colitis, Crohn’s disease, type 1 diabetes, and cancer- IMID comorbidity. 
The high local IL- 6 levels in patients with IBD were predicted to result in extra 
inhibition  effect  on  the  abundances  of  intestinal  CYPs.  Patients  with  cancer- 
IMID manifested further decrease in systemic exposures of CYP substrate drugs 
compared with patients with IMID only. Cutoff values of IL- 6 level which would 
result in different levels of CYP modulation effect were identified.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
This PBPK model approach may serve as conceptual framework and workflow 
process to evaluate the modulation effect on CYPs in patients by therapeutic mo-
dalities  which  can  significantly  result  in  altered  levels  of  proinflammatory  cy-
tokines during the treatment period.
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hepatic CYP3A4 enzyme activity modulated by several proin-
flammatory cytokines, such as IL- 6, interferon alpha (IFN- α) 
and tumor necrosis  factor alpha- α  (TNF- α), was reported.9 
Dickmann et al. quantified the IL- 6 mediated regulation of 
multiple  CYPs  in  hepatocytes,  considering  physiologically 
relevant levels, markers of acute phase response, and regula-
tion of the IL- 6 receptor during in vitro treatment.7

Patients with certain immune- mediated inflammatory 
diseases  (IMIDs),  including Crohn’s disease  (CD), ulcer-
ative  colitis  (UC),  rheumatoid  arthritis  (RA),  systemic 
lupus  erythematosus  (SLE),  and  type  1  diabetes  (T1D), 
have  elevated  serum  levels  of  IL- 6.10– 14  The  disease- 
mediated IL- 6 increase interferes with the CYPs’ activities, 
consequently, may alter  the PKs of certain victim drugs. 
Anti- IL- 6/IL- 6R  TPs  used  for  inflammatory  alleviation 
may  restore  drug  metabolism  by  disrupting  IL- 6’s  mod-
ulation  of  CYPs.  In  addition,  certain  tumor- associated 
inflammation  was  found  to  inhibit  CYPs’  expression  by 
20– 33% in liver and intestines in patients with cancer.15 Of 
note, 10%– 30% of patients with cancer also have comor-
bidity of IMIDs (i.e., cancer- IMID).16 Such comorbidities 
may further worsen CYP alternations.

Physiologically- based pharmacokinetic (PBPK) model 
comprising  compartments  mimicking  the  anatomy  and 
physiology of  the human body has been a common tool 
to  assess  DDIs  of  small  molecules.17– 19  Its  utilization  in 
supporting  therapeutic  protein  drug  development  has 
been increasingly gaining more attention in recent years. 
In  the  recent  draft  guideline  for TP- DIs  by  the  US  Food 
and Drug Administration (FDA), sponsors are encouraged 
to  discuss  with  the  health  authority  on  using  the  PBPK 
modeling approach to evaluate the DDI potential of a TP.20 
Machavaram et al. reported the first PBPK model to assess 
disease- mediated TP- DIs.21  In  their  study,  the developed 
PBPK model demonstrated the impact of IL- 6 and an anti- 
IL- 6 receptor mAb, tocilizumab, on CYP3A4 activity mea-
sured by changes  in systemic exposure of simvastatin  in 
patients with RA. Jiang et al. developed a PBPK model to 
predict the impact of elevated IL- 6 level and an anti- IL- 6 
mAb,  sirukumab,  on  multiple  CYP  enzymes  in  patients 
with RA.22 In their study,  the modulation effects of IL- 6 
level on hepatic and intestinal CYPs’ activities were char-
acterized using the data from in vitro studies and incorpo-
rated in a virtual RA patient population. The PBPK model 
was  then  applied  to  predict  PKs  of  substrates  of  multi-
ple  CYPs,  including  CYP3A4,  CYP2C9,  CYP2C19,  and 
CYP1A2, before and after sirukumab treatment in patients 
with  RA. The  model  predictions  were  well  aligned  with 
the observed data from a clinical cocktails TP- DI study.10 
The  PBPK  model’s  predictive  performance  was  further 
validated with the clinical data of tocilizumab on the PK 
profiles of simvastatin and omeprazole (an CYP2C19 sub-
strate) in patients with RA.

In the current study, we expanded the aforementioned 
PBPK model developed by Jiang et al.22 to assess potential 
TP- DIs  between  anti- IL- 6  treatment  and  CYP  substrate 
drugs in different IMID populations with elevated IL- 6 lev-
els, including SLE, UC, CD, and T1D. For CD and UC pop-
ulations, additional modulation effects from elevated IL- 6 
levels  in  the  local  gastrointestinal  (GI)  tract  were  taken 
into consideration. Similarly, we also examined the poten-
tial additive modulation effect on CYPs from concomitant 
cancer- IMID  situation.  Furthermore,  simulations  at  dif-
ferent hypothetical IL- 6 levels were performed to identify 
the IL- 6 levels which would result in weak, moderate, and 
strong CYP modulation effects based on the definitions in 
the FDA DDI guidance.23

MATERIALS AND METHODS

Analysis of IL- 6 level in disease 
populations

Literature  data  of  systemic  baseline  IL- 6  levels  in 
healthy  subjects22  and  in  patients  with  UC,  CD,  SLE 
and  T1D,11,13,24– 48  and  baseline  IL- 6  levels  in  the  local 
GI  tract of patients with UC and CD were collected and 
examined.43,49– 53  The  systemic  or  local  IL- 6  concentra-
tions obtained from different studies were pooled and the 
average IL- 6 levels with associated variability was calcu-
lated with GraphPad (GraphPad Software, Inc.).

PBPK models

The  SimCYP  (version  17;  SimCYP  Limited,  Sheffield, 
UK)  population- based  absorption,  distribution,  metabo-
lism, and excretion (ADME) simulator platform was used 
to  develop  the  PBPK  models  for  each  individual  victim 
drug  (CYP  index  substrates:  midazolam,  omeprazole, 
S- warfarin,  and  caffeine)  in  the  virtual  IMIDs’  patient, 
cancer- IMIDs’  patient,  and  healthy  populations.  Virtual 
patient populations were characterized by  incorporating 
the  impact  of  different  systemic  IL- 6  levels  on  hepatic 
and intestinal expression of multiple CYPs in the healthy 
White  population.  CYP  dynamics  model  incorporating 
mechanism- based  inhibition  or  induction  was  used  to 
simulate the modulation effects of IL- 6 on the hepatic and 
intestinal metabolism of each victim drug. Enzyme regu-
lation in a disease comorbidity situation was described in 
“Modeling of  IL- 6 Profiles and CYP Enzyme Dynamics” 
section. Further details of the general aspects of the PBPK 
model  properties,  victim  drug’s  kinetics,  and  CYP  dy-
namics in SimCYP simulator have been described previ-
ously.54 In addition, the simulator built- in library models 
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of midazolam, omeprazole, S- warfarin, and caffeine were 
used  in  the  current  PBPK  model  to  predict  concentra-
tion profiles of  these CYPs’ substrates with modification 
through model optimization as described before.22

Modeling of IL- 6 profiles and CYP 
enzyme dynamics

The systemic IL- 6 levels of SLE, UC, CD, and T1D used 
in the PBPK models were simulated with the same pa-
rameters  as  used  in  the  previous  PBPK  model  for  the 
RA  patient  population  with  molecule  weight  (MW)  = 
21,000  g/mol,  systemic  clearance  (CL  i.v.)  =  1.0  L/h, 
and volume of distribution at steady state (Vss) = 0.43 
L/kg.22 IL- 6 as driving force for the CYP regulation was 
introduced  to  the  system  via  constant  i.v.  infusion  at 
the rate of 0.012, 0.02, and 0.06 μg/h for 40 days, and the 
resultant steady- state (SS) systemic IL- 6 levels were 12, 
20, and 60 pg/ml, which represent the elevated IL- 6 lev-
els in SLE, UC/CD, and T1D populations, respectively. 
The  simulated  IL- 6  concentrations  were  then  linked 
to  the  modulation  effects  on  the  hepatic  CYP  enzyme 
abundances. The hepatic CYP activities were predicted 
to  reach  SS  over  the  simulation  period:  90%  of  the  SS 
enzyme activities were predicted to achieve between 7 
and 19 days after continuous exposure to elevated IL- 6 
depending on the setting of turnover rate of each indi-
vidual  CYP  isozyme  within  SimCYP.  The  CYP  activi-
ties used in the current PBPK model were represented 
by CYP abundances in default SimCYP populations. A 
technical limitation of SimCYP in current PBPK model 
is that when i.v. infusion of IL- 6 was used to mimic the 
elevated  IL- 6  level  in  a  virtual  disease  population,  in-
testines are not exposed to IL- 6 which prevents the use 
of  the  dynamic  models  for  DDIs  in  intestines  within 
SimCYP.  To  incorporate  the  effect  on  the  CYPs  in  in-
testines, a pragmatic approach was used where the in-
testinal  CYP  abundance  was  manually  calculated  and 
adjusted in the population library to match the level of 
suppression  of  individual  CYP  simulated  in  the  liver. 
For patients with UC and CD, the modulation effect of 
local IL- 6 levels on intestinal CYPs was also manually 
calculated and embedded with the modulation effect of 
systemic IL- 6 on hepatic CYPs for the simulation.

The modulation effects of IL- 6 on CYP2C9, CYP2C19, 
CYP3A4,  CYP3A5,  and  CYP1A2  were  modeled  using 
Equation 1:

where,  Enz,Liver/GI  (t)  is  the  level  of  the  active  hepatic  or 
intestinal CYPs at any given time; Enz Liver/GI- basal- HV is the 
basal levels of hepatic or intestinal CYPs (EnzLiver/GI (t) = E0 
at t = 0) in healthy subjects; Emin/max is the minimum/max-
imal CYPs activity  (i.e., maximum suppression/induction) 
expressed as a  fraction of vehicle control; EC50  is  the IL- 6 
concentration  that  causes  50%  of  enzyme  suppression/
induction effect; and [IL- 6]t  is  the concentration of perpe-
trator  IL- 6  at  time  t. The  mean  degradation  rate  constant 
(kdeg, Liver/GI) of each CYP used for the simulations were the 
default values of SimCYP ADME simulator.55

The  values  of  Emin  (CYP2C9:  0.053;  CYP2C19:  0.214; 
and  CYP3A5:  0.034)  and  EC50  (CYP2C9:  121.0  pg/ml; 
CYP2C19:  71.3  pg/ml;  and  CYP3A5:  51  pg/ml)  were  as-
signed  based  on  in  vitro  study  results.7  The  Emin  for 
CYP3A4 (0.25), Emax for CYP1A2 (1.34), and EC50 values 
(CYP3A4: 75.2 pg/ml and CYP1A2: 8 pg/ml) were obtained 
by re- analyzing the reported in vitro data as described pre-
viously.22  It  was  reported  that  within  the  concentration 
range  of  0– 1000  pg/ml,  concentration- response  profile 
of IL- 6 induction effect on CYP1A2 was bell- shaped with 
peak effect reached at IL- 6 level of 100 pg/ml. Therefore, 
the data of the IL- 6 less than 100 pg/ml portion were used 
to calculate the regulation parameters.22

In  patients  with  cancer- IMID,  cancer  induced  CYPs 
reductions  (20%  for  CYP1A2,  30%  for  CYP3A4,  and  33% 
for CYP2C19 in the liver and 30% for CYP3A4 and 33% for 
CYP2C19 in the intestines) were incorporated as the baseline 
condition and additional modulation effect from IMIDs were 
assumed to assess  the potential  total TP- DI  in such comor-
bidity populations.56 Hepatic (CYP1A2, 3A4, and 2C19) and 
intestinal (CYP3A4 and 2C19) basal CYP activities in patients 
with cancer only were calculated as below (Equation 2):

where,  Enzliver/GI- basal- Cancer,  X  is  the  hepatic  or  intestinal 
basal activity  in patients with cancer only  for enzyme X 
(X = CYP1A2, CYP3A4, or CYP2C19); x% is  the cancer- 
induced  reduction  for  enzyme X  (20%  for  CYP1A2,  30% 
for CYP1A4, and 33% for CYP2C19). Finally, the modula-
tion effects of  further elevated IL- 6 resulted from IMIDs 
on  hepatic  and  intestinal  CYPs  in  patients  with  cancer- 
IMID were modeled, as described in Equation 1 with the 
adjusted hepatic or intestinal basal CYP levels.

Of  note,  one  assumption  in  this  study  is  that  in  the 
absence of  in vitro data describing  the Emin  and EC50  in 
enterocytes,  it  was  assumed  that  the  same  modulation 

(1)
dEnzLiver∕GI

dt
= kdeg,Liver/GI ⋅ EnzLiver∕GI-basal-HV

(

1 +

(

Emin∕max − 1
)

⋅ [IL-6]t

EC50 + [IL-6]t

)

− kdeg,Liver∕GI ⋅ EnzLiver∕GI

(2)
EnzLiver/GI-basal-Cancer,X = (1 − x%) ⋅ EnzLiver∕GI-basal-HV,X
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effects of systemic IL- 6 on the liver and intestines.57 It was 
further assumed that systemic and local level of IL- 6 have 
a direct modulation effect on CYPs in the liver and intes-
tines, as described in Equation 1. Moreover, the impact of 
IL- 6 on other enzymes or transporters was not considered 
in the current study.

Validation and application of PBPK model 
to assess TP- DIs propensity between 
TPs and - CYP substrates

The  previously  developed  PBPK  model  in  patients  with 
RA had been validated using the observed data from clini-
cal TP- DI studies, and the PBPK model predictions were 
aligned  with  the  observed  TP- DI  between  tocilizumab 
and  simvastatin,  omeprazole,  respectively.6,58  Since  that 
publication, additional clinical TP- DI data related to IL- 6 
modulation  on  CYPs  in  patients  with  RA  have  become 
available.  Thus,  we  further  validated  the  PBPK  model 
by  comparing  the  predicted  changes  of  simvastatin  ex-
posure metrics after the treatment of an anti- IL- 6R mAb 
sarilumab with the observed data from the clinical TP- DI 
study in patients with RA.59

To  assess  the  IL- 6- mediated  TP- DI  effect  in  other 
IMIDs  and  patients  with  cancer- IMIDs,  PK  profiles  of 
CYP  substrates  before  and  after  anti- IL- 6  treatment  in 
the developed virtual patient populations were simulated. 
Each scenario was simulated with 10 trials containing 10 
subjects each with CYP substrates oral administration at 
the  SS  of  regulatory  effect  of  IL- 6  on  the  hepatic  CYPs. 
The dose levels of CYP substrates used in the simulations 
were 0.03 mg/kg midazolam, 10 mg warfarin (plus 10 mg 
vitamin  K),  20  mg  omeprazole,  and  100  mg  caffeine.10 
Interindividual variabilities of model parameters were in-
corporated in this PBPK model using the SimCYP simula-
tor default values. Cmax and AUC of simulated drugs’ PK 
profiles and 90% confidence  intervals  (CIs) of  simulated 
values were calculated and summarized.

Classification of IL- 6 impact on TP- DIs

According  to  the  FDA  DDI  guidance,23  a  CYP  modula-
tor can be classified based on  its magnitude of effect on 
an  index  CYP  substrate:  a  weak,  moderate,  and  strong 
inducer decreases the AUC of a CYP substrate by 20% to 
50%, 50% to 80% and above 80%, respectively; whereas a 
weak, moderate, and strong inhibitor increases the AUC 
by 1.25-   to 2- ,  2-   to 5- ,  and above  fivefolds,  respectively. 
Anti- IL- 6  treatment  alleviates  the  inhibitory  effects  of 
IL- 6  on  CYP3A4,  CYP2C9,  and  CYP2C19  so  it  acts  as  a 
“CYP inducer” in the virtual disease populations. IL- 6 has 

an  inductive  effect  on  CYP1A2  at  concentration  below 
1000 pg/ml, thus anti- IL- 6 acts as a CYP1A2 inhibitor in 
the  virtual  disease  population.  In  order  to  have  a  more 
systemic assessment of modulation effect of IL- 6 level on 
CYPs  activities  and  potential  TP- DIs  by  anti- IL- 6  treat-
ments,  simulations  at  a  wide  range  of  baseline  systemic 
IL- 6  concentration  (from  10  to  1000  pg/ml)  were  per-
formed  and  the  IL- 6  level  thresholds  corresponding  to 
weak, moderate, and strong impact were identified.

RESULTS

Additional validation of the PBPK model 
in RA

The  previously  developed  PBPK  model  was  able  to  ad-
equately  capture  the  impact  of  sirukumab  treatment  on 
systemic  exposure  of  several  CYP  isozyme  substrates  in 
patients with RA and the model was successfully validated 
by  comparing  the  model  predictions  to  the  reported  PK 
data of simvastatin and omeprazole, before and after treat-
ment  of  IL- 6R  mAb  tocilizumab  in  patients  with  RA.22 
In  the  current  study,  further  model  validation  was  con-
ducted using data from a recent clinical study on the ef-
fect of sarilumab treatment on CYP substrates in patients 
with RA.59 The observed AUC (mean ± SD) of simvastatin 
before sarilumab treatment was 82.7 ± 52.8 ng⋅h/ml and 
the value after sarilumab treatment was 47.9 ± 33.4 ng⋅h/
ml, so the sarilumab treatment resulted in 42% decrease 
in simvastatin AUC (90% CI: 37%– 53%). The model pre-
dicted  simvastatin AUC was 95.7 ± 85.9 at  IL- 6  level of 
50 pg/ml (representing patients with RA before sarilumab 
treatment) and 48.9 ± 42.7 ng⋅h/ml at IL- 6 level of 0 pg/ml 
(representing patients with RA after sarilumab treatment). 
The predicted AUC of simvastatin was decreased by 49% 
(90% CI 42%– 58%) after sarilumab treatment. Overall, the 
PBPK model predicted TP- DI magnitude of effect follow-
ing sarilumab treatment was consistent with the observed 
one.  This  additional  validation,  together  with  the  previ-
ously reported model validation using the data  from the 
sirukumab  and  tocilizumab  studies,  have  demonstrated 
the utility of PBPK model in predicting disease- mediated 
TP- DIs in patients with IMID with elevated IL- 6 level.

Analysis of IL- 6 concentration in disease 
populations

The systemic IL- 6 levels collected from previous studies of 
various  IMID  populations  were  highly  varied,  as  show  in 
Figure 1, ranging from 3.6 to 30.2 pg/ml in SLE, 1.3 to 85 pg/
ml in UC, 4.25 to 47 pg/ml in CD, and 2.1 to 187 pg/ml in 
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T1D.11,13,24– 48 The calculated mean ± SD of systemic IL- 6 lev-
els were 12.7 ± 8.5, 23.9 ± 27.6, 20.6 ± 19.8, 56.7 ± 75.6 pg/ml 
in SLE, UC, CD, and T1D patient populations, respectively. 
The reported local GI tissue IL- 6 concentration in patients 
with UC and CD were also highly variable: 917– 5885 pg/ml 
for UC and 704– 7649 pg/ml for CD based on patient- derived 
cell culture.43,49– 53 The average local IL- 6 levels (3171 pg/ml 
for UC and 2674 pg/ml for CD) were used for assessing the 
additional regulation effect from high local GI IL- 6 level in 
the IBD patient populations.

CYP enzymatic activity in patients with 
IMID, cancer/cancer- IMID

The  active  hepatic  CYP  enzymatic  activities  in  various 
IMIDs were simulated using SimCYP and were reflected 
by  CYP  abundances.  The  systemic  (SLE  and  T1D)  or 
local (UC and CD) IL- 6 levels were used to calculate the 

intestinal CYP abundances, which were then incorporated 
with  specific  systemic  IL- 6  regulated  hepatic  CYP  activ-
ity to assess the overall TP- DIs in different IMID patient 
populations. The calculated intestinal CYP abundance in 
the  healthy  subject  virtual  population  and  in  SLE,  T1D, 
UC, and CD patient virtual populations are summarized 
in Table S1. As shown in Table S1, the high local IL- 6 lev-
els  in patients with UC and CD were predicted to result 
in extra  inhibition effect on the abundances of CYP2C9, 
2C19,  and  3A4/5  in  intestines  in  patients  with  UC  and 
CD.  The  intestinal  CYP3A4  abundance  was  predicted 
to decrease to 1.9 and 3.1 pmol/mg (pmols CYP isoform 
per mg of microsomal protein)  in patients with UC and 
CD,  respectively,  compared  to  66.2  pmol/mg  in  healthy 
subjects and 49.3 pmol/mg in patients with UC/CD when 
only inhibitory effect from systemic IL- 6 is considered.

In  cancer- IMID  virtual  patient  populations,  the  ad-
justed basal hepatic and intestinal CYP abundances in the 
cancer- only  patient  population  and  calculated  intestinal 

F I G U R E  1  Pooled analysis of systemic interleukin (IL)- 6 levels. Systemic interleukin (IL)- 6 levels in patients with systemic lupus 
erythematosus (SLE) (a); patients with ulcerative colitis (UC) (b); patients with Crohn’s disease (CD) (c); patients with type 1 diabetes 
(T1D) (d); and also tissue IL- 6 levels in patients with UC (e) and patients with CD (f) based on published literature. Dotted lines represent 
the average systemic IL- 6 levels in SLE (12.7 ± 8.5 pg/ml), UC (23.9 ± 27.6 pg/ml), CD (20.6 ± 19.8 pg/ml), T1D (56.7 ± 75.6 pg/ml), and 
average tissue IL- 6 level in UC (3171 ± 1471 pg/ml), CD (2674 ± 1279 pg/ml) and the sample size of local IL- 6 studies were smaller than 25 
patients. Symbols with SD bars represent observed population mean ± SD data from literatures
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CYP abundances  in different cancer- IMID patient popu-
lations are  listed  in Table S2. As shown  in Table S2,  the 
comorbidity may result  in  further  inhibition  in CYP3A4 
and CYP2C19 abundances.

CYP substrates PK assessment in 
IMIDs and cancer- IMIDs before versus 
after anti- IL- 6 treatment

The PBPK model assessed the CYPs activities before-  and 
after-  anti- IL- 6 treatment in the IMID patient populations 
by comparing the predicted PK profiles of CYP substrates 
in the presence of elevated systemic and/or local GI IL- 6 
levels and in the absence of IL- 6 (represented by the pro-
files  of  healthy  subjects).  The  model  predicted  plasma 
profiles for midazolam, omeprazole, S- warfarin, and caf-
feine before and after anti- IL- 6 treatment in SLE, UC/CD, 
and T1D patient populations are shown in Figure 2. The 
model  predicted  changes  in  drug  exposures  of  the  CYP 
substrates  in  different  disease  populations  are  listed  in 
Table 1. As IL- 6 acts as an inhibitor for CYP3A4, CYP2C9, 
and  CYP2C19  expression  and  activities,  the  simulation 
results suggested that the anti- IL- 6 treatment may result 
in up to 28% and 46% decreases  in midazolam Cmax and 
AUC, respectively. The model also predicted increases in 
S- warfarin and omeprazole exposures, but to less extents, 

after anti- IL- 6 treatment. For CYP1A2, IL- 6 acts as a mild 
inducer  at  IL- 6  level  up  to  1000  pg/ml,  which  is  much 
higher than the systemic IL- 6 levels in these IMIDs. As ex-
pected, the model predicted up to 10% and 35% increases 
in  caffeine  Cmax  and  AUC,  respectively,  after  anti- IL- 6 
treatment.  The  model  predicted  plasma  profiles  of  the 
substrates in patients with CD with and without consid-
ering  high  local  GI  IL- 6  concentrations  are  displayed  in 
Figure  3a  and  the  corresponding  exposure  changes  are 
listed in Table 2. The elevated IL- 6 levels at local GI tissues 
were predicted to contribute additional 11~16% decrease 
in AUC and Cmax of the CYP substrates compared to the 
situation where only systemic IL- 6 impact is considered.

The model predicted plasma profiles of  the CYP sub-
strates  in  healthy  subjects,  patients  with  T1D  only,  and 
patients  with  T1D- cancer  comorbidity  before  and  after 
anti- IL- 6  treatment  are  displayed  in  Figure  3b. The  pre-
dicted exposure changes of the CYP substrates in different 
IMID- cancer  comorbidity  patient  populations  are  listed 
in Table 3. Compared with patients with IMIDs- only, pa-
tients  with  cancer- IMID  manifested  further  decrease  in 
systemic exposures of midazolam and omeprazole. For in-
stance, anti- IL- 6 treatment was predicted to result in 43% 
and 65% decreases in midazolam Cmax and AUC, respec-
tively, in T1D- cancer comorbidity population compared to 
28% and 46% decreases in Cmax and AUC, respectively, in 
the T1D only patient population. Of note, in patients with 

F I G U R E  2  Predicted median plasma 
concentration profiles for CYP enzyme 
substrates in patients with IMID before 
and after anti- IL- 6 treatment. Predicted 
median plasma concentration- time 
profiles for midazolam, omeprazole, 
S- warfarin, and caffeine in patients with 
SLE, UC/CD, and T1D before anti- IL- 6 
treatment, and in healthy subjects (after 
anti- IL- 6 treatment condition). CD, 
Crohn’s disease; IMID, immune- mediated 
inflammatory disease; SLE, systemic lupus 
erythematosus; T1D, type 1 diabetes; UC, 
ulcerative colitis
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T A B L E  1   The Cmax and AUC changes of midazolam, omeprazole, S- warfarin, and caffeine in patients with SLE, UC/CD, and T1D after 
anti- IL- 6 treatment

Substrates

∆Cmax %
12 pg/ml
SLE patients

∆Cmax %
20 pg/ml
UC/CD patients

∆Cmax %
60 pg/ml
T1D patients

∆AUC %
12 pg/ml
SLE patients

∆AUC %
20 pg/ml
UC/CD patients

∆AUC %
60 pg/ml
T1D patients

Caffeine (CYP1A2) 8% ↑ 9% ↑ 10% ↑ 27% ↑ 31% ↑ 35% ↑

S- Warfarin 
(CYP2C9)

3% ↓ 3% ↓ 3% ↓ 16% ↓ 20% ↓ 40% ↓

Omeprazole 
(CYP2C19)

13% ↓ 16% ↓ 24% ↓ 18% ↓ 22% ↓ 42% ↓

Midazolam 
(CYP3A)

14% ↓ 18% ↓ 28% ↓ 20% ↓ 28% ↓ 46% ↓

Note: ∆Cmax or ∆AUC = Cmax or AUC post- anti- IL- 6 treatment/Cmax or AUC pre- anti- IL- 6 treatment when Cmax or AUC increases after anti- IL- 6 treatment.
∆Cmax or ∆AUC = 1 –  (Cmax or AUC post- anti- IL- 6 treatment/Cmax or AUC pre- anti- IL- 6 treatment) when Cmax or AUC decreases after anti- IL- 6 treatment.
Abbreviations: AUC, area under plasma concentration versus time curves; CD, Crohn’s disease; Cmax, maximum plasma concentration; SLE, systemic lupus 
erythematosus; T1D, type 1 diabetes (T1D); UC, ulcerative colitis.
↑: Increase in exposure metrics after anti- IL- 6 treatment; ↓: Decrease in exposure metrics after anti- IL- 6 treatment.

F I G U R E  3  Predicted median plasma concentration profiles for CYP substrate compounds. Predicted median plasma concentration- time 
profiles for midazolam, omeprazole, and S- warfarin in patients with CD before versus after anti- IL- 6 treatment (a). The solid lines represent 
patients with CD involving systemic IL- 6 only before anti- IL- 6 treatment; the dotted lines represent patients with CD involving systemic and 
local IL- 6 before anti- IL- 6 treatment; and the dashed lines represent healthy subjects (after anti- IL- 6 treatment condition). Predicted median 
plasma concentration- time profiles for midazolam, omeprazole, and caffeine in T1D/cancer- T1D before versus after anti- IL- 6 treatment (b). 
The solid lines represent T1D disease only before anti- IL- 6 treatment; the dotted lines represent patients with cancer- T1D before anti- IL- 6 
treatment; the dashed lines represent healthy subjects (after anti- IL- 6 treatment condition). CD, Crohn’s disease; T1D, type 1 diabetes
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cancer- IMID, the inductive effect of elevated IL- 6 level on 
CYP1A2 was predicted to be offset by the cancer- mediated 
downregulation effect on CYP1A2, as shown in Table 3.

Classification of IL- 6 impact on TP- DIs

We have explored how disease- elevated IL- 6 and anti- IL- 6 
TPs would modulate CYP activities  in certain IMIDs and 
cancer- IMIDs.  To  provide  more  systemic  assessment  of 
regulation  effect  of  IL- 6  level  on  CYPs  activities  and  po-
tential  TP- DIs  by  anti- IL- 6/6R  treatments,  simulations  at 
a  wide  range  of  IL- 6  concentration  were  performed.  The 
identified  IL- 6  level  cutoff  values  that  were  predicted  to 
result  in potential differential DDI effects during anti- IL- 
6/6R treatment are listed in Table 4. At baseline, IL- 6 level 

around 20 pg/ml or below, such as  in patients with SLE, 
anti- IL- 6/6R  treatment  was  predicted  to  have  minimum 
regulation effect on CYP3A4, CYP2C9, and CYP2C19. At 
higher baseline IL- 6 level but lower than 89, 81, or 69 pg/
ml, anti- IL- 6/6R treatment was predicted to act as a weak 
inducer for CYP3A4, CYP2C9, and CYP2C19, respectively. 
At IL- 6 level in the range of 89– 279, 81– 264, and 69– 197 pg/
ml, anti- IL- 6/6R treatment was predicted to have moderate 
inductive effect on the three CYPs. At even higher IL- 6 lev-
els, anti- IL- 6 treatment may result in strong inductive effect 
on the CYPs. For CYP1A2, at IL- 6 levels below 1000 pg/ml, 
no or weak inhibitory effect was predicted during anti- IL- 6 
treatment.  For  this  exercise,  only  systemic  IL- 6  resulted 
CYP  regulation  effect  was  considered.  Therefore,  based 
on our current simulations, for certain IMIDs with much 
higher local IL- 6 level compared to systemic IL- 6 level, both 

T A B L E  2   The Cmax and AUC changes for midazolam, omeprazole, S- warfarin, and caffeine in patients with UC and CD with or without 
local IL- 6 incorporation after anti- IL- 6 treatment

Substrates

∆Cmax %
UC/CD 
systemic 
IL- 6

∆Cmax %
CD: 
systemic + local 
GI IL- 6

∆Cmax %
UC: 
systemic + local 
GI IL- 6

∆AUC %
UC/CD 
systemic 
IL- 6

∆AUC %
CD: 
systemic + local 
GI IL- 6

∆AUC %
UC: 
systemic + local GI 
IL- 6

Caffeine 
(CYP1A2)

9% ↑ 9% ↑ 9% ↑ 31% ↑ 31% ↑ 31% ↑

S- Warfarin 
(CYP2C9)

3% ↓ 10% ↓ 11% ↓ 25% ↓ 28% ↓ 28% ↓

Omeprazole 
(CYP2C19)

16% ↓ 23% ↓ 23% ↓ 28% ↓ 32% ↓ 33% ↓

Midazolam 
(CYP3A)

18% ↓ 33% ↓ 34% ↓ 28% ↓ 39% ↓ 39% ↓

Note: ∆Cmax or ∆AUC = Cmax or AUC post- anti- IL- 6 treatment/Cmax or AUC pre- anti- IL- 6 treatment when Cmax or AUC increases after anti- IL- 6 treatment.
∆Cmax or ∆AUC = 1 –  (Cmax or AUC post- anti- IL- 6 treatment/Cmax or AUC pre- anti- IL- 6 treatment) when Cmax or AUC decreases after anti- IL- 6 treatment.
Abbreviations: AUC, area under plasma concentration versus time curves; CD, Crohn’s disease; Cmax, peak plasma concentration; GI, gastrointestinal; UC, 
ulcerative colitis.
↑: Increase in exposure metrics after anti- IL- 6 treatment; ↓: Decrease in exposure metrics after anti- IL- 6 treatment.

T A B L E  3   The Cmax and AUC changes for midazolam, omeprazole, and caffeine in patients with cancer + SLE, cancer + UC/CD, and 
cancer + T1D patients after treatment

Substrates

∆Cmax %
Cancer + SLE 
patients

∆Cmax %
Cancer + UC/
CD patients

∆Cmax %
Cancer + T1D 
patients

∆AUC %
Cancer + SLE 
patients

∆AUC %
Cancer + UC/CD 
patients

∆AUC %
Cancer + T1D 
patients

Caffeine 
(CYP1A2)

5% ↓ 6% ↓ 7% ↓ 2% ↓ 5% ↓ 9% ↓

Omeprazole 
(CYP2C19)

27% ↓ 29% ↓ 35% ↓ 47% ↓ 51% ↓ 60% ↓

Midazolam 
(CYP3A)

32% ↓ 35% ↓ 43% ↓ 50% ↓ 54% ↓ 65% ↓

Note: ∆Cmax or ∆AUC = Cmax or AUC post- anti- IL- 6 treatment/Cmax or AUC pre- anti- IL- 6 treatment when Cmax or AUC increases after anti- IL- 6 treatment.
∆Cmax or ∆AUC =1- (Cmax or AUC post- anti- IL- 6 treatment/Cmax or AUC pre- anti- IL- 6 treatment) when Cmax or AUC decreases after anti- IL- 6 treatment.
Abbreviations: AUC, area under plasma concentration versus time curves; CD, Crohn’s disease; Cmax, maximum plasma concentration; SLE, systemic lupus 
erythematosus; T1D, type 1 diabetes; UC, ulcerative colitis.
↑: Increase in exposure metrics after anti- IL- 6 treatment; ↓: Decrease in exposure metrics after anti- IL- 6 treatment.
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systemic  and  local  IL- 6  concentrations  need  to  be  taken 
into consideration for potential TP- DIs.

DISCUSSION

A previously developed PBPK platform for predicting TP- 
DIs  in patients with RA was  further validated using ad-
ditional clinical data and expanded to assess the potential 
TP- DIs  during  anti- IL- 6  treatment  in  several  IMIDs,  in-
cluding SLE, UC, CD, T1D, and cancer- IMID comorbidity.

As it has been discussed previously by Jiang et al., the 
accuracy of IL- 6 level in disease populations is critical for 
predicting the TP- DIs using this PBPK modeling approach, 
because IL- 6 is assumed to be the driving force of multiple 
hepatic and intestinal CYPs modulations in vivo and it in 
turn influences the disease- mediated TP- DIs between the 
cytokine- suppressing TPs and CYP substrates. One thing 
should be noted that IL- 6 binds to soluble and transmem-
brane IL- 6R and it is the IL- 6/IL- 6R complex that induces 
homodimerization of glycoprotein 130 (gp130), resulting 
in  the  activation  of  the  signaling  pathway  which  leads 
to  certain  CYP  modulation.60  Level  of  IL- 6  is  a  measur-
able marker indicating the activation of this pathway in-
stead of the actual entity that regulates the CYPs by itself. 
Therefore,  in  this  study,  treatments  neutralizing  either 
IL- 6 or IL- 6R are assumed to have the same modulation 
effect on CYPs as both treatments block the IL- 6 signaling 
pathway (Figure S1).  Indeed,  the PBPK model originally 
developed using clinical TP- DI data of sirukumab (against 
IL- 6) in patients with RA was able to predict the TP- DI ef-
fects of tocilizumab and sarilumab (against IL- 6R), in the 
same disease population.22,58,59

As shown in Figure 1, the reported systemic and local 
tissue IL- 6  levels are highly variable  in a certain disease 
and more so across different IMIDs. Among SLE, UC, CD, 

and T1D,  SLE  has  overall  the  lowest  IL- 6  level  with  the 
averaged mean value of 12 pg/ml and the highest reported 
mean value less than 30 pg/ml. Based on the simulation 
results and identified IL- 6 cutoffs for different magnitude 
of potential TP- DIs, anti- IL- 6 treatment is unlikely to re-
sult in clinically meaningful TP- DIs in patients with SLE. 
Reported IL- 6 level in T1D ranges from less than 10 pg/ml 
to around 200 pg/ml, results in the highest averaged mean 
value among all the IMIDs in this study. The PBPK model 
predicts more than 30% changes in AUCs of the substrates 
of all  four CYPs  including CYP3A4, CYP2C9, CYP2C19, 
and CYP1A2. For UC and CD, the averaged mean values 
of systemic IL- 6 levels are around 20 pg/ml and were pre-
dicted to have weak CYP regulation effect if not consider-
ing high IL- 6 levels in local tissue. The reported local GI 
tissue IL- 6 concentrations in patients with UC and CD are 
much higher than the systemic IL- 6 levels. Elevated IL- 6 
mRNA  in  intestine  mucosa  and  increased  secretion  of 
IL- 6 in colon specimens from patients with IBD patients 
were reported.61 Mahavaram et al. predicted that the AUC 
of  simvastatin  decreased  to  a  greater  degree  when  sup-
pression of CYP3A4 was considered both in the liver and 
intestines compared to the liver alone.21 In their study, the 
simulation results suggest that to achieve the literature re-
ported  suppression  magnitude  of  simvastatin  AUC,  IL- 6 
level of 100 pg/ml in the liver and intestine model would 
be needed, whereas 1000 pg/ml IL- 6 would be needed in 
the liver only mode. Even at an IL- 6 level of 1000 pg/ml, 
the effect on maximum plasma concentration (Cmax) was 
still  underestimated  when  suppression  in  the  intestines 
was not taken into account.21 In our study, modulation ef-
fect on both hepatic and intestinal CYPs were incorporated 
in the model: same inhibitory effect on hepatic and intesti-
nal CYPs by systemic IL- 6 was assumed for SLE and T1D; 
and modulation effects on intestinal CYPs by local GI IL- 6 
were incorporated for CD and UC. At the average local GI 

T A B L E  4   IL- 6 threshold levels prediction for anti- IL- 6 therapeutic proteins to cause significant CYP- mediated TP- DI based on FDA DDI 
classification

Substrate

IL- 6 level (pg/ml)
Bioequivalence
AUC ↓<20%

IL- 6 level (pg/ml)
Weak inducer
20%≤AUC ↓<50%

IL- 6 level (pg/ml)
Moderate inducer
50%≤UC ↓<80%

IL- 6 level (pg/ml)
Strong inducer
AUC ↓≥80%

Omeprazole (CYP2C19) <19 19– 89 89– 279 >279

S- warfarin (CYP2C9) <21 21– 81 81– 264 >264

Midazolam (CYP3A) <12 12– 69 69– 197 >197

Substrate IL−6 level (pg/ml)
Bioequivalence
AUC↑<1.25- fold

IL−6 level (pg/ml)
Weak inhibitor
1.25<AUC↑<2- fold

—  — 

Caffeine (CYP1A2) <10 10– 1000 —  — 

Abbreviations: AUC, area under plasma concentration versus time curves; DDI, drug- drug interaction; FDA, US Food and Drug Administration; TP- DI, 
therapeutic protein drug interaction; UC, ulcerative colitis.
↑: Increase in exposure metrics after anti- IL- 6 treatment; ↓: Decrease in exposure metrics after anti- IL- 6 treatment.
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IL- 6 concentrations used for simulations in this study, the 
modulation effect on  the  intestinal CYPs were predicted 
to  approach  plateau.  The  high  local  GI  IL- 6  levels  were 
predicted to contribute additionally to the potential CYP 
modulation effect. The predicted drops in Cmax and AUCs 
of midazolam after anti- IL- 6 treatment changed from 18% 
and  28%  to  28%  and  39%,  respectively,  after  considering 
the additional  induction effect  from neutralizing  IL- 6  in 
the GI tract. In patients with cancer- IMID multimorbidity, 
the  actual TP- DIs  from  cancer  and  IL- 6  elevation  might 
likely be much more complicated than the simple additive 
effect assumed in this study. The predictions in this study 
serve  as  a  very  initial  attempt  to  assess  potential  effect 
from multimorbidity and more data and further explora-
tion are needed to improve our understanding on TP- DIs 
in these patients with cancer- IMID.

In this study and the previously study by Jiang et al., 
complete blockade of the IL- 6 signaling pathway, includ-
ing the part mediated by local GI IL- 6, were assumed after 
anti- IL- 6/6R  treatments  (i.e.,  sirukumab,  tocilizumab, 
and  sarilumab).  The  reported  plasma  concentration  of 
sirukumab on day 42 after a 300 mg subcutaneous dose is 
27.3  nM.10  Assuming  GI  tract  biodistribution  coefficient 
of 5– 10%,62 the tissue concentration of sirukumab would 
reach around 1365– 2730 pM, which is still higher than the 
local  IL- 6  concentration  and  would  result  in  maximum 
regulation effect (local tissue IL- 6: 3000 pg/ml = 142 pM). 
Together  with  high  binding  affinity  between  sirukumab 
and IL- 6 (0.175 pM), a hypothesis of near- complete neu-
tralization of both systemic and local tissue IL- 6 until day 
42 after sirukumab treatment is not unreasonable. There 
are  several  therapeutic  mAbs  targeting  other  inflamma-
tory  cytokines  (e.g.,  IL- 17  and  IL- 23)  instead  of  directly 
targeting IL- 6 pathway have been approved or under de-
velopment for treating various autoimmune inflammatory 
disorders.  The  regulations  of  these  inflammatory  cyto-
kines and IL- 6 are related and their pathways interweave 
through  the  inflammation  pathogenesis.63  However,  the 
IL- 6  neutralizing  effects  by  these  antibodies  not  directly 
targeting  IL- 6  or  IL- 6R  are  unlikely  to  be  full  blockade 
and consequently the less TP- DIs would be expected. Data 
from  two  recent  TP- DI  clinical  trials  showed  that  treat-
ment of guselkumab (an anti- IL- 23 mAb) or secukinumab 
(an anti- IL- 17 mAb) did not influence the systemic expo-
sure of the CYP substrates in patients with psoriasis.64,65 
The  present  PBPK  model  can  be  easily  adapted  to  as-
sess  such TP- DI  potentials  by  incorporating  the  disease- 
specific baseline IL- 6 level and assuming partial blockade 
of the IL- 6 signaling pathway.

This  PBPK  model  approach  may  serve  as  conceptual 
framework and workflow process  to evaluate  the modu-
lation  effect  on  CYPs  in  patients  by  therapeutic  modali-
ties,  which  can  significantly  result  in  altered  levels  of 

proinflammatory cytokines during  the  treatment period. 
In this study, we have demonstrated the potential applica-
tion of the PBPK modeling approach as an initial screen-
ing  and  assessment  tool  for  TP- DIs.  Same  as  PBPK  for 
small molecule, this approach is expected to help to design 
a proper TP- DI study with the right dosing and sampling 
time  to capture  the maximum potential TP- DI effects  in 
the  right  patient  populations.  Further  refinement  and 
validation of  the model may be possible once additional 
clinical TP- DI data from IMID disease populations other 
than RA become available. Of note, we assessed  the po-
tential TP- DIs in IMIDs which are chronic inflammatory 
diseases with elevated IL- 6 level at SS. For certain cancer 
indications,  immunotherapies,  such as T- cell  redirecting 
bispecific antibodies (bsAbs), may result in transient high 
level  of  IL- 6  along  with  the  cytokine  release  syndrome 
(CRS)  upon  T  cell’s  activation,66  and  potentially  lead  to 
undesired  TP- DIs.  Future  work  will  include  prospective 
evaluation  of  the  CYP- mediated  TP- DIs  caused  by  such 
acute IL- 6 elevation.
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