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Abstract
Intravenous  immunoglobulin  (IVIG)  (2000 mg/kg)  increased  the clearance of  the 
mouse monoclonal antibody 7E3, directed against platelet integrin IIb/IIIa (alpha 
IIb beta 3, CD41/CD61) in rodents. We wanted to investigate the effect of IVIG on 
clearance of monoclonal antibodies  in humans as there is extremely limited data 
regarding this  interaction in the literature. Using the tyrosine protein kinase KIT 
anti- cluster of differentiation 117 (c- Kit) humanized monoclonal antibody (JSP191) 
as a case study, we used physiologically- based pharmacokinetic (PBPK) modeling to 
evaluate the pharmacokinetic interaction between monoclonal antibodies and IVIG 
at doses (300– 600 mg/kg) administered to patients with primary human immunode-
ficiency (PI). We first characterized the interaction between monoclonal antibodies 
and IVIG in PK- Sim®/MoBi® using published literature data, including the following: 
IVIG plus 7E3 in mice and rats and IVIG plus the human anti- C5 monoclonal anti-
body tesidolumab in adults with end- stage renal disease. We next developed a PBPK 
model using digitized data for JSPI91 alone in older adults with myelodysplastic syn-
drome and acute myeloid leukemia and in pediatric patients with severe combined im-
munodeficiency (SCID). Finally, we simulated the impact of IVIG (300– 2000 mg/kg)  
coadministration  with  JSP191  on  the  area  under  the  curve  of  JSP191  in  patients 
with SCID. Model predictions were within 1.5- fold of observed values for 7E3 plus 
IVIG and tesidolumab plus IVIG as well as for JSP191 administered alone. Based 
on our simulations, IVIG doses ≥500 mg exceeded the 80%– 125% no- effect bounda-
ries. IVIG treatment with monoclonal antibodies in patients with PI may result in a 
clinically significant interaction depending on the IVIG dose administered and the 
exposure– response relationship for the specific monoclonal antibody.

StudyHighlights
WHATISTHECURRENTKNOWLEDGEONTHETOPIC?
In mice and rats, high doses (1000– 2000 mg/kg) of intravenous immunoglobulin 
(IVIG) pretreatment significantly increased clearance of the monoclonal antibody 
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INTRODUCTION

Intravenous  immunoglobulin  (IVIG)  therapy  is  adminis-
tered  to patients with autoimmune and  inflammatory dis-
eases, such as idiopathic thrombocytopenic purpura, chronic 
inflammatory demyelinating polyneuropathy, and primary 
humoral immunodeficiency (PI). PI is a heterogenous group 
of disorders of the immune system including congenital ag-
ammaglobulinemia,  common  variable  immunodeficiency, 
X- linked agglamaglobulinemia, Wiscott- Aldrich syndrome, 
and  severe  combined  immunodeficiency  (SCID).  The  im-
munoregulatory  effects  of  IVIG  are  complex  and  involve 
the blockade of fragment crystallizable region (Fc) gamma 
receptor macrophages and effector cells. Binding of IVIG to 
the  protective  neonatal  Fc  receptor  (FcRn)  in  endocytotic 
vesicles may also accelerate the clearance (CL) of immuno-
globulin G (IgG) and reduce pathogenic antibodies.1

High- dose  IVIG  increases  the  CL  of  IgG  monoclo-
nal  antibodies  through  saturation  of  the  pH- dependent 
binding  of  IgG  to  FcRn,  which  is  expressed  primarily  in 
endothelial and myeloid cells. FcRn protects IgG from ly-
sosomal degradation by first binding IgG in the acidic en-
dosome after fluid- phase endocytosis, recycling IgG back 
to  the  cell  surface,  and  then  releasing  IgG  in  the  serum 
at  physiological  pH.2  In  rats,  IVIG  pretreatment  (0,  400, 
1000,  and  2000 mg/kg)  resulted  in  a  dose- dependent  in-
crease  in  CL  of  the  monoclonal  antibody  (7E3)  directed 
against platelet integrin IIb/IIIa (alpha IIb beta 3, CD41/
CD61) and resulted in a significant change in the degree 
and  time  course  of  7E3- induced  thrombocytopenia.3  In 
mice, 1000 mg/kg IVIG increased 7E3 CL from 5.2 ± 0.3 to 
14.4 ± 1.4 ml/day/kg.4,5

To  our  knowledge,  only  two  clinical  studies  have  re-
ported  pharmacokinetic  (PK)  changes  associated  with 
IVIG  and  monoclonal  antibody  therapy  in  humans.  In 
one  study,  eight  adult  patients  with  end- stage  renal  dis-
ease  awaiting  kidney  transplantation  were  assigned  to 
receive  a  single  dose  (20 mg/kg)  of  tesidolumab,  a  re-
combinant  human  IgG1/lambda  monoclonal  antibody 
against the human C5 complement cascade, alone or after 
2000 mg/kg IVIG treatment. The mean tesidolumab expo-
sure  decreased  by  34%,  and  CL  increased  by  63%  in  the 
six  patients  receiving  tesidolumab  plus  IVIG  relative  to 
the two patients receiving tesidolumab alone. In addition, 
complete  suppressions  of  total  and  alternative  comple-
ment activities were lower for the tesidolumab plus IVIG 
group  (2 weeks)  relative  to  the  tesidolumab- alone  group 
(4 weeks).6 In another study, a population PK model was 
developed  for  infliximab  in  70  children  (median  [inter-
quartile range] 2.9 years of age [1.3– 4.4 years of age]) re-
ceiving  infliximab  (5  mg/kg)  as  adjunctive  therapy  with 
2000 mg/kg IVIG for acute Kawasaki disease. The authors 
concluded that administering infliximab after IVIG, as op-
posed to before, resulted in a 50% decrease in the periph-
eral volume of infliximab.7

In  patients  with  PI,  IVIG  is  administered  at  300– 
600 mg/kg  every  3– 4 weeks.  The  objective  of  this  study 
was to  leverage physiologically- based PK (PBPK) model-
ing  to  explore  whether  coadministration  of  monoclonal 
antibodies with lower IVIG doses results  in a significant 
interaction  using  the  humanized  monoclonal  antibody 
(JSP191) that binds human cluster of differentiation 117 
(c- Kit) as a case study. JSP191 is under investigation as a 
nontoxic  conditioning  regimen  for  hematopoietic  stem 

(7E3)  directed  against  platelet  integrin  IIb/IIIa  (alpha  IIb  beta  3,  CD41/CD61) 
due to competition of binding to the neonatal fragment crystallizable- receptor.
WHATQUESTIONDIDTHISSTUDYADDRESS?
There is extremely limited clinical information describing the interaction between 
monoclonal antibody and IVIG treatment. This study leveraged physiologically- 
based pharmacokinetic (PBPK) modeling to characterize whether lower doses of 
IVIG (300– 600 mg/kg) administered to patients with primary humoral immuno-
deficiency may lead to a significant pharmacokinetic interaction with monoclo-
nal antibodies.
WHATDOESTHISSTUDYADDTOOURKNOWLEDGE?
Based  on  our  simulations  using  the  humanized  monoclonal  antibody  against 
 c- Kit (JSP191) as a case study, the 90% confidence intervals for JSP191 in com-
bination with IVIG at doses ≥500 mg/kg relative  to JSP191 alone exceeded the 
default no- effect boundary of 80%– 125%.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/ORTHERAPEUTICS?
IVIG doses ≥500 mg/kg with monoclonal antibodies may result in a significant 
drug– drug interaction (DDI). PBPK modeling could characterize the DDI poten-
tial for large molecules.
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cell transplantation in patients with SCID, myelodysplas-
tic  syndrome  (MDS),  acute  myeloid  leukemia  (AML), 
and sickle cell disease.8– 11 In this study, we (1) developed 
and  evaluated  the  interaction  between  IVIG  and  mono-
clonal  antibodies  in  PK- Sim®/MoBi®  (Open  Systems 
Pharmacology) using digitized published data for 7E3 plus 
IVIG  in  rodents3,4 and  tesidolumab plus  IVIG  in adults6 
(model validation),  (2) developed an adult and pediatric 
PBPK  model  for  JSP191  using  published  digitized  data 
(base model for JSP191),8– 10 and (3) simulated the impact 
of  IVIG (300– 2000 mg/kg) coadministration with JSP191 
on the area under the curve (AUC) and CL of JSP191 in 
virtual pediatric and adult patients with SCID (Figure S1).

METHODS

Software

Physiologically- based pharmacokinetic modeling was per-
formed  using  the  open  source  software,  PK- Sim®/MoBi®, 
Version  9.1  (https://www.open- syste ms- pharm acolo gy. 
org/).12  The  PBPK  model  for  proteins  was  developed  and 
validated as an extension of the model for small molecules 
and  incorporates  the  two- pore  formalism  for  drug  ex-
travasation from blood plasma to interstitial space, lymph 
flow,  endosomal  CL,  and  protection  from  endosomal  CL 
through  FcRn  binding  (Supplemental  Information  S1).13 
Endogenous IgG is included in the model as one compart-
ment to allow for physiological steady- state conditions prior 
to drug administration and consists of plasma, interstitial, 
and endosomal space substructures. A zero- order synthesis 
of endogenous IgG continuously releases endogenous IgG 
into the plasma space to account for loss of endogenous IgG 
not bound to FcRn in the endosomal space. The equations 
for the steady- state concentration of endogenous IgG, FcRn, 
and endogenous IgG- FcRn complex without drug are used 
as initial conditions.13 Both endogenous and exogenous IgG 

compete with the monoclonal antibody (drug) for binding 
to the FcRn receptor within the simulations. Drug and en-
dogenous IgG can reversibly bind to FcRn forming a FcRn 
complex  in  the plasma and  interstitial  space with  low af-
finity  and  within  the  endosomal  space  with  high  affinity 
(dissociation  constant  [Kd]  set  to  999,999 μM,  resulting  in 
essentially  no  binding  to  FcRn).  Equations  for  the  mass 
transfer of the drug and endogenous IgG to the endosomal 
space, recycling of the FcRn complex, specific CL of drug 
or  endogenous  IgG  not  bound  to  FcRn,  and  FcRn  bind-
ing  for  the drug and endogenous IgG are provided  in  the 
Supplemental  Information S1.13 More  information on  the 
model code is provided in Supplemental Information S2. All 
of the plasma PK data that were used in this study for model 
evaluation were extracted from the literature and digitized 
using  the  online  software  WebPlotDigitizer  Version  4.5 
(https://autom eris.io/WebPl otDig itize r/index.html).

PBPKmodelfor7E3plusIVIGinmice
andrats

We simulated the effect of IVIG on the PK of 7E3 in mice using 
a previously published mouse model for 7E3 (Table 1) and then 
compared the simulations to the observed plasma concentra-
tion versus time data that were reported for 7E3 in mice receiv-
ing an intravenous (i.v.) bolus of 8 mg/kg with and without 
1 g/kg of IVIG.4,13 Population simulations were performed for 
100 mice (18– 35 g) with an assumed variability of 25% intro-
duced on plasma IgG concentrations. Simulations were also 
performed for 7E3 in rats and then compared with observed 
data reported in female Sprague– Dawley rats (200– 225 g) re-
ceiving 7E3 (8 mg/kg) with and without IVIG pretreatment (0, 
0.4, 1, and 2 g/kg).3 The plasma endogenous IgG concentra-
tions were changed to the reported value in rats of 60 μM, and 
then the rate constant for endosomal uptake was optimized to 
0.80 1/min using the control rat data (no IVIG) with the Monte 
Carlo algorithm (Supplemental Information S2).14,15

Parameter 7E3 IVIG Tesidolumab JSP191

Molecular weight (kDa) 15013 14937 150 145

Hydrodynamic radius (nm) 5.3413 5.3413 5.3413 5.3413

FcRn binding affinity in the endosome 
(Kd) (nM)

75013 63037 72738 72738

CD117 (c- Kit) dissociation constant (Kd) 
(nM)

n/a n/a n/a 0.0141a

c- Kit degradation rate (1/h) n/a n/a n/a 0.2339

JSP191- CD117 (c- Kit) internalization 
rate (1/h)

n/a n/a n/a 5.4039

Abbreviations: FcRn, neonatal fragment crystallizable- receptor; IVIG, intravenous immunoglobulin;  
Kd, dissociation constant; n/a, not applicable.
aOptimized using adult data.

T A B L E  1   Final drug parameters

https://www.open-systems-pharmacology.org/
https://www.open-systems-pharmacology.org/
https://automeris.io/WebPlotDigitizer/index.html
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PBPKmodelfortesidolumabplusIVIG
inadults

A PBPK model for IVIG was previously developed in healthy 
adult subjects.16 The tesidolumab model was developed and 
evaluated  using  observed  data  in  eight  adult  patients  (18– 
70 years  of  age)  on  chronic  dialysis  with  end- stage  renal 
disease  awaiting  kidney  transplantation.  In  this  study,  six 
patients with a mean age of 54.7 years received 2000 mg/kg 
IVIG treatment (up to a maximum dose of 140 g) followed 
by a single dose of 20 mg/kg tesidolumab, and two patients 
(mean  age  of  49.0 years)  received  a  single  dose  of  20 mg/
kg  tesidolumab.  Half  of  these  eight  subjects  were  White.6 
Information  regarding  the  administration  schedule  was 
not  provided,  so  we  assumed  a  60- min  infusion  time  for 
tesidolumab as the observed maximum concentration (Cmax) 
after dosing was around 1 h post dose, and the infusion rate 
for IVIG was based on recommendations in the package in-
sert  for chronic  inflammatory demyelinating polyneuropa-
thy  (starting  at  2  mg/kg/min  for  30 min  and  increasing  to 
8 mg/kg/min as tolerated; Supplemental Information S1).17 
Using PK data for tesidolumab alone, the rate constant for en-
dosomal uptake was optimized in a virtual White American 
male (50 years of age) to 0.33 1/min using the Monte Carlo 
algorithm.  Population  simulations  were  generated  for  100 
White  American  virtual  subjects  based  on  demographics 
from the underlying population: 33% female, 30– 65 years of 
age, a mean body mass index of 30 kg/m2, and a plasma IgG 
concentration ranging from 50 to 167 μM.6

AdultandpediatricPBPKmodelforJSP191

An adult PBPK model was first developed for JSP191 to de-
termine key parameters before scaling to pediatric patients. 
The model was developed and evaluated using observed data 
collected in six older adults (83% male) with AML/MDS who 
had a mean (range) age of 70 years (65– 74 years) and who re-
ceived a single dose of 0.6 mg/kg JSP191.8 A 70- year- old vir-
tual White American male was used for model development 
with binding to c- Kit, and c- Kit expression was taken from 
the  built- in  gene  database  query  that  determines  protein 
abundances based on relative tissue- specific expression data 
from publicly available sources.18 The relative expressions 
for the c- Kit protein were used based on whole genome ex-
pression arrays from Array Express and were localized on 
the extracellular matrix (Table S1).12

The adult PBPK model was first developed in PK- Sim® 
and then exported to MoBi® to account for target- mediated 
drug disposition (TMDD) via the internalization of the c- 
Kit/JSP191  complex.  The  synthesis  and  degradation  of 
c- Kit  were  incorporated  as  a  function  of  the  amount  of 
receptor  and  the  rate  of  synthesis/degradation. The  rate 

of synthesis and degradation of c- Kit were assumed to be 
the same, thereby assuming no buildup or loss of recep-
tors over time at steady state. The internalization was in-
corporated  as  a  function  of  the  amount  of  JSP191– c- Kit 
complex and the internalization rate. The amount of c- Kit 
can be calculated as a product of the relative expression of 
c- Kit  in each organ/tissue  (Table S1),  the  reference con-
centration, the ontogeny factor (set to 1), and the volume 
of  each  organ/tissue.  The  reference  concentration  rep-
resents the protein expression relative to the expression in 
the organ with highest concentration of the respective en-
zyme. The reference concentration of c- Kit was optimized 
to 457 pmol/L, and the Kd  for c- Kit was optimized using 
the  Monte  Carlo  algorithm  because  these  parameters 
were not reported (Table 1). Population simulations in 100 
virtual White American adults from 65 to 74 years of age 
(83% male) were generated for model evaluation.

The  virtual  White  American  male  (70 years  of  age) 
was scaled to a virtual child (12 years of age) based on the 
age  dependencies  of  relevant  physiological  parameters 
(body weight, height, organ weights, blood flows, intersti-
tial space, and vascular space) as previously described.19 
The pediatric model was developed and evaluated using 
observed data from a phase I trial in four retransplanted 
children and adults (11, 12, 12, 38 years of age) with SCID 
receiving 0.3 mg/kg JSP191.10 Target- mediated disposition 
based on the optimized c- Kit levels in AML/MDS resulted 
in  a  significant  underprediction  of  CL  of  JSP191  in  the 
SCID  population,  so  the  c- Kit  concentration  was  opti-
mized to 1873 pmol/L using observed JSP191 PK data  in 
patients with SCID.

Drug–druginteractionsimulations
betweenJSP191andIVIG

Based on a  literature  review,  the CL of  IVIG  in patients 
with  PI  were  approximately  2– 3  times  lower  than  in 
healthy adults (Table S2). To account for these differences, 
the rate constant for endosomal uptake was optimized to 
0.13/min  (default  value  was  0.29/min)  (Table  S2).  We 
next  simulated  JSP191  (a  single  dose  of  0.3  mg/kg  over 
a 60- min infusion) in combination with 0, 300, 400, 500, 
600, 1000, and 2000 mg/kg IVIG to evaluate the impact of 
IVIG dosing on JSP191 CL. Based on a systematic review 
in 1218 patients with PI receiving mean IVIG doses from 
387 to 560 mg/kg every 3– 4 weeks, the IgG baseline levels 
ranged from 660 to 1280 mg/dl.20 Therefore, we changed 
the default endogenous plasma IgG value in PK- Sim® from 
1043 mg/dl  to  a  uniform  range  from  660  to  1280 mg/dl  
in  all  of  the  population  simulations  of  100  virtual  pa-
tients  with  SCID  from  11  to  38 years  of  age  (50%  male) 
(Figure S2).
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Modelvalidation

To  evaluate  model  performance,  concentration  versus 
time  plots  were  plotted  comparing  the  simulated  mean 
and  associated  90%  prediction  interval  to  the  observed 
data. The average fold error (AFE) was calculated compar-
ing the simulated geometric mean with the observed data 
for each available concentration- time point according  to 
Equation (1):

In  addition,  we  calculated  the  percentage  of  model- 
predicted to observed plasma concentrations and the ratio of 
predicted to observed PK parameters within the twofold pre-
diction error (0.5-  to 2- fold) and the 1.5- fold prediction error 
(0.667-  to 1.5- fold). Model performance was considered ac-
ceptable if all predictions were within the twofold prediction 
error and most within the 1.5- fold prediction error.

RESULTS

7E3plusIVIGinmiceandrats

The  PBPK  model  predictions  for  7E3  with  and  without 
IVIG  treatment  were  comparable  with  observed  data  in 
mice  receiving  8  mg/kg  7E3  IV  plus  1000 mg/kg  IVIG 
bolus  dosing  (Figure  S3).3  The  AFE  for  the  predicted/
observed  concentrations  and  the  predicted  to  observed 
mean  CL  ratios  for  7E3  in  mice  were  all  within  the  1.5- 
fold  prediction  error  (Table  2).  In  rats,  the  PBPK  model 

simulations  slightly  underpredicted  CL  for  7E3  plus  0.4   
g/kg IVIG and slightly overpredicted CL for 7E3 plus 1 and 
2 g/kg IVIG (Table 2, Figure S4). However, the predicted 
to observed mean CL ratios for 7E3 in rats were all within 
the  1.5- fold  prediction  error  (Table  2).  There  was  also 
model misspecification for the 7E3 concentrations during 
the early timepoints (within the first day of treatment) that 
is likely attributed to difficulties discerning these points on 
the published plot used to digitize the data (Figure S4).

TesidolumabplusIVIGinadults

The  PBPK  model  for  IVIG  was  previously  developed 
and  evaluated  in  healthy  adults  (Figure  S5).16  The 
tesidolumab  model  slightly  overpredicted  tesidolumab 
concentrations  with  an  AFE  for  predicted  to  observed 
concentrations  of  1.29  for  tesidolumab  and  1.18  for 
tesidolumab  plus  IVIG  (Figure  1).  The  predicted  PK 
parameters  (AUC  to  last  observation  [AUClast],  AUC 
extrapolated to infinity [AUC∞], Cmax, and CL) were all 
within  the 1.5- fold prediction error except  for Cmax  for 
tesidolumab plus 2000 mg/kg IVIG, which was slightly 
higher  but  still  within  the  twofold  prediction  error 
(Table 3). The predicted and observed geometric mean 
ratios and associated 90% confidence  intervals of Cmax, 
AUClast,  and  AUC∞  for  tesodolumab  plus  2000 mg/kg 
IVIG relative to tesidolumab alone were also compara-
ble between the observed and simulated parameters and 
within  the  1.5- fold  prediction  error,  albeit  with  higher 
variability  in  the  subjects  with  end- stage  renal  disease 
relative to the virtual population (Table 3).
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T A B L E  2   Comparison of observed and simulated clearance for 7E3 (8 mg/kg i.v. bolus) with and without IVIG treatment in mice and 
rats

DoseofIVIG,
mg/kg

Observedmean
clearanceof7E3,
ml/h/kg

Simulated
clearanceof7E3,
ml/h/kg

Simulatedto
observedmean
clearanceratio

AFEfor
simulated/
observed
concentrations

Mouse

0 0.22 0.21 0.95 1.08

1000 0.60 0.68 1.13 0.93

Rat

0 0.78 0.77 0.99 1.00

400 1.28 1.10 0.86 1.17

1000 1.37 1.60 1.17 0.94

2000 1.85 2.30 1.24 0.89

Note: Observed data are presented as the mean clearance for 7E3, an antiplatelet antibody directed against platelet integrin IIb/IIIa (alpha IIb beta 3, CD41/
CD61), with and without IVIG bolus dosing in three mice and in female Sprague– Dawley rats (200– 225 g).3,4 Simulated data are based on simulations for 
a virtual rat and virtual mice (sex unknown) in PK- Sim®/MoBi®. The AFE was calculated comparing the simulated mean with the observed data for each 
available concentration- time point as follows: 10
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Abbreviations: AFE, average fold error; i.v., intravenous; IVIG, intravenous immunoglobulin.
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AdultandpediatricPBPKmodelforJSP191

We  developed  and  evaluated  a  PBPK  model  for  JSP191 
in older adults with AML/MDS before scaling to pediat-
ric  patients.  The  AFE  comparing  the  predicted  and  ob-
served concentration versus time data in older adults with  

AML/MDS was well within the predetermined acceptance 
criteria of two- fold. This slight overprediction (i.e., >1.5- 
fold AFE) appears to be driven by one subject (Figure 2), 
but we did not have specific demographics for this subject. 
The PBPK model for JSP191 in pediatrics and young adults 
(11– 38 years of age) with SCID characterized the PK data 

F I G U R E  1  Adult population simulations for tesidolumab (20 mg/kg) administered with and without 2000 mg/kg intravenous 
immunoglobulin (IVIG). Population simulations were performed in 100 White American virtual subjects from 30 to 65 years of age receiving 
a single dose of tesidolumab (20 mg/kg over a 60- min infusion) with and without 2000 mg/kg of IVIG therapy. Simulated data are presented as 
geometric mean (solid line) and associated 90% confidence interval (shaded area), where blue represents tesidolumab alone and red represents 
tesidolumab plus IVIG. Observed data were obtained from a study in eight adult patients (18– 70 years of age) on chronic dialysis with end- stage 
renal disease awaiting kidney transplantation. In this study, six patients (mean age of 54.7 years) received 2000 mg/kg IVIG treatment followed 
by a single dose of 20 mg/kg tesidolumab, and two patients (mean age of 49.0 years) received a single dose of 20 mg/kg tesidolumab. Blood 
samples for pharmacokinetic analysis were collected on Day 1 at 0, 2, 4, 7 h and on Days 2, 4, 8, 11, 15, 22, 29, and 57 post tesidolumab dosing.6

T A B L E  3   Comparison of observed and simulated PK parameters for tesidolumab (20 mg/kg) with and without 2000 mg/kg IVIG in adult 
patients with end- stage renal disease

PKparameter AUClast(day*μg/ml) AUC∞(day*μg/ml) Cmax(μg/ml) CL(L/h)

Observed

Tesidolumab, mean ± SD 5780 ± 1060 6600 ± 1660 367 ± 81.3 0.0120 ± 0.00031

Tesidolumab plus 2000 mg/kg IVIG, 
mean ± SD

3540 ± 502 3680 ± 449 319 ± 50.7 0.0196 ± 0.00517

Geometric mean ratio (90% CI) 0.612 (0.48, 0.78) 0.563 (0.44, 0.71) 0.871 (0.66, 1.15) 1.63 (n/a)

Simulated

Tesidolumab, mean ± SD 4916 ± 514 6917 ± 752 506 ± 70.4 0.0102 ± 0.00156

Tesidolumab plus 2000 mg/kg IVIG, 
mean ± SD

3379 ± 436 4612 ± 628 502 ± 69.6 0.0154 ± 0.00296

Geometric mean ratio (90% CI) 0.685 (0.673, 0.698) 0.664 (0.651, 0.678) 0.992 (0.992, 0.993) 1.50 (1.47, 1.54)

Note: PK parameters are presented as mean ± SD, and the fold changes for tesidolumab plus IVIG relative to tesidolumab alone are presented as the geometric 
mean ratio and associated 90% CI. Population simulations were performed in 100 White American virtual subjects. Observed data were reported in eight adult 
patients (18– 70 years of age) on chronic dialysis with end- stage renal disease awaiting kidney transplantation, of which six received 2000 mg/kg IVIG treatment 
plus 20 mg/kg tesidolumab and two patients received a single dose of 20 mg/kg tesidolumab.6

Abbreviations: AUClast, area under the curve from 0 to the last observation; AUC∞, area under the curve from 0 to infinity; CI, confidence interval; Cmax, 
maximum concentration; CL, clearance; IVIG, intravenous immunoglobulin; n/a, not applicable; PK, pharmacokinetic.
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well, with an AFE comparing the predicted and observed 
concentration  versus  time  data  for  JSP191  administered 
alone of 1.05 (Figure 3). The simulated mean (range) CL 
of  JSP191  was  0.0136  (0.0065– 0.0209)  ml/min/kg  in  vir-
tual children (10– 13 years of age) and was 0.0130 (0.0072– 
0.0211) in virtual adults (18– 38 years of age) (Figure S6). 
We simulated  the concentration of  JSP191 at doses  (0.1, 
0.3,  1,  and  3  mg/kg)  in  a  virtual  12- year- old  child  with 

SCID  and  compared  with  the  only  digitized  observed 
data  available  at  0.3  mg/kg  to  characterize  the  TMDD 
(Figure  S7).  There  was  one  subject  with  slightly  higher 
concentrations, but we did not have specific demographic 
information for this individual. It is also likely that these 
individuals were receiving IVIG therapy to prevent infec-
tions, but we did not have any information regarding the 
dose or timing of IVIG administration relative to JSP191. 

F I G U R E  2  Population simulations for JSP191 (single intravenous infusion of 0.6 mg/kg) in older adults with myelodysplastic syndrome 
and acute myeloid leukemia. Population simulations were performed in 100 virtual White American adults from 65 to 74 years of age (83% male) 
receiving a single dose of intravenous 0.6 mg/kg JSP191 (60- min infusion). Simulated data are presented as geometric mean (solid black line) 
and associated 90% confidence interval (shaded gray area). Observed data were collected in six older adults (83% male) with myelodysplastic 
syndrome and acute myeloid leukemia with a mean (range) age of 70 (65– 74) years who received a single dose of 0.6 mg/kg JSP191.8

F I G U R E  3  Population simulations for JSP191 (0.3 mg/kg) administered with and without 500 mg/kg intravenous immunoglobulin 
(IVIG) therapy in patients with severe combined immunodeficiency disorders. Population simulations were performed in 100 virtual 
children and young adults from 11 to 38 years of age (50% male) receiving JSP191 (a single dose of 0.3 mg/kg over a 60- min infusion) alone 
(shaded black area is the simulated 90% confidence interval) or in combination with 500 mg/kg of IVIG (blue shaded area is the simulated 
90% confidence interval). The observed data were obtained from a phase I trial in four retransplanted children and adults with severe 
combined immunodeficiency disorders (11, 12, 12, and 38 years of age) whom received 0.3 mg/kg of JSP191. Observed data are stratified by 
shape representing data from individual subjects.10
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Therefore,  we  compared  simulations  with  and  without 
500 mg/kg IVIG coadministration (Figure 3).

Drug–druginteractionsimulations
betweenJSP191andIVIGinpediatric
patientswithSCID

We  simulated  JSP191  with  300– 2000 mg/kg  IVIG  in  100 
virtual subjects from 11 to 38 years of age and calculated 
the  geometric  mean  fold  ratios  for  Cmax,  CL,  and  AUC∞ 
relative to JSP191 administered alone. As expected, there 
was  no  change  in  Cmax,  but  there  was  a  dose- dependent 
increase  in  CL  and  a  decrease  in  AUC∞  (Table  S3  and 
Figure 4). Using the Food and Drug Administration (FDA) 
guidelines  for  interpreting  drug– drug  interaction  (DDI) 
studies  in  the absence of an exposure– response relation-
ship, we calculated the geometric mean ratios and associ-
ated 90% confidence intervals for systemic exposure ratios 
of  JSP191  in  combination  with  IVIG  relative  to  JSP191 
alone.21 The simulated 90% confidence interval for IVIG at 
doses ≥500 mg/kg exceeded  the default no- effect bound-
ary of 80%– 125% (Figure 4). We did not observe any differ-
ences in this interaction when the data were stratified by 
age: <18 years of age versus 18– 38 years of age (Table S3). 
If we removed TMDD (lacking c- Kit as a binding partner), 
the  magnitude  of  the  DDI  for  JSP191  was  even  greater 
and  the  simulated  90%  confidence  interval  exceeded  the 
no- effect boundary for IVIG at lower doses (≥300 mg/kg)  
(Table  S4).  The  effect  of  endogenous  IgG  had  a  small 
impact;  the  simulated  ratio  (90%  confidence  interval) 
for AUC∞ was 0.48 (0.48– 0.49) versus 0.43 (0.42– 0.43)  in 

pediatric patients with SCID with endogenous IgG levels 
of 1043 mg/dl (default) versus 500 mg/dl, respectively.

DISCUSSION

Physiologically- based  pharmacokinetic  modeling  is  rou-
tinely used during drug development  to predict metabo-
lism  and  transporter- mediated  DDI  potential  for  small 
molecules,  but  it  is  less  frequently  applied  for  biologics. 
Recently,  PBPK  models  have  been  developed  to  predict 
cytokine and disease– drug interactions for antibodies.22– 26 
For  example,  PBPK  modeling  evaluated  the  impact  of 
transient  elevations  of  interleukin- 6  by  the  CD19/CD3 
bispecific  T  cell  engager,  blinatumobab,  on  hepatic  cy-
tochrome  P450  activities.25  There  have  also  been  a  few 
published PBPK models  that characterized DDIs  for an-
tibodies due  to FcRn competition. A published minimal 
PBPK model predicted that treatment with the anti- CD38 
antibody,  daratumumab,  for  multiple  myeloma  resulted 
in a 3.6- fold increase in the daratumumab half- life follow-
ing  M- protein  reduction,  which  was  mediated  by  para-
protein  competition  with  FcRn  binding.27  In  addition,  a 
mouse PBPK model demonstrated that IVIG (1000 mg/kg) 
increased 7E3 CL in control but not FcRn knockout mice.3 
However, there is extremely limited clinical  information 
characterizing the DDI between IVIG and monoclonal an-
tibodies in humans.

We leveraged PBPK modeling to evaluate whether co-
administration  of  monoclonal  antibodies  with  moderate 
doses of IVIG (300– 600 mg/kg every 3– 4 weeks) adminis-
tered to patients with PI results in a significant interaction 

F I G U R E  4  Simulated change in the area under the curve extrapolated to infinity (AUC∞) for JSP191 plus intravenous immunoglobulin 
(IVIG) (300– 2000 mg/kg) in virtual subjects (11– 38 years of age) with severe combined immunodeficiency disorders. Population simulations 
were performed in 100 virtual children and young adults from 11 to 38 years of age (50% male) receiving JSP191 (a single dose of 0.3 mg/kg  
over a 60- min infusion) alone or in combination with 300, 400, 500, 600, 1000, and 2000 mg/kg IVIG therapy. Data are presented as 
geometric mean ratio for the AUC∞ for JSP191 plus IVIG relative to JSP191 alone. CI, confidence interval.
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using  JSP191  as  a  case  study  (Figure  S1).  We  used  the 
open- source software PK- Sim®/MoBi® because of accessi-
bility and ease of use, which may be useful to predict DDI 
potential  for other monoclonal antibodies under clinical 
development that may be coadministered with IVIG. We 
first developed and evaluated PBPK models with PK data 
available from the literature,  including 7E3 plus IVIG in 
mice and rats and tesidolumab plus IVIG in adults with 
end- stage renal disease.3,4,6 The PBPK model predictions 
for 7E3 plus IVIG and tesidolumab plus IVIG were com-
parable and within 1.5- fold of the observed values. Next, 
we developed and evaluated an adult and pediatric PBPK 
model for JSP191 based on published PK data available in 
older adults with AML/MDS and in patients with SCID.8,10 
Finally, we simulated the impact of IVIG (300– 2000 mg/kg)  
coadministration  with  JSP191  on  the  AUC∞  and  CL  of 
JSP191 in virtual patients with SCID.

Hansen and Balthasar also published a PBPK model in 
mice for 7E3 plus 1000 mg/kg IVIG in control and FcRn 
knockout mice with predicted versus observed mean ± SD 
plasma AUC of 1320 versus 1460 ± 78.6 μg/ml day for 7E3 
alone, 594.4 versus 488 ± 40.1 μg/ml day for 7E3 plus IVIG 
in control mice, and 108 versus 110 ± 6.8 μg/ml day in FcRn 
knockout mice.3 This PBPK model had slightly different 
assumptions for FcRn- mediated recycling and endosomal 
CL  than  implemented  within  PK- Sim®/MoBi®.  Hansen 
and Balthasar assumed that FcRn capacity in each tissue 
was proportional to tissue weight and was scaled in each 
tissue based on the estimated total body capacity of FcRn.3 
In PK- Sim®/MoBi®, FcRn concentration was assumed the 
same in each organ, but the endosomal uptake was pro-
portional to the endosomal volume and the vascular vol-
ume in each organ.13 In addition, the drug– FcRn binding 
reaction in PK- Sim®/MoBi® was explicitly represented in a 
simplified submodel allowing for different FcRn binding 
affinities for the drug and endogenous IgG.13 In PK- Sim®/
MoBi®, FcRn binding affinities differed between the acidic 
endosomal space and the neutral environment with a very 
high value (999,999 μM) in the neutral space, resulting in 
virtually no FcRn binding at neutral environments for all 
compounds. However, both the published and our devel-
oped  PBPK  models  were  able  to  capture  concentration- 
time profiles of 7E3 in wild- type and FcRn knockout mice 
in  the  plasma,  lung,  kidney,  skin,  muscle,  spleen,  liver, 
heart, and gut reasonably well.3,13

After validating  the predictive performance of mono-
clonal  antibodies  with  IVIG  in  PK- Sim®/MoBi®,  we 
simulated  the  interaction  between  IVIG  with  JSP191,  a 
monoclonal  antibody  likely  to  be  coadministered  to  pa-
tients receiving IVIG for the prevention of infections. We 
first  developed  and  evaluated  an  adult  PBPK  model  for 
JSP191 alone in older adults with AML/MDS before scal-
ing to pediatric patients with SCID. The observed CL was 

faster  in  the  SCID  population  relative  to  the  AML/MDS 
population, which may be attributed to differences in age 
or disease state. Infants have higher rates of extravasation 
of plasma proteins due to proportionally  larger capillary 
surface area per unit volume available for plasma protein 
exchange and larger “leaky” central organs with sinusoi-
dal  or  fenestrated  capillaries.  FcRn  expression  in  vascu-
lar  endothelial  cells  may  also  increase  with  age  (based 
on  reverse- transcriptase  polymerase  chain  reaction  data 
in  rats), but  there  is no consistent ontogeny pattern due 
to  highly  variable  and  conflicting  data.16,28 There  is  also 
limited information on the ontogeny of c- Kit. One study 
reported no significant difference  in expression between 
normal  adult  and  pediatric  livers  (1– 13 years  of  age).29 
Another  study  in 1937 pediatric and adult patients with 
acute  leukemia  did  not  observe  differences  in  the  fre-
quency of c- Kit– positive cases between adults and pediat-
ric groups.30 However, the SCID population in this study 
included older children, and there were minor differences 
by age (Figure S6), so the faster CL relative to the AML/
MDS population is likely attributed to disease characteris-
tics rather than age.

Severe combined immunodeficiency is a group of ge-
netic disorders characterized by a block in T lymphocyte 
differentiation and abnormal development of other  lym-
phocyte lineages such as B or natural killer lymphocytes 
or more rarely myeloid cells.31,32 The pathogenesis of SCID 
reflects distinct molecular mechanisms that affect various 
stages of T cell development. During early T cell develop-
ment,  thymic  lymphoid  progenitor  cells  lacking  CD4  or 
CD8  expression  downregulate  c- Kit  expression  during 
variability,  diversity,  and  joining  rearrangement  to  gen-
erate a  functionally rearranged T cell receptor β chain.33 
Therefore,  we  hypothesize  that  c- Kit  expression  may  be 
higher  in  the  SCID  population  if  T  cell  development  is 
stunted,  resulting  in  a  greater  proportion  of  pre– T  cell 
receptors expressing c- Kit. However,  this did not signifi-
cantly  impact  the geometric mean fold ratios  for JSP191 
AUC∞ with 500 mg/kg IVIG, which were 0.75- fold versus 
0.80- fold  for  c- Kit  expressions  of  457  and  1873 pmol/L, 
respectively.  Other  possibilities  include  greater  internal-
ization or degradation rates of the JSP191– c- Kit complex; 
faster  nonspecific  processes,  including  pinocytosis,  lym-
phatic  recycling, or catabolism by nonspecific proteases; 
or lower FcRn concentration in patients with SCID.

Per  the  FDA  guidelines  for  interpreting  DDI  studies, 
clinically significant DDIs for a substrate drug can be de-
termined  based  on  (1)  the  concentration– response  rela-
tionships from PK and pharmacodynamic analysis for the 
substrate drug (preferred method) or (2) if the 90% confi-
dence intervals for systemic exposure ratios exceed the de-
fault no- effect boundary of 80%– 125% in the absence of a 
clearly defined exposure– response relationship.21 In this 
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study, the 90% confidence intervals for JSP191 in combi-
nation with IVIG at doses ≥500 mg/kg relative to JSP191 
alone exceeded the default no- effect boundary of 80– 125% 
and may be even greater for monoclonal antibodies lack-
ing TMDD (Table S4). Based on a systemic review in 1218 
patients with PI receiving IVIG treatment, the mean ± SD 
IVIG  dose  used  in  the  28  clinical  studies  ranged  from 
387 ± 88 to 560 ± 170 mg/kg every 3– 4 weeks.20 In another 
study  using  data  collected  from  the  Immunoglobulin 
Diagnosis, Evaluation, and key Learnings (IDEaL) Patient 
Registry, the average monthly dose of IVIG treatment was 
472 mg/kg.34  These  finding  suggest  that  IVIG  treatment 
with monoclonal antibodies  in patients with PI may re-
sult in a clinically significant DDI, depending on the IVIG 
dose  administered  and  the  exposure– response  relation-
ship for the specific monoclonal antibody.

The reported CL of IVIG in a randomized study in 30 
healthy subjects with a mean (range) age of 26 (18– 43)  
years  receiving  600 mg/kg  of  different  commercially 
available  human  immungolublin  G  products  (a  liquid 
formulation, a nanofiltered formulation, and an i.v. for-
mulation  Sandoglobulin®  CSL/Novartis)  was  4.69– 4.76 
ml/kg/day with half- lives ranging from 24 to 30 days that 
did not differ significantly by formulation.35 In contrast, 
the reported mean IVIG CL across studies performed in 
patients with PI (mean ages from 8.0 to 42 years) ranged 
from  0.52  to  2.31 ml/kg/day,  and  the  mean  half- lives 
ranged  from  25  to  44.6 days  (Table  S2).  Similarly,  the 
mean  half- life  of  iodinated  IgG  was  38 days  with  3.9% 
of the intravascular pool catabolized per day in patients 
with  agammaglobulinemia  compared  with  22 days  and 
6.8%, respectively, in healthy individuals.36 The specific 
mechanism for a decreased CL of IVIG in patients with 
PI  relative  to  healthy  subjects  is  unknown.  Because 
the  precise  mechanism  is  unclear,  we  implemented 
this  in  the simulations by both decreasing  the endoso-
mal  uptake  to  0.13/min  and  by  changing  the  endoge-
nous  plasma  IgG  concentrations  to  660– 1280 mg/dl.20  
Other  possibilities  include  differences  in  recycling  or 
FcRn concentrations.

In  conclusion,  we  developed  an  adult  and  pediatric 
PBPK model  for  the monoclonal c- Kit antibody,  JSP191, 
in  combination  with  IVIG  (300– 2000 mg/kg)  and  pre-
dicted  that  IVIG  treatment  doses ≥500 mg/kg  exceeded 
the  default  no- effect  boundary  of  80%– 125%  for  JSP191. 
This  finding  suggests  that  IVIG  treatment  may  result  in 
reduced efficacy for some monoclonal antibodies admin-
istered  in combination with moderate IVIG doses  in pa-
tients  with  PI.  A  limitation  of  this  study  was  that  there 
were age or disease- related differences  in JSP191 PK be-
tween patients with AML/MDS and SCID that were not 
clearly  understood.  We  mechanistically  accounted  for 
these  differences  by  increasing  the  c- Kit  expression,  but 

there  is no  literature data  to our knowledge reporting c- 
Kit expression in healthy subjects or subjects with SCID. 
Interestingly, the CL for IVIG based on published studies 
was lower in patients with PI relative to healthy subjects 
(Table S2). A limitation is that we changed the rate con-
stant for endosomal uptake for tesidolumab in adults with 
renal  insufficiency and  for  IVIG plus  JSP191  in patients 
with PI, which can limit the generalizability. Disease sta-
tus can often impact monoclonal antibody nonspecific CL; 
however, the exact mechanism is poorly understood and 
thus not fully accounted for in the simulated disease pop-
ulations. The subjects with PI  in  these  studies primarily 
had common variable immunodeficiency and X- linked ag-
glamaglobulinemia, which may differ from subjects with 
SCID. Further studies should be performed to character-
ize differences in PK of monoclonal antibodies relative to 
healthy subjects, such as differences in target expression 
or activity.
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