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Abstract

The soluble cytokine TNF-a is an important target for many therapeutic proteins used in
the treatment of theumatoid arthritis (RA). Biologics targeting TNF-a exert their
pharmacological effects through binding and neutralizing this cytokine and preventing it from
binding to its cell surface receptors. The magnitude of their pharmacological effects directly
corresponds to the extent and duration of free TNF-a suppression. However, endogenous TNF-a
is of low abundance and therefore it is quite challenging to assess the free TNF-a suppression
experimentally. Here we have applied an experimental approach to bypass this difficulty by
giving thTNF-a to rats by SC infusion. This boosted TNF-a concentration enabled quantification
of TNF-a in plasma. Free thTNF-a concentrations were measured after separation from the
infliximab-rhTNF-o complex using Dynabeads Protein A. The interrelationship of infliximab
and TNF-a was assessed with minimal physiologically-based pharmacokinetic (mPBPK) models
for TNF-a and infliximab with a target-mediated drug disposition (TMDD) component.
Knowledge of TNF-a PK allows reliable prediction of the free TNF-a suppression with either
free or total TNF-a concentration profiles. The experimental and modeling approaches in the
present study may aid in the development of next-generation TNF-a inhibitors with improved

therapeutic effects.
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Introduction

Pro-inflammatory soluble cytokines, including TNF-a, are key players in the
pathogenesis of rheumatoid arthritis (RA). These cytokines, along with immune cells, form an
inter-connected network. In inflammatory conditions, these cytokines exhibit elevated and
sustained expression and their production is dysregulated (Buchan et al., 1988). TNF-a is at the
apex of this network and fulfills its mission through binding to its cell surface receptors,
activating downstream inflammatory response cascades, and promoting expression of other
cytokines (Fong et al., 1989). Previous work showed that blocking TNF-a itself led to substantial
inhibitory effects on the expression of other pro-inflammatory cytokines (Brennan et al., 1989)
and reduced leucocyte trafficking into the joints (Taylor et al., 2000), and thus highlighted the
importance of TNF-a as a therapeutic target for the treatment of RA (Monaco et al., 2015).

Anti-TNF-a therapy is now the standard of care for RA. The TNF-a antagonists,
including infliximab, etanercept and adalimumab, alone or in combination with methotrexate, are
quite efficacious in the treatment of RA (Upchurch and Kay, 2012). The great success of current
anti-TNF-a biologics has triggered efforts in seeking new biological agents targeting TNF-a with
improved features using advanced protein engineering techniques. Biologics targeting TNF-a
exert their pharmacological effects through binding and neutralizing this cytokine and preventing
it from binding to its cell surface receptors. The magnitude of their pharmacological effects
directly corresponds to the extent and duration of free TNF-a suppression. Quantitative
characterization of the mechanistic cascades that lead to TNF-a suppression by therapeutic
proteins would help to better understand the exposure-response relationship, aid identification of
desired pharmacokinetic (PK) and target-binding features for next generation anti-TNF-a

biological agents.
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TNF-a, as a soluble cytokine protein, exhibits rapid turnover with a plasma half-life in
minutes. This feature leads to substantial accumulation of TNF-a in circulation when biologics
bind to TNF-a as a carrier and increases its retention time in blood. In such cases, receptor
occupancy (RO) obtained based on the PK of the biologic alone does not correlate with the
duration of TNF-a suppression. The TMDD kinetics (Mager, 2006) characterizing the interaction
between anti-TNF-a agents and their targets serve as an alternative to assess TNF-a suppression.

The second-generation minimal physiologically-based pharmacokinetic (mPBPK) models
with implemented TMDD features proposed and assessed by Cao and Jusko (Cao et al., 2013;
Cao and Jusko, 2014a) offer a suitable modeling platform to assess pharmacokinetics of
monoclonal antibodies (mAbs) and other therapeutic proteins, as well as their interplay with
antigenic targets either in plasma or in tissues. With essential components for mAb PK inherited
from full PBPK models, the mPBPK model is structured in an anatomical manner with plasma,
lymph and lumped tissue compartments. Para-vascular convection and lymph drainage are the
dominant pathways for mAb movement from plasma to tissue sites and return to plasma. Tissue
interstitial space is assumed to be the major extravascular distribution space. Of importance,
TMDD features can be readily implemented in both plasma and tissues for assessment of the
mADb interaction with antigenic targets. In addition, the physiological and anatomical layouts of
the mPBPK model allow it to be feasibly overlaid with other physiologically-based
pharmacokinetic (PBPK) models, and thus enables assessment of two or more protein
compounds and their interactions. We have previously applied such models for the
characterization of the suppression of IL-6 by an anti-IL-6 mAb in serum as well as in joint

synovial fluid in collagen-induced arthritic (CIA) mice (Chen et al., 2016).
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In the present study, the interaction of infliximab and TNF-a in rats was examined and
mPBPK models were applied to quantitatively describe the time-course of TNF-a suppression by
infliximab. To fully characterize the TMDD kinetics, measurements of both infliximab and TNF-
a are required. However, the low abundance of endogenous TNF-a makes its measurement
technically challenging (Manicourt et al., 1993; Gratacos et al., 1994). To overcome this
problem, thTNF-a was administered to the rats as an infusion, which boosted the baseline of
TNF-a and enabled its quantification. Infliximab is a chimeric mAb and does not cross-react

with rodent TNF-a and thus interference with endogenous rat TNF-a was avoided.
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Materials and Methods

Test Articles. Infliximab (Janssen Biotech Inc, Horsham, PA) was first reconstituted
with 10 mL of sterile water at 10 mg/mL, and further diluted with sterile saline when needed.
The reconstituted infliximab was stored at 2-8°C before use. Recombinant human TNF-a
(thTNF-a) obtained from R&D Systems (Minneapolis, MN, Catalog Number 210-TA-02M/CF)
was reconstituted with sterile phosphate buffered saline (PBS) solution (pH 7.4) containing 0.1%
bovine serum albumin (BSA) at 2 mg/mL. The reconstituted thTNF-a was stored in aliquots at -
80°C before use.

Animals. Male Lewis rats (300 g) were purchased from Harlan (Indianapolis, IN).
Animals were housed individually in the University Laboratory Animal Facility and acclimatized
for 1 week with free access to food and water at constant environmental conditions (22°C, 72%
humidity, and 12-h light/12-h dark cycles). All animal study protocols followed the Principles of
Laboratory Animal Care (Institute of Laboratory Animal Resources, 1996) and were approved
by the University at Buffalo Institutional Animal Care and Use Committee.

Assays. Infliximab concentrations in plasma were measured using an anti-human IgG
ELISA kit (Bethyl Laboratories, Montgomery, TX), as previously described (Lon et al., 2012).
The lack of interference of TNF-a in infliximab measurements was confirmed by setting up in
vitro plasma samples containing infliximab together with various concentrations of thTNF-a.
The concentrations of infliximab in the in vifro plasma samples were set to match the lower and
higher end of infliximab PK profiles in the animal studies.

Plasma concentrations of thTNF-a were assayed with the human TNF-a Quantikine HS
ELISA kit (R&D Systems, Minneapolis, MN) following the instructions of the manufacturer.

The standard curve was fitted to a four-parameter logistic model and ranged 0.5 — 32 pg/mL.
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Between assay variability was tested with quality control (QC) samples (2 and 20 pg/mL)
prepared by adding thTNF-a to blank rat plasma, and was typically less than 15%. The cross-
species reactivity was minimal with rat plasma.

Dynabeads Protein A (Life Technologies, Grand Island, NY) was used to remove
infliximab and infliximab-bound TNF-a and thus obtain free thTNF-a in the plasma samples.
These magnetic beads have Protein A (a bacterial protein with strong binding affinity to IgQG)
covalently coupled to their surface. The capacity of Dynabeads Protein A (30 mg/mL) is
approximately 8 pg human IgG per mg beads, and infliximab in both free and bound forms binds
tightly in this matrix. Aliquots of the beads (100 pL) were transferred to 0.5 mL microfuge tubes
and separation achieved using a magnetic rack. The buffer solution was removed, and then
plasma samples of 50 pL were added into the tube and incubated for 10 min with gentle rotation
at room temperature. After incubation the tube was placed on the magnet rack and the
supernatant containing only free rhTNF-a was collected for quantification. Assay optimization
and validation were performed by running a set of blank plasma samples containing infliximab
(2 pg/mL)) with various volumes of Dynabeads Protein A and testing the obtained supernatants
for residual infliximab.

Animal Study. The pharmacokinetics of infliximab in healthy Lewis rats (IV at 1 and 10
mg/kg) were previously examined in our lab. Lewis rats (n = 2) received an IV bolus dose of
infliximab at 0.1 mg/kg and serial blood samples were collected at 0.5, 2, 5and 10 h, and 1, 2, 4,
6 and 10 days from the saphenous vein under short-term anesthesia by inhalation of 3%
isoflurane and at 14 days from the abdominal aorta by exsanguination upon sacrifice.

Another group of rats (n = 6) were used for assessing the suppression of thTNF-a by

infliximab. Animals received an IV bolus dose of infliximab (0.1 mg/kg). In addition SC
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infusion of thTNF-a at 117.4 ng/kg/day for 48 h began at the time of infliximab injection, using
the Alzet micro-osmotic pumps (Model 1003D, infusion rate 1 pL/h, Durect Corporation,
Cupertino, CA). The pumps were implanted into a skin pocket on the animals back under
isoflurane anesthesia. The rats were monitored for allergic or toxic reactions and rectal
temperatures were recorded periodically. Serial blood samples were collected at 2, 5, 7, 10, 13,
16, 20, 25 and 35 h from the saphenous vein under short-term anesthesia by inhalation of 3%
isoflurane and at 40 and 48 h from the abdominal aorta by exsanguination upon sacrifice. Three
animals were sampled for blood at each time point. Blood samples were immediately centrifuged
at 2,000xg, 4°C for 15 min. The plasma fraction was aliquoted and stored at -80°C.

Mathematical Modeling. To quantitatively capture the interrelationship between
infliximab and rhTNF-a in plasma, a step-wise modeling strategy was performed. The PK of
infliximab and rhTNF-a were first characterized with mPBPK models, and then both mPBPK
models were combined and TMDD kinetic features added in order to assess the suppression of
rthTNF-a by infliximab. The PK-related parameters for infliximab estimated from the initial
modeling step and for thTNF-a obtained from our companion study (Chen et al, 2017) were
fixed in the subsequent model fitting for assessment of the interaction of infliximab and rhTNF-
a.

The PK of infliximab was captured with the second-generation mPBPK model. Mean
concentration-time profiles of infliximab at 1 and 10 mg/kg and naive-pooled concentration-time
profiles of infliximab at 0.1 mg/kg in plasma were assessed. The model includes plasma, lymph,
and two lumped tissue compartments connected in an anatomical manner, as shown in Figure 1
(Cao et al., 2013). Clearance of infliximab is assumed from the systemic circulation. The model

1s described as:
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GO = &
D

dCrignt  Cpp L1 (1 —0y) =Ly (1 —01) " Crigne
dt Vtight

Ctight(o) =0 (2)

dCleaky _ CpD "Ly - (1 - 02) —L,- (1 - UL) ’ Cleaky

C 0)=0 3
dt Vleaky leaky( ) ( )

dClymph _ Ly~ (1 - O-L) ' Ctight +L,- (1 - UL) ' Cleaky - Clymph L
dt Vlymph

Clymph (O) =0 (4’)

where Cp pis the plasma concentration of infliximab in V) (plasma volume), Crighs and Cieaky are
ISF concentrations of infliximab in two types of lumped tissues categorized by the leakiness of
vasculature, Vign: (0.65 * ISF * Kp, where K is the available fraction of ISF for antibody
distribution) and Vieaty (0.35 ¢ ISF * K,) are ISF volumes of the two lumped tissues, Vimpn is the
lymph volume, which equals blood volume, the L is the total lymph flow rate and L; and L2
account for 1/3 and 2/3 of the total lymph flow, the o; and o2 are vascular reflection coefficients
for leaky and tight tissues, the ov is the lymphatic capillary reflection coefficients and is assumed
to be 0.2, and CLmu» is the linear clearance of infliximab.

The pharmacokinetics of thTNF-o was previously described (Chen et al, 2017) with an
extended first-generation mPBPK model and a semi-mechanistic model for SC absorption. The
model structure (Figure 2) as well as parameter values that were estimated were then used as
follows:

The SC absorption kinetics are:

K
dt = kinf - (kao + kaL + ¢) 'Add Add(o) =0 (5)

KDsg + Agq

10
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di‘cllotTl =kgo - (Aga — Aor1) Aor1(0) =0 (6)

d/;‘;TZ = Kao - (Aor1 — Aor2) Aor2(0) =0 (7

dA;;’m =kq, " Aga — Lqg- ‘;Lym ALym(0) =0 ®)
Lym

where Add, Arym, Aor1 and Aor2 are the amounts of thTNF-a at the SC injection site, lymph and

two transit compartments (O7 and OT2), Viym is the lymph volume and equals blood volume, La

is the lymph flow rate measured by thoracic duct cannulation (0.6 mL/h (Kojima et al., 1988)),

kar and ka0 are absorption rate constants for hTNF-a for lymph uptake and other routes, Knax

and KDso represent the saturable pre-systemic degradation at the SC injection site, and kinr is the

SC infusion rate.
The amount of rhTNF-a entering the systemic circulation (/npuf) is:

. ALym

Input = La + kao " AOTZ

Lym

Plasma pharmacokinetics of thTNF-a are:

dC, 1 _ Input ((far + faz) - (Qco — Q) + far " Qi) * Cp 1 4 fa1* (Qco — Qk) " C4

TN v v
Cp_T * Vinax
faz" Qco = Q) " Co | far Q- Ck  Cpr+Kn _
+ 7 + 7 7 Cp_T(O) =0
dCl fdl QCO Qk p.T Kp
= C;(0)=0
dt |4
Qo000 (6 - &)
dCz fdz QCO Qk p_T Kp
= C,(0)=0

dt v,

(9)

(10)

(11)

(12)

11

20z ‘g [udy Uo SfeuINor | 3dSY e Bio'seuInofisdse-puwp Wolj papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 14, 2017 as DOI: 10.1124/dmd.116.074807
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 74807
C C

dac, Joe Q (c,,_T —K—’;) — GFR - GSC - K—’;

— = v C(0) =0 (13)

where Cp 1, C1, C2and Ci are concentrations of thTNF-a in plasma (7)), two tissue interstitial
fluid (ISF) compartments (V7 and V2) and kidney ISF (Vk), Qco is cardiac plasma output, Ok is
the kidney plasma flow, fu; and fa> are the fractions of Qco for Vi and V2, fuk is the fraction of Ok
for Vi, Kp is the tissue partition coefficient, GFR is the glomerular filtration rate, GSC is the
glomerular sieving coefficient, and Vmax and K terms account for the nonlinear elimination.

In the last step, the second- and first-generation mPBPK models were overlaid and the
TMDD component was included in the plasma (Figure 3). The model includes infliximab plasma
PK (Section A), thTNF-a plasma PK (Section B), rhTNF-a SC absorption kinetics (Section C)
and the interrelationship between infliximab and thTNF-a (Section D). All PK-related
parameters of infliximab and rhTNF-a were fixed. Plasma concentration-time profiles of total
infliximab and free thTNF-a were applied for simultaneous model fitting. Together with Eq. 5 —

9, the model is:

de_D _ Ciympn "L —Cypp Ly~ 1-0y)— CppLy- (1-0y) - Cp_rp " CLmap

dt V — Cp pr * Kine
p
Dose
Cpp(0) = —— (14)
P

dCrignt  Cpp Li*(1—01) — Ly (1 —0.) - Crigne
dt Vtight

Ctigne(0) =0 (15)

dCleaky _ Cp_D Ly - 1- 02) —Ly- (1- O-L) ) Cleaky
dt Vleaky

Cleaky(o) =0 (16)

dClymph _ Ly- 1- UL) ' Ctight + L, - 1- GL) ’ Cleaky - Clymph "L
dt Vlymph

Clymph(o) =0 (17)
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a v, v
fa1 (Qco —Qk) " C1 faz ' (Qco —Qk) " C2 far* Qk * Ci
¥ v,, ¥ v Ty,
(Cp_T - Cp_DT) " Vinax
Cor—Cyor) T Ko D
_r 12) — Cpor Kint Cpr(0) = ":e (18)
dCl B fd1 ’ (Qco - Qk) ' ((Cp_T - Cp_DT) - I%,) 3
Fra 7 C1(0)=0 (19)
dc, faz " (Qco — Qk) - ((Cp_T — Cp pr) — IC(_;) o) o 20
i 7 ,(0) = (20)
ac, fax @ (Cor = Coor) ~ ) — GPR-GSC £
T 7 C(0)=0 (21)

where Cp s the free infliximab concentration in plasma, Cp, pris the concentration of the
infliximab-rhTNF-o complex, kin is the elimination rate constant for infliximab-rhTNF-a
complex, and other symbols are as previously defined.

The model assumes that the infliximab-rhTNF-o complex will distribute into tissues in
the same manner as free infliximab, and returns to plasma from tissues as free infliximab. This
assumption is based on the fact that infliximab is largely diluted in tissues and the complex will
thus dissociate. Also, the proteases that are present in the ISF space are expected to be constantly
degrading the rhTNF-a freed from the dissociation of the complex.

Long-term rhTNF-a infusion caused mild fever and inflammatory reactions in the
animals, which led to increased plasma clearances of infliximab and the infliximab-rhTNF-a
complex. Therefore, CLmna» and kin: were described with sigmoid functions to account for acute
changes over a short time:

13
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1
CLinap = CLmap_cert + (CLmAb_dis - CLmAb_ctrl) ) 1 + e-(t—Tai)*4 (22)
1
kint = kint_ctrl + (kint_dis - kint_ctrl) ' (23)

1 4+ e~ t-Tais)*4
where CLmab coiand CLmab gis are the infliximab plasma clearances in healthy and TNF-a induced
inflammation conditions, kin cr1 and kin: ais are the elimination rate constants for infliximab-
rthTNF-a complex in healthy and TNF-a induced inflammation conditions, and 7uis represents the
time when TNF-a induced inflammation occurs.

Assuming quasi-equilibrium conditions, Cp s is (Gibiansky et al., 2008):

(Cp_D - KSS - Cp_T) + \/(CP_D - KSS - Cp_T)Z + 4‘ " Cp_D - KSS

Corp = > (24)
The Kisis the steady-state constant defined as:
kine +k
s = ‘”tk—"ff (25)
on

where the kon and kof refer to the binding association and dissociation rate constants of
infliximab with thTNF-a. The binding association rate constant (kox) of infliximab was fixed to
10° M- S (Kim et al., 2007; Song et al., 2008). Then Cp pr can be described as:

C

Cpor =Cpr Igsi—zﬂ) (26)
The free thTNF-a concentration (Cp ssr) measured in plasma samples is:
Cospr =Cpr KL (27)
p+Cpsp
where Kp is the binding dissociation constant defined as:
K = <ot (28)

kon

14
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The Kp instead of Kss was applied for representation of free thTNF-a concentration in
plasma since plasma samples taken from animals are considered in vitro environments for the

interaction of rhTNF-a and infliximab. The free concentration of infliximab is:

(Cp_D - KD - Cp_T) + \/(Cp_D - KD - Cp_T)Z + 4’ " Cp_D " KD
Cpsfp = > (29)

Data Analysis. Non-compartmental analysis (NCA) was performed with WinNonlin 6.1
(Phoenix, Pharsight Corporation, Palo Alto, CA). The areas under the concentration time curves
(AUC) of infliximab in plasma were estimated by the trapezoidal rule. All model fittings were
carried out with the ADAPT 5 computer program (Biomedical Simulations Resource, USC, Los
Angeles, CA). Data were naive pooled and fitted using the maximum likelihood algorithm. The
variance model was defined as:

Vi = (01 + 0, )
where Vi is the variance of the ith observation, ¢ and o2 are additive and proportional variance
model parameters, Y; is the ith model prediction. The model performance was assessed by
goodness-of-fit plots and the Akaike Information Criterion (AIC) values. Graphs were generated

with the GraphPad Prism (GraphPad Software Inc, San Diego, CA).
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Results

Analysis of Infliximab and rhTNF-a. Infliximab concentrations in plasma were
assayed by ELISA. The concurrent presence of thTNF-o, which binds to infliximab, could
possibly interfere with infliximab measurements. To test this, blank plasma samples were
prepared containing known concentrations of infliximab and thTNF-a. The measured infliximab
concentrations in the presence of thTNF-a were consistent with the known infliximab
concentrations present in the sample (data not shown), demonstrating that thTNF-a does not
affect the ELISA measurement of infliximab.

Free thTNF-a in plasma was separated using Dynabeads Protein A. The Protein A coated
on the magnetic beads binds to the Fc-region of human mAbs with high affinity, and therefore
can be applied to remove infliximab in either free or thTNF-a bound forms. Although the
Dynabeads have a large capacity for removing human IgG (8 pg per mg beads), Protein A also
binds to different forms of rodent IgGs that are present in the rat plasma samples with great
abundance. Our assay optimization showed that a volume 100 pL of Dynabeads could efficiently
remove over 95% of infliximab at a concentration of 2 ug/mL from 50 pL rat plasma.

Quantification of total rhTNF-a was attempted with acid/alkaline dissociation approaches
(Salimi-Moosavi et al., 2010), but failed due to low recovery (<10%). TNF-a exists as homo-
trimer in the biological fluid, but can dissociate into monomers at higher temperatures, acidic
pH, and in the presence of nonionic detergents or surfactants (Smith and Baglioni, 1987; Corti et
al., 1992; Poiesi et al., 1993). Also, the activity of TNF-a is sensitive to pH and is rapidly
destroyed outside the pH range 5.5 — 10 (Haranaka et al., 1986). Acid/alkaline dissociation
approaches require extreme pH conditions and lead to dissociation of the trimeric form of TNF-a

or loss of activity, which likely explained the observed low recovery.
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Plasma Pharmacokinetics of Infliximab. Non-compartmental analysis showed that
infliximab exhibited linear pharmacokinetics in healthy rats across the dosage range of 0.1 — 10
mg/kg. The second-generation mPBPK model was applied to describe the plasma
pharmacokinetics of infliximab. The model-fitted plasma concentrations of infliximab were
overlaid with experimental measurements as shown in Figure 4. The parameter estimates are
listed in Table 1, Section A. Overall, the model well-captured the plasma concentration-time
profiles of infliximab at all doses. The estimated vascular reflection coefficients of tight and
leaky tissue (o2 and o2) are 0.96 and 0.48, which correspond well to most therapeutic mAbs (Cao
and Jusko, 2014b) and suggest modest tissue distribution. The plasma clearance of infliximab
(CLmab cr1) s 0.069 mL/h, which translates to an elimination half-life around 3.8 days in rats.

Interrelationship between infliximab and rhTNF-a. To assess interactions between
infliximab and rhTNF-a and examine free thTNF-a suppression by the drug, infliximab and
thTNF-a were dosed concurrently by IV bolus and SC infusion, respectively. The SC infusion of
rthTNF-a allowed continuous introduction of thTNF-a into plasma, which resembles the
production of endogenous TNF-a, but at much higher rates. Rats were monitored for signs of
inflammatory reactions following thTNF-a and exhibited mild fever at 5-10 h. Comparison of
the plasma concentration-time profiles of infliximab at 0.1 mg/kg alone and with concurrent
dosing of thTNF-a as shown in Figure 5 showed a dramatic decline of infliximab concentrations
after 5-10 h in rats receiving SC infusion of thTNF-a. This indicates a rapid increase of plasma
clearance of infliximab, which is likely due to the pathophysiological changes (inflammatory
reactions or immunogenicity) following thTNF-a. On the other hand, the plasma concentration-
time profile of thTNF-a exhibited multi-phasic characteristics (Figure 6). The free thTNF-a

showed: 1) a rapid increase during the initial phase due to the SC infusion as well as the
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substantial accumulation of total rhTNF-a upon binding to infliximab, 2) reached a ‘steady-state’
starting from 5-10 h, which is likely attributed to the rapid increase of infliximab-rhTNF-a
complex clearance and the resulting faster elimination of total thTNF-o, and 3) rapidly increased
again at ~16 h eventually reaching a new ‘steady-state’ since infliximab was almost all cleared
from plasma.

The second- and first- generation mPBPK models for infliximab and thTNF-a were
joined and the TMDD component was implemented in the plasma in order to examine the
interrelationship of the two compounds. The concurrent treatment with thTNF-a led to rapid
elimination of infliximab starting from 5-10 h, which could be possibly attributed to
pathophysiological changes (inflammatory reaction and/or immunogenicity) induced by thTNF-
a SC infusion. The model accounted for the change in clearance of infliximab as well as
formation of a binding complex as reflected in their sigmoidal functions. The tissue distribution
of infliximab was also likely altered corresponding to the pathophysiological changes. However,
since changes in infliximab PK occurred several hours post-dosing, it is challenging to identify a
change in tissue distribution from the PK profile, as the initial phase of the profile was
compromised. Therefore, we assumed that tissue distribution of infliximab remains constant. The
model also assumed no change on thTNF-a PK, as suggested by previous reports that high dose
rthTNF-a infusions show stationary PK (Greischel and Zahn, 1989).

The model-fitted concentration-time profiles of infliximab and thTNF-a were overlaid
with the experimental measurements. In general, the model well-captured the infliximab plasma
concentration profile as well as the trend of the free thTNF-a concentration curve, but showed
over-estimation of free rhTNF-a at the early time points. Since the change in clearances of

infliximab and its binding complex occurred quite early, data are rather limited at the initial
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phase of the PK profiles for precise characterization of the binding and disposition of infliximab
before the change of clearances happened. The parameter estimates are listed in Table 1. The
estimated time when rhTNF-a-induced pathophysiological changes occurred (7uis) is 7.5 h,
corresponding with the time window when fever was observed. The plasma clearance of
infliximab after 7uis (CLmab dis) is 3.46 mL/h, which is a 50-fold increase in comparison with that
(CLmab_cnri) before Tuis. On the other hand, the elimination rate constants of infliximab-rhTNF-a
complex (kin) before and after Tuis are 0.020 and 9.3 h! (kin cus and kine_ais), which translate to the
plasma clearances of 0.18 and 84 mL/h and suggest an increase by 500-fold. The clearance of the
complex in healthy conditions resembles the clearance of infliximab (0.18 versus 0.07 mL/h),
whereas in the case of thTNF-a-induced changes, the clearance of the complex is closer to the
clearance of rhTNF-a (84 versus 100 mL/h). This explains the accumulation of total thTNF-a
and the rapid rise of free rhTNF-a at the beginning, but more sustained thTNF-a suppression at
later times when bound rhTNF-a was also quickly eliminated. The estimated Kp value is 0.43
nM, which well agrees with literature reported affinity measurements for infliximab (Kim et al.,

2007; Song et al., 2008).
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Discussion

Soluble pro-inflammatory cytokines, including TNF-a, IL-1 and IL-6, are targets of many
therapeutic proteins for the treatment of RA. The magnitude of the pharmacological response of
therapeutic proteins directly correlates with free cytokine suppression. The soluble cytokines
commonly exhibit rapid turnover rates and short plasma half-lives (in minutes). Therapeutic
proteins targeting soluble cytokines lead to free cytokine suppression, but also serve as carriers,
extending their plasma retention and causing substantial accumulation of total cytokines. In such
cases, the duration and extent of free cytokine suppression does not correspond with the receptor
occupancy (RO), but requires quantitative understanding of the interplay of cytokines with
therapeutic proteins using PK/PD modeling approaches.

The interaction between cytokines and therapeutic proteins can be quantitatively
characterized with PK/PD modeling when PK measurements of both the protein drugs and the
cytokine targets are available (Wang et al., 2014; Chen et al., 2016). However, measurement of
TNF-a is extremely challenging. Firstly, endogenous TNF-a is present at low abundance
(Manicourt et al., 1993; Gratacos et al., 1994) and binding to infliximab will further lead to the
lowering of the free thTNF-a concentrations. This causes difficulties in TNF-a quantification
with most commercially available assay kits that do not meet the high sensitivity requirements.
Our study provides a means to bypass this difficulty by giving the animals thTNF-a through SC
infusion. This boosted TNF-a concentration enables quantification of TNF-a in plasma. More
importantly, doses of thTNF-a through systemic infusion can be adjusted to resemble the
differences of TNF-a exposure in plasma and tissue sites. Assessing the tissue distribution and
suppression of TNF-a by therapeutic proteins at the site of action is usually technically more

demanding and PK measurements at the tissue sites are subject to large variabilities. By
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providing an infusion of thTNF-a, it is possible to examine the suppression of TNF-a in blood.
In addition, infliximab has minimal binding affinity to rat TNF-o and thus there will be low
interference of rat endogenous TNF-a with infliximab binding. Secondly, the measurements of
total and free TNF-a are fairly difficult, especially when specific capture and detection
antibodies for free and total TNF-a are not available. Therefore, pre-treatments to dissociate
bound TNF-a and/or separate free TNF-a are required prior to the bioanalytical assays. The
dissociation methods are dependent on the relative denaturation and stability of therapeutic
proteins and the ligand (Salimi-Moosavi et al., 2010). The TNF-a is more sensitive to pH,
temperature, and surfactants compared to infliximab (Smith and Baglioni, 1987; Corti et al.,
1992; Poiesi et al., 1993), and thus acid/alkaline treatments produce substantial loss of TNF-a
and yield low recoveries. Several approaches are available for free ligand separation, including
molecular sieving, solid phase extraction, and affinity separations with Protein A/G resin
columns (Lee et al., 2011; Wang et al., 2014). All of these methods cause sample dilution, which
leads to the shift of the binding equilibrium and will bias the measurement of free ligand (Lee et
al., 2011). The present study applies the Dynabeads Protein A for separation of free TNF-a. This
method is very rapid, requires small sample volumes and, most importantly, minimizes sample
dilution, which makes it a useful approach for free ligand separation from mAb-bound complex.
The first- and second-generations of mPBPK models provide suitable modeling platforms
for smaller proteins like cytokines and other therapeutic proteins. Here we have extended the
applications of mPBPK modeling by combining the two mPBPK models to assess the interaction
of the mAb and the cytokine. The mPBPK models are constructed in an anatomical manner and

use physiological volume and flows for drug PK behaviors, thus enabling the assessment of the
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interaction of two or more molecules with distinctive tissue distributions and elimination
properties.

The step-wise modeling strategy was applied by characterizing the PK of infliximab and
rthTNF-a independently and applying the information in the subsequent assessment of their
interrelationship. The dataset includes PK of infliximab and rhTNF-a as well as their interaction,
which are subject to different degrees of variability. Having PK-related parameters estimated
first allowed characterization of infliximab binding and disposition with thTNF-a (Chen et al.,
2017).

Only free thTNF-a concentration profiles were applied for model fitting and yielded
reasonable estimates of the Kp values consistent with literature reports. In many cases, free and
total ligand concentration profiles are not both available and it is questionable if reliable
prediction could be obtained when only free or total ligand profiles are applied for model fitting.
As discussed by Zheng et al. (Zheng et al., 2015), when only free or total ligand concentrations
are available, knowledge of either free ligand turnover rate or the in vivo Kp value would allow
better prediction of free ligand suppression. A priori knowledge of TNF-a PK is fairly important
for the characterizing free TNF-a suppression by mAbs, especially since total TNF-a
quantification is extremely challenging.

The SC infusion of thTNF-a at a relatively high dose resulted in pathophysiological
changes in the rats. Therefore to characterize the suppression of free TNF-a, the impact of these
disturbances on the PK of infliximab and thTNF-a need to be considered. A dramatic increase in
infliximab and the binding complex clearances was observed. Our data do not reflect the
suppression of endogenous TNF-a with infliximab, probably due to pathophysiological changes,

and a lower dose might avoid this change. Despite this, the data are informative regarding the
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impact of the relative clearance time scales of infliximab, TNF-a, and the formed complex on the
pattern of free TNF-a suppression. When the complex clearance is close to the clearance of
infliximab (before 7uis), free TNF-a rapidly returns to baseline with substantial accumulation of
total TNF-a. This is likely to represent TNF-a suppression in plasma where TNF-a is rapidly
cleared, while infliximab and complex are sustained for longer times. On the other hand, when
the complex clearance is similar to the clearance of TNF-a (after 7uis), the duration that free
TNF-a suppression is prolonged, which resembles the situation in tissues, where both TNF-a and
complex are assumed to be eliminated by lymph drainage.

In conclusion, the present study provides an experimental approach to examine the
interrelationship between anti-TNF-a therapeutic proteins and endogenous TNF-a of low
abundance in vivo, by giving the animal an infusion of TNF-a that boosts the baseline of TNF-a.
The PK of infliximab and TNF-a was assessed with the first- and second-generation mPBPK
models for TNF-a and infliximab with a TMDD component. Knowledge of TNF-a PK allows
reliable assessment of the free TNF-a suppression with either free or total TNF-o concentration
profiles. In this manuscript, the first- and second-generation mPBPK models developed for
rthTNF-a and infliximab were overlaid with a TMDD component in the plasma compartment to
examine the interaction of TNF-a and infliximab. This modeling framework could serve for
extrapolation purposes with other TNF-a antagonists with substitution of their binding
parameters for the ligands along with the independent measurements or predictions of the PK of
the mAb and the PK of the ligand. However, this remains to be directly examined and proven

experimentally.
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Legends for figures

Figure 1. Second-generation mPBPK model for characterization of infliximab plasma
pharmacokinetics. Symbols are defined in Table 1.

Figure 2. Extended first-generation mPBPK model for characterization of rhTNF-a
plasma pharmacokinetics and SC absorption kinetics. Model includes the absorption site, lymph,
plasma and two transit compartments (O7/ and OT?2) for the characterization of rhTNF-o SC
absorption and plasma compartment (V5), two types of tissue compartments ( 7 and V2), and the
kidney (V) for the characterization of thTNF-a distribution and disposition. Symbols are defined
in Table 1.

Figure 3. Conjoined mPBPK models for infliximab and thTNF-a with TMDD features
implemented to assess the interrelationship between infliximab and rhTNF-a. Overall model
structure includes: plasma PK of infliximab in Section A, plasma PK and SC absorption kinetics
of thTNF-a in Sections B and C, and interrelationship between infliximab and thTNF-a in
Section D. Symbols are defined in Table 1.

Figure 4. Infliximab concentration versus time profiles in plasma following IV
administration at 0.1, 1 and 10 mg/kg. Symbols are observed concentrations and lines depict
model-fitted profiles.

Figure 5. Plasma concentration versus time profiles of infliximab in animals receiving
infliximab alone and with concurrent thTNF-a SC infusion. Symbols are the individual and lines
are the model-fitted infliximab plasma concentrations.

Figure 6. Plasma concentration versus time profiles of infliximab and free thTNF-a in
animals receiving an IV bolus of infliximab and SC infusion of thTNF-a. Symbols are observed

concentrations and lines depict model-fitted concentration profiles.
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Table 1. Summary of model parameters and estimates.
Parameter (units)  Definition Estimate CV%
Section A: Plasma PK of Infliximab?
o1 Vascular reflection coefficient of tight tissue 0.9650 13.1
02 Vascular reflection coefficient of leaky tissue 0.4806 24.0
CLmab ei(mL/h)  Plasma clearance before 7uis 0.06934 14.3
CLmab dis (mL/h)  Plasma clearance after Tuis 3.463 4.79
Section B: Plasma PK of rh'TNF-a?
Jai Fraction of (Qco-Qx) for Vi 0.6663
Jaz Fraction of (Qco-Qk) for V2 0.007463
Jak Fraction of Ok for Vi 0.8
Ky Partition coefficient 0.5172
Vi(mL) ECF volume for tissue compartment 1 13.10
Vmax (ng/h) Michaelis-Menten capacity constant 3152
Km (ng/mL) Michaelis-Menten affinity constant 31.72
GSC Glomerular sieving coefficient 0.1031
Jai Fraction of (Qco-Qx) for Vi 0.6663
Section C: SC absorption of rhTNF-a’
kao (1/h) First-order absorption rate constant via other routes 04114
kar (1/h) First-order absorption rate constant via lymph 0.0007969
Kmax (ng/h) Maximum degradation capacity at dose depot 899.9
KDso(ng) Dose amount causing 50% of Kmax 137.0
kao (1/h) First-order absorption rate constant via other routes 0.4114
Section D: Interaction between infliximab and rhTNF-a
kint_ctr1 (1/h) Elimination rate constant of the complex before 7uis 0.01979 6.70
kint_ais (1/h) Elimination rate constant of the complex after 7uis 9.300 14.8
Tais (h) Time when rhTNF-a induced changes occurred 7.474 2.92
Kp (nM) Binding dissociation constant 0.4297 7.84
Physiological values for rats (280 g)¢
Vp(mL) Plasma volume 9.06
VEcr (mL) Tissue extracellular fluid (ECF) volume 48.72
Qco (mL/h) Cardiac plasma output flow 2945
Ok (mL/h) Renal plasma flow 365
Vk(mL) Kidney ECF volume 0.361
GFR (mL/h) Glomerular filtration rate 78.6
Viympn (mL) Lymph volume 16.47
L (mL/h) Lymph flow rate 1.86

2 Parameters related to PK of infliximab were estimated first and fixed for model assessment of
infliximab and rhTNF-a interactions.
b Parameters related to PK of rhTNF-a obtained from previous studies fixed for model
assessment of infliximab and rhTNF-a interactions.
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¢ Literature sources: all parameter values except GFR were from (Shah and Betts, 2012) and GFR
values are from (Davies and Morris, 1993).
* Parameter estimated during the model assessment of infliximab and rhTNF-a interactions.
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Figure 3
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Section B: rhTNF-a Plasma PK
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Figure 4
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