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Abstract: Monomethyl auristatin E (MMAE) is one of the most commonly used payloads for devel-
oping antibody—drug conjugates (ADC). However, limited studies have comprehensively evaluated
the whole-body disposition of MMAE. Consequently, here, we have investigated the whole-body
pharmacokinetics (PK) of MMAE in tumor-bearing mice. We show that while MMAE is rapidly
eliminated from the plasma, it shows prolonged and extensive distribution in tissues, blood cells,
and tumor. Highly perfused tissues (e.g., lung, kidney, heart, liver, and spleen) demonstrated tissue-
to-plasma area under the concentration curve (AUC) ratios > 20, and poorly perfused tissues (e.g., fat,
pancreas, skin, bone, and muscle) had ratios from 1.3 to 2.4. MMAE distribution was limited in the
brain, and tumor had 8-fold higher exposure than plasma. A physiological-based pharmacokinetic
(PBPK) model was developed to characterize the whole-body PK of MMAE, which accounted for
perfusion/permeability-limited transfer of drug in the tissue, blood cell distribution of the drug,
tissue/tumor retention of the drug, and plasma protein binding. The model was able to characterize
the PK of MMAE in plasma, tissues, and tumor simultaneously, and model parameters were esti-
mated with good precision. The MMAE PBPK model presented here can facilitate the development
of a platform PBPK model for MMAE containing ADCs and help with their preclinical-to-clinical

translation and clinical dose optimization.

Keywords: antibody—-drug conjugate (ADC); monomethyl auristatin E (MMAE); biodistribution;
tissue pharmacokinetics (PK); physiological-based pharmacokinetic (PBPK) model

1. Introduction

Antibody—-drug conjugates (ADCs) have become a promising class of drug molecules
for the treatment of cancer. There have been nine ADCs approved by the United States
Food and Drug Administration (FDA), and more than 80 ADCs are in clinical trials [1].
Monomethyl auristatin E (MMAE) is one of the most commonly used payloads to make
ADCs, and Adcetris® (brentuximab vedotin), Padcev® (enfortumab vedotin-ejfv), and
Polivy® (polatuzumab vedotin-piiq) are three clinically approved ADCs that contain
MMAE [2]. After ADC internalization, the released MMAE in the tumor cells can enter
surrounding cells and cause bystander killing [3]. This advantage of MMAE leads to
an efficient killing of tumor cells. However, it can also cause toxicity to healthy cells.
While MMAE-conjugated ADCs are efficacious, hematological adverse reactions such as
neutropenia (/21%) and thrombocytopenia (~=10%) are consistently reported [4,5]. More-
over, peripheral neuropathy (~44%) is also a predominant adverse effect in the clinic
(~244%) [5,6]. It is generally believed that these toxicities stem from the pharmacological
effects of the payload. However, limited studies have investigated whole-body pharma-
cokinetics (PK) of MMAE. While it is impossible to conduct such studies in humans due
to the inherent toxicity of MMAE, preclinical studies that investigate whole-body PK of
MMAE are required to better understand the disposition of this molecule and to facili-
tate preclinical-to-clinical translation of exposure-response relationships developed for
MMAE-conjugated ADCs.
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Systemic PK properties of MMAE, such as the elimination pathway, have been re-
ported based on PK studies of brentuximab vedotin [5,7] and MMAE [8]. The elimination
of MMAE is predominantly through the CYP3A4/5-mediated metabolic pathway and
biliary/fecal excretion, with limited renal excretion [4,5,9]. The mechanism of action of
MMAE is known, as it inhibits cell division by binding to tubulin dimers and disrupting
the microtubule network [4]. The binding of MMAE to its cellular target, tubulin, can
lead to extensive and prolonged drug exposure into tissues, and thus plasma exposure
alone may not represent tissue exposure. Tissue distribution of MMAE has been studied in
rats in a radioactivity study [8] and a quantitative whole-body autoradiography study [7].
Yip et al. [8] studied the disposition and mass balance of MMAE following intravenous
administration of 3H-labeled MMAE at a dose of 200 ng/kg. The measurement of tissue
radioactivity showed fast distribution of MMAE to highly perfused organs such as the liver,
lungs, and kidneys. Pastuskovas et al. [7] characterized the tissue distribution of Herceptin-
ve-[M*CIMMAE following an intravenous dose (11 mg/kg) of the radiolabeled ADC in rats,
which was analyzed by quantitative whole-body autoradiography. The study characterized
that Herceptin-vc-['*C][MMARE distributes to highly perfused organs, and the majority of
blood radioactivity represented radiolabeled ADC with low levels of free drug. However,
both studies only described the pattern of MMAE tissue distribution, and detailed and
quantitative information about the concentration profiles and PK parameters (i.e., area
under the concentration curve, AUC) in tissues were not reported. Therefore, there is a
need for more quantitatively thorough studies that investigate whole-body distribution
of MMAE.

There have also been studies that use mathematical modeling to characterize the sys-
temic PK of MMAE-conjugated ADCs. Chen et al. built a minimal physiologically-based
pharmacokinetic (PBPK) model to predict drug—drug interactions for MMAE-conjugated
ADCs in humans [9]. The population PK modeling approach has also been employed to in-
vestigate the PK variability of brentuximab vedotin in adults [10] and pediatrics [11].
However, these models did not serve the purpose of predicting the whole-body dis-
tribution of MMAE. On the other hand, the vc-cleavable-linker is commonly used for
MMAE-conjugated ADCs, which is different from the non-cleavable linker used in Ado-
trastuzumab emtansine (T-DM1) [12]. Once MMAE-conjugated ADC is internalized, the
ve-linker can be cleaved by protease in the lysosome, and free MMAE is released to the
systemic circulation. As such, the PK of unconjugated MMAE behaves the same as MMAE
administrated in the free form. Therefore, the development of a PBPK model for free
MMAE can be useful to characterize the PK of unconjugated MMAE following the ad-
ministration of MMAE-conjugated ADCs, and for the development of exposure-response
relationships to predict the toxicity of these ADCs.

In this manuscript, we have investigated the whole-body biodistribution of MMAE in
tumor-bearing mice, and we have developed a PBPK model to characterize the plasma,
tissues, and tumor PK of MMAE. The PBPK model for MMAE developed here can further
serve as a framework for the development of a platform PBPK model for MM AE-conjugated
ADCs [13].

2. Materials and Methods
2.1. Chemical and Reagents

MMAE (purity > 98%) and D8-MMAE (internal standard (IS), purity > 99%) were
purchased from MedChem Express (Monmouth Junction, NJ, USA). Acetonitrile, dimethyl
sulfoxide, radioimmunoprecipitation assay (RIPA) buffer, and 1X Halt™ protease inhibitor
were purchased from Fisher Scientific (Watham, MA, USA). Formic acid was purchased
from Sigma Aldrich (St. Louis, MO, USA). Ultrapure water purified by Barnstead Nanopure
Diamond system was used in this study (Dubuque, IA, USA)
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2.2. Development of Xenograft Mouse Model

The breast cancer cell line MDA-MB-468 (ATCC® HTB-132), purchased from American
Type Tissue Culture (Manassas, VA, USA), was used to develop the xenograft tumors.
Cells were grown in the RPMI1640 medium (ATCC® 302001™) supplemented with heat-
inactivated 10% v/w fetal bovine serum (Gibco/Thermo Fisher Scientific, Grand Island,
NY, USA) and 10 pg/mL of gentamycin (Sigma-Aldrich, St. Louis, MO, USA). Cells were
cultured in a humidified incubator maintained with 5% carbon dioxide at 37 °C.

Male athymic nude mice were purchased at the age of 6 weeks from Charles River
(Wilmington, NC, USA). After acclimation to the new conditions for two weeks, mice
were subcutaneously injected with MDA-MB-468 (about 10 million tumor cells) into the
right dorsal flank. The in vivo study adhered to the Principles of Laboratory Animal Care
(National Institutes of Health publication 85-23, revised 1985) and were approved by the
University at Buffalo Institutional Animal Care and Use Committee (IACUC# PHC29035Y).

2.3. Biodistribution Study

A total of 18 mice (6 weeks old, 26-35 g) bearing MDA-MB-468 xenografts were used
for the biodistribution studies. Then, 0.1 mg/kg MMAE was injected into the mice via the
penile vein, and terminal samples were collected at 5 min and 1, 6, 12, 24, and 168 h. Three
mice were sacrificed at each time point. Whole blood, tissue, and tumor were harvested.
The collected tissues included the heart, liver, lung, spleen, pancreas, kidney, skin, bone,
muscle, fat, and brain. Whole blood samples in ethylenediaminetetraacetic acid (EDTA)
pre-coated tubes were centrifuged at 2000x g for 20 min at 4 °C, and plasma was collected
and stored at —20 °C for further analysis. Harvested tissue samples were blotted dry and
immediately frozen in liquid nitrogen and stored at —80 °C until homogenization.

2.4. Sample Preparation and LC-MS/MS Quantification of MMAE

A detailed tissue homogenization procedure has been reported previously [14]. Briefly,
different volumes of RIPA buffer containing protease inhibitor were added into the weighted
tissue samples to obtain different dilution factors in each tissue. The dilution factor was
5 for heart, liver, lung, spleen, pancreas, kidney, skin, and fat, 8 for bone and muscle,
and 4 for brain samples. Tissue samples were homogenized using a BeadBug™ micro-
tube homogenizer (Benchmark, USA) at the maximum speed for 15 s followed by a 30-s
ice cool down, and repeated three times. Blood samples without dilution were directly
homogenized for 30 s at maximum speed and were treated the same way as tissue samples.

Then, 500 pL acetonitrile containing 0.1% formic acid was added into 100 pL of
plasma, tissue, or tumor homogenate samples and then spiked with 20 uL of IS solution
(D8-MMAE 150 ng/mL). After vortexing and centrifugation at 15,000 g for 15 min at
4 °C, the supernatants were transferred to glass tubes and dried under nitrogen flow at
32 °C. The dried residuals were reconstituted with 60 pL of acetonitrile/water (95:5 v/v)
containing 0.1% formic acid, gently vortexed, and immediately transferred into HPLC vials.

Standards and quality control samples (QCs) were prepared for plasma and each tissue
matrix. Then, 250 uL of the control plasma or matrices were spiked with 20 uL of IS solution
(D8-MMAE 150 ng/mL) and 10 uL of MMAE stock solution diluted with acetonitrile, and
then, 500 pL of acetonitrile containing 0.1% formic acid was added. The final concentrations
of standard were 0.5, 1, 10, 100, 200, and 500 ng/mL. QCs were prepared similarly for the
final concentrations of 5, 50, and 250 ng/ L.

A Waters Acquity LC-MS/MS system was used with electrospray interphase and
triple quadrupole mass spectrometer. An ACQUITY UPLC BEH Amide column (Waters,
Milford, MA, USA) was used with 5 mM ammonium formate and 0.1% formic acid as the
aqueous phase, and 0.1% formic acid and 1 mM ammonium formate were used as the
organic phase. The gradient flow rate was 0.25 mL/min. The lower limit of quantification
of MMAE was 0.2 ng/mL (or ng/g) for plasma, blood, tissues, and tumor.
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2.5. Data Analysis

Noncompartmental analysis (NCA) was conducted for plasma PK data. AUC com-
puted from time 0 to the last observed concentration time (AUC(_;) was calculated using
the linear/log trapezoidal method in WinNonlin (version 8.1, Pharsight, St. Louis, MO,
USA). Blood to plasma ratios (Kp pc) and tissue partition coefficients (Kp ;) were calculated
using Equation (1), using AUC(_; values derived from the observed data.

AUC; o4

_— 1
A M

Kp,c or Kp; =

Above, AUC;_; is AUCy_; in the blood cell, tumor, or tissue i; AUC, o is AUCy;

in plasma. It was assumed that MMAE resided mainly within the cellular compartment

of tissues, and hence, the Kp ; value for each tissue was adjusted by dividing Kp; with the
fractional cellular space volume of each tissue for PBPK modeling purposes.

2.6. PBPK Model Development
2.6.1. Model Structure

Figure 1a shows the proposed PBPK model structure for MMAE. The PBPK model
included 16 tissues and a tumor compartment, and all of them were connected via blood
flow and arranged anatomically. The tissue compartments included blood, lung, heart,
kidney, muscle, skin, liver, brain, adipose, thymus, bone, small intestine, large intestine,
spleen, pancreas, and other (i.e., carcass). All the other tissues, except those mentioned,
were lumped into the ‘other” compartment. The arterial blood to each organ was delivered
by the efferent blood supplied from the lung, which perfused to each organ and then
converged into the blood compartment, which represents the venous pool. Venous blood
returned from the small intestine, large intestine, spleen, and pancreas were delivered to
the liver. For the intestines, spleen, and pancreas, blood was delivered to the liver via
the hepatic portal vein and mixed with liver artery blood after leaving the tissues. The
delivery of the blood from the blood compartment to the lung completed the circulation
of the flow. Based on in vitro, preclinical, and clinical data, the elimination of MMAE
was assumed to be predominantly through the CYP3A4/5-mediated metabolic pathway
and biliary/fecal excretion [4,5,9]. Limited renal excretion (<10%) of MMAE has been
reported [4,5,7]. Therefore, we assumed that MMAE was eliminated solely via hepatic
clearance (CL) from the liver interstitial space.

Each tissue compartment was further divided into the vascular, endothelial cell,
interstitial, and cellular sub-compartments, and vascular space was divided into plasma
and blood cells, as shown in Figure 1b. We aimed to make the sub-compartment division
the same as our previously published platform antibody PBPK model, and thus, one can
easily connect MMAE and an antibody PBPK model to build an ADC PBPK model [13].
The rapid distribution of MMAE between plasma, endothelial cells, and interstitial space
was assumed, and thus, the distribution rate between these compartments was set as a
value 1000 times higher than the value of blood flow in each tissue. The accumulation
profiles of the drug in tissues suggested that MMAE distribution between plasma and the
blood cells, and between interstitial and cellular spaces, were permeability-limited, and
thus permeability coefficients (PS;) that represented passive diffusion in each tissue were
employed. The partitioning of MMAE to the blood cells or cellular space was characterized
using the Kp values. The calculated Kp values were adjusted for the ratios of cellular
space volume to total tissue volume by dividing Kp values with the ratio in each tissue.
The plasma protein binding of MMAE has been reported to be 17.1-28.5% in mice and
monkey [4], and hence, we assumed 20%, which means that 80% of MMAE is unbound in
the plasma (f;,). Only free MMAE was assumed to diffuse through the cellular membrane,
and thus, the fraction of unbound drug in blood cells or tissue cellular space (f,) was
calculated using Equation (2) [15].

fu,t = KI; i ’ (2)



J. Clin. Med. 2021, 10, 1332

50f18

2 Gume
it

—D[Plasma B.Cells]—b[ Lung }
< Heart ll:

P T e 1
< Kidney Je

{ M le

uscle

= _J
< { Skin Ilé
( Liver e

Liver

Small Intestine
Large Intestine

Spleen

A
CLint

P  aai

< 1 Brain [“S

< ( i le

< 1 Adipose ¢

( \e
1 Thymus J¢

< { Bone I‘|

ll Other Ll‘

c

Pancreas

<— Plasma/Blood Flow

Plasma
surface

exchange

Drug ]

vascular
exchange : |:

Qpc
—
Kpgpc

Vascular blood cell

Qsc
| <BC.

Qplasma
—

Vascular plasma

Interstitial

Qplasma
| ——

K] Ptissue

Intracellular

S Tumor
: [ i (extracellular)

Figure 1. Structure of monomethyl auristatin E (MMAE) physiological-based pharmacokinetic (PBPK) model. (a) Structure

of the whole-body PBPK model for MMAE. All tissue compartments are connected in an anatomical manner with blood

flow indicated by the solid arrows. (b) Structure of the tissue level PBPK model for MMAE. Each tissue compartment is

divided into the vascular, endothelial cell, interstitial, and cellular sub-compartments. The vascular sub-compartment is

further divided into plasma and blood cells. For a detailed description of the symbols and drug disposition processes,

please refer to the model structure section in the method section. (c¢) Schematics of the cell-level tumor disposition model for

MMAE. For a detailed description of the symbols and drug disposition process, please refer to Table 1 and Model structure

section in the Materials and Methods.

Table 1. A glossary of literature-derived and estimated parameters used for the MMAE PBPK model.

Tissue Definition Value Unit Source

Sup Fraction unbound in plasma 0.8 - [4]
Reap Radius of tumor blood capillary 0.8 cm [17-19]
Rerough Average distance between two capillaries 7.5 cm [17-19]

fumor Tumor radius 0.7 cm Obtained from mice
P Permeability rate across the blood vessels 87.5 cm/h [17-19]
D Diffusion rate across the blood vessels 0.0104 cm?/h [17-19]
€ Tumor void volume 0.44 - [17-19]

Second-order association rate constant between Based on Kp from
Kon cytoplasmic MMAE and intracellular tubulin protein 0.00187 1/nM/h [20]
First-order dissociation rate constant between

kogs MMAE-tubulin complex 0.545 1/h Assumed from [16]
k. First-order influx rate of MMAE from extracellular to 0.185 1/h Estimated

m intracellular space (%CV =19.3)
Kot First-order efflux rate of MMAE from intracellular to 0.046 1/h [17-19]

extracellular space

Chrubulin Total tubulin concentration 2000 nM [21]
G Factor multiplied by tissue plasma flow to make drug 1000 B Assumed

distribution instantaneous
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Characterization and prediction of MMAE concentration at the site of action (i.e., tu-
mor) is essential to establish a reliable exposure—-efficacy relationship. Therefore, a cell-level
tumor disposition model was incorporated in the MMAE PBPK model [16]. In the tumor
model, as shown in Figure 1c, MMAE was allowed to move between the plasma and
tumor extracellular space by the vascular exchange (extravasation) and surface exchange
(diffusion) pathway, which was defined by the coefficient of permeability (P) and diffu-
sion (D), respectively. Both pathways also depended on the vascular density and tumor
size (Equation (20)). MMAE in the tumor extracellular space can influx into the tumor cell
and bind to the tubulin. The tubulin-bound MMAE can dissociate from the target and
efflux from tumor intracellular space into the extracellular space.

2.6.2. Model Equations

Equations (3) and (4) describe blood cell and plasma concentrations of MMAE, respec-
tively. Equations that described MMAE concentration in the liver (Equations (5)—(9)), lung
(Equations (10)—(14)), a typical tissue (Equations (15)—(19)), and tumor (Equations (20)—(23))
are provided below. In these equations, Q' plasma and Ql;gg are plasma flow and blood
cell flow to the tissue i. V)5, and VBC are volumes of central plasma and blood cell
compartments. V;;lasmu’ Vll?C’ elndo’ IS' and Vellular
endosomal, interstitial, and cellular compartments for tissue i. Cplasm and Cgc are MMAE
concentration in systemic plasma and blood cell compartments. C’ Che, Cén do Ct,
and C! teliular @€ MMAE concentration in vascular, blood cell, endosomal, interstitial, and
cellular compartments of tissue i. PSpc is the permeability coefficient for the blood cell
sub-compartment. A glossary of tumor-associated parameters is provided in Table 1.

Blood compartment

are volumes of vascular, blood cell,

plasma’

1. Plasma

ac kidne kzdne i i
P’ﬂ“mﬂ Y Y heart heart brain brum skin skm
Vplusma X Qplusmu plasma + Qplasma plasma Qplasma plasma Qplasma plasma+
muscle bone Cbone fat fat thymus thymus liver spleen
Qplasma + Qplasma plasma Qplasmu Cplasma + Qplusma plasma + Qplasma + Qplasma
I cli lung fup
Q%ifni Qplasmu Qplasmu) plli;esrma ;’;Z?ZSZ ;?;ls:;l;; o Qplasma X CP’“SW + PSpc x Cpc X Kppc ®)

P S C 2XPXRey 14 C C?;;Z,Oerxtm V 6xD C C}%ﬁf}erxtm
BC X Cplasma X fu,p - R2 X plasma — € X Vtumor — R2 X plasma — € X

Vie x dCBC

Qbone bone + Q

liver
Vplusmu

Qplusma

KP BC

krough tumor

Vtumorz

2 Blood cells

ledney kldney + Q%eézrt x C heurt 4 Qbram bmm + Qsék(z:n x C skm 4 QB muscle % Cmuscle+
fal e fut + chymus thjmus (Qltver + Qspleen + Qpancreas + Q + QBc) e lzver+ )

I
QpLes x ngcmss Qpe? % Cpe + PSpe X Cpigsma X fu,p — PSpc x Cpe X e

Kp,gc,

Liver compartment

3 Plasma

liver lung spleen spleen pancreas | - ~pancreas SI
Qplusma X Cplasma + Qplusma plusma + Qplasmu Cplasmu + Qplasma X Cplasma+
liver spleen pancreus liver liver o
plasma (Qplasma Qplasma Qplasma Qplasma Qplasma) X Cplusma + PSpc X CBC ®)

_ pSBC % Clzver % fu,p _ Qliver x G X Cllver % fu,p Qliver x G % Cliver

plasma plasma plasma plasma endo’
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4  Blood cells
; dCliver lun s leen cs leen ancreas ancreas
Vllgzger X B l Qlwer g 4 Q P P 4 QP CP QBC x C + QBC x C f _ (6)
1i spleen pancreus l l Ii u p
(Qlfeer + ieen | pnras st QBC) x Clger - PSpe x Cliver < £, — PSac x Cl e
5  Endothelial cell
li dcler li li li li li li
iver endo iver iver iver iver iver iver
Vendo Qplasma x G x fuzl’ X Cplasmu —2Xx Qplasm/z x G x Cendo + Qplﬂsmu x G x C @)
6  Interstitial space
Vliver dCIl °r lever x G X Clz’ver _ Qliver x G X Cliver PS % Clzver 4 PS % C
IS plasma endo plasma liver liver cellular (8)
—CL:i X Clwer
KP ltver int ’
7 Cellular space
ACliver f
li 1ul liv uwp
Vcéljlﬁllrlur czltu r = PSllver X Cl zer Psllver X Cglgﬁ;]m K s (9)
P,liver
Lung Compartment
8  Plasma
I s I kid th
ung Pla@mﬂ ung _ heart taney brain muscle bone ymus
Vplasma Qplasma X Cplasmu (Qplasma + Qplasma + Qplasma + Qplasma + Qplasma + Qplasma
skin f”t liver spleen pancreas other lung 10
Qplusmu + Qplusmu + Qplusmu Qplasma Qplasma Qplasma + Qplasmu + Qplusma) X Cplasmu + PSpcx (10)
lung fup lung liver lung lung
CBC X Kppc PSpc x Cplasma X f“rl’ - plasma x G x Cplasma X f“'l’ + Qplasma x G X Cendo’
9  Blood cells
lung
lun, dC lun, h kidne thymus at
VBC 8 X BC Q 8 % CBC o (QBE(‘ZUt 4 Q Y Qbraln =+ Qmuscle + Qbone Q Y stm Qf (11)
j spleen ancreas lun un,
Qliver 4 QBC + QLL + Q T+ QRE T + Q‘gger) Cpe® + PSpe % Cp,am X fup — PSpc X chg X gL,
10  Endothelial cell
dclung
lung endo __ ~lung lung lung lung lung lung
Vendo X ar Qplasma x G x f”rp X Cplusma —2x Qplasmu x G x Cendo + Qplusma x G x C ’ (12)
11  Interstitial space
lung
lung dC[s _ ~lung lung lung lung lung lung fu,p
VIS d - Qplasma x G x Cendo B Qplasmu x G x CIS Psl””g X C + Psllmg X Ccellulur K ’ (13)
t P,lung
12 Cellular space
lung
lung dccellular _ lung lung f”fl’
Vcellular X At - Pslung X ClS o Psllmg X Ccellular X K ’ (14)
P,lung

Typical tissue compartments
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Vi

plasma

13 Plasma
dci , I . . . .
plasma __ ~)i ung i i fup i
X—a T plasma X' Cplusma © Rplasma X Cplusma + PSBC X CBC X Rppc PSpc x Cplasma X f”'P_ (15)
i i i i
plasma x G x Cplusmu X f“/P + Qplasma x G x Cendo’
14  Blood cells
) dcCi . . ) ) ) f
BC lun, u,p
Ve % — = Qpc X CBCS — Qe X Che + PSpe X C;lusmu X fu,p — PSpc x Cpe X Kp s’ (16)
15 Endothelial cell
i xdcé”dO— i X G X fup x C —2x Q! xGxC . +Q x G x Ci (17)
endo ar plasma furP plasma plasma endo plasma IS/
16  Interstitial space
) dct . . . ) ) . f
i IS _ i i i i i i uwp
Vis % At~ <plasma X G X Copgo — plasma G x Cpg = PS; X Cps + P5i X Coppyar X Kp;’ (18)
i
17 Cellular space
o dcti A  u
i cellular __ . i . i ,
Vcellular X dr - Psl X CIS Psl X Ccellular X Kn .’ (19)
P,i
Tumor Compartment
18  Tumor extracellular
tumor 2% P Rcu {Lintavr tumor
dCedx;m — ( j?frj”qh P) % (Cplasma _ Cu(gmz ) 4 R6fijm x (Cplasma _ Cexetm > — kiy ¥ Cé%’rlgr + kour X Cjt"brte":z%tra’ (20)
19  Free drug in tumor intracellular
;_umoy b
reejintra __ 7., tumor __ tumor _ 1tu tumor . _ (tumor
dt - kln X Cextra ko”t X Cfree,intra kO” X Cfree,intm x (Ctubuh” Cbound,intm)+ (21)
k % Ctumor
of f bound,intra’
20 Bound drug in tumor intracellular
dciumo‘;’
ound,intra __ tumor tumor tumor
dt = kon X Cfree,intm X (Ctubulin - Cbound,intm) - koff X Cbound,intm’ (22)

2.6.3. Model Fitting and Parameter Estimation

Physiological parameters for mice were obtained from our previously published PBPK
model [22]. Values and the sources for tumor-associated parameters are listed in Table 1.
Radius of the tumor blood capillary (Rcqp), average distance between two capillaries
(Rkrougn), tumor void volume for MMAE (¢), P, D, and efflux rate of MMAE from the cells
(kout) were obtained from the literature [17-19]. The equilibrium dissociation rate (Kp) of
MMAE for free tubulin was reported to be 291 nM [20], and the dissociation rate constant
(korf) of MMAE to tubulin was assumed to be 0.545 (1/h) [16], and thus, the calculated
association rate constant (ko) of MMAE for tubulin was 0.00187 (1/nM/h). The estimated
parameters included (1) permeability coefficient (PS;) in all tissues except the intestines,
thymus, and other compartments for which observed data were not available, (2) intrinsic
hepatic clearance (CL;;;), and (3) nonspecific uptake rate of MMAE into cancer cells (k;;,)
. The model was fitted to the data using the maximum likelihood estimation method in
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ADAPT version 5 (Biomedical Simulations Resource, University of Southern California,
Los Angeles, CA, USA), using the variance model shown in Equation (23).

V= (01 +02-Y;)%, (23)

Above, V; represents the variance of the ith data point, Y; is the ith model prediction,
and ¢y and o7 are variance model parameters. The final model performance was evaluated
based on observed versus predicted plots, Akaike information criterion, visual inspection
of observed versus predicted plots, and CV% of the parameter estimates. For quantitative
evaluation of model performance, the percent predictive error (%PE) for plasma and all
tissues were calculated using Equation (24).

AUCO—t, pred — AUCO—t, obs
AUCO—t, obs

%PE = x 100% (24)

Above, AUC) ¢, preq is the AUCy—; of the model-predicted PK profiles and AUCy_ ops
is the AUCy_; of the observed PK profiles.

3. Results

Figure 2 shows measured PK profiles of MMAE in plasma, tissues, and tumors. MMAE
plasma concentration dropped rapidly, with only 0.3% of the injected dose remaining
after 5 min. Plasma concentration was below the limit of quantification (BLQ) after 12 h.
Prolonged MMAE concentrations in tissues and tumor were observed when compared
to plasma. MMAE concentration in the tumor remained steady, and the concentration
decreased by only 50% from 1 to 168 h. MMAE concentrations in all tissues except the
liver were quantifiable at 24 h. MMAE concentration in the liver, which was the primary
elimination tissue for the drug, was quantifiable only up to 6 h. Noncompartmental
analysis (NCA) showed that the plasma AUC of MMAE from 0 to 12 h was 54.3 ng-h/mL,
and the AUC from 0 to infinite was 54.5 ng-h/mL, which indicates that the majority of the
systemic exposure of MMAE was limited to 12 h. MMAE demonstrated rapid systemic CL
(60 mL/h), a short half-life (2.5 h), and large volume of distribution (Vss = 42 mL), which
suggests an extensive tissue distribution of MMAE.

Table 2 shows AUCy_; values for plasma, tissues, and tumor, and K, values before
and after adjusting for the fractional cellular space volume. K, values were 1.2-fold (muscle
and fat) to 1.8-fold (lung) higher after adjustments. The K, for red blood cells was 5.5,
indicating that the MMAE distribution is relatively high in red blood cells. MMAE rapidly
and extensively distributed into tissues and was retained locally, which led to K, values >1
in all tissues, ranging from 1.25 to 35.3, except for in the brain. The apparent K, in the liver
was adjusted for CL;, since it is the eliminating tissue. After accounting for CL;,;;, Kp in
the liver with and without adjustments for the fractional cellular volume was 16.1 and 25.3,
respectively. Based on the tissue concentration-time profiles and K, values, MMAE tissue
distribution kinetics could be classified into three groups. First, in highly perfused tissues,
including lung, kidney, heart, liver, and spleen, rapid and extensive MMAE distribution
was observed with tissue-to-plasma AUC ratios > 20. Second, in poorly perfused tissues
including fat, pancreas, skin, bone, and muscle, K, ranged from 1.3 (muscle) to 2.4 (fat).
Third, MMAE distribution was limited in the brain, with brain exposure only being half of
the systemic exposure. Of note, MMAE remained steadily in the tumor for 168 h, while
only a small amount of drug was detectable in the plasma at later time points. The overall
exposure of MMAE in MDA-MB-468 tumors was eight times higher than plasma exposure.



J. Clin. Med. 2021, 10, 1332

10 of 18

10000 Plasma 10800 Blood cells 10000 Lung
1000 1000 — 1000
E 100 ‘55 100 E 100
c < =
§ w 5 w0 L’\‘ 5
H ' £
£ 1 £ 1 kS 1
g 8 8
s 01 g 0.1 g 01
8 3 3
0.01 0.01 001
0.001 0.001 0.001 L '
0 5 15 20 25 30 o 5 15 20 25 30 o 5 10 15 20 25 30
Time [hr) Time (hr} Time (hr)
10000 Heart 10000 Kidney 10000 Brain
__ looo 1000 1000
5 z =
£ 100 E 100 E 100
5 5 w 5 w0
E H N g
£ 1 £ 1 E 1
g g g
£ o1 £ 01 £ 01
3 S 3
0.01 0.01 001
0.001 0.001 0.001
5 .15 20 25 30 o 5 15 25 30 5 10 L 15 20 25 30
Time (hr} Time (hr) Time (hr)
10000 Muscle 10000 Bone 10000 Skin
1000 1000 __ Looo
P = H
i 100 i 100 £ 100 -
=
5w 5w 2w
B ' g
5 £ £ ]
g
€ 01 £ 01 5 01
& & G}
S S
0.01 0.01 001 -
0.001 0.001 0.001 ’ ’ !
o 5 10 15 20 25 30 o 5 10 15 20 25 30 ] 5 10 . 15 20 25 30
Time (hr) Time (hr} Time (hr)
10600 Fat 10000 Spleen 10000 Pancreas
1000 1000 — 1000
Z w _EE 100 E 100
= < =
g 10 S S
& g g
s 1 s 1 £ 1
g g g
E 01 g o1 g 01
< o o
0.01 001 0.01
0001 s 0 5 10 15 20 25 0 e 0 5 15 20 25 30
0 5 10 15 20 25 30 1
Time (hr) Time (hr) Time (hr)
. 10000 . —e—Plasma
10000 Liver 10000 Tumor All tissues + - Blood calls
——Lung
= 1000 -+ - Heart
i e Kidmey
£ + - Brain
§ —=—Muscle
z = - Bone
-] 1 *  Skin
g Cora
£ 01 4 Spleen
S - o~ Pancreas
0.01 X e Liv@E
- o~ Tumor
0.001 ' 0001 . . ' . . . ! 0.001
o 5 15 20 25 30 20 a0 60 80 100 120 140 160 180 o 5 0 15 20 25 30
Time (hr) Time (hr) Time {hr)

Figure 2. Observed whole-body pharmacokinetics (PK) of MMAE in mice after intravenous administration of 0.1 mg/kg
MMAE dose. The figure displays the mean (SD) observed concentration (black dots) in plasma, tissues, and tumor. All the
PK profiles (truncated to 24 h) are superimposed in the last panel.

Table 2. AUCy_; and partition coefficient (Kp) of MMAE.

Tissue AUCy_; (h.-nM) ! Kp? Kf,dj 3
Plasma 754 - -
Blood 414 5.46 5.46
Lung 2679 35.3 64.9
Heart 1356 179 22.8
Kidney 2396 31.6 42.4
Brain 31.2 0.411 0.530
Muscle 94.6 1.25 1.51
Bone 110 1.45 1.89
Skin 130 1.71 2.87
Fat 184 243 3.01
Spleen 2056 27.1 47.2
Pancreas 160 2.11 2.93
Liver 176 242 3.80
Tumor 619 8.21 -

1 AUCy_; were calculated using observed MMAE concentration. ? Tissue-to-plasma partition coefficients (Kp)
were calculated as ratios of tissue AUCy_; and plasma AUCy_;. 3 Kp values were adjusted for the percentage of
cellular volume in total tissue volume. - not applicable.
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Figure 3 shows observed and PBPK model fitted MMAE PK profiles in plasma, tis-
sues, and tumors. The PBPK model well captured the PK in plasma, tissues, and tumor
simultaneously. Table 3 summarizes the PBPK model parameters estimated using the
data. CL;,; was estimated with good precision (%CV = 8.92), and the optimized value was
137 mL/h. The estimated CL;,;; value from the PBPK model fitting was comparable to
values extrapolated from in vitro CL;,; (CLjpt, vitro) values, which were calculated using
MMAE metabolism studies in human liver hepatocyte (3 pL/min/10° cells) or human
liver microsome (24 uL/min/mg) [21]. The in vivo CL;,;; values calculated using hepato-
cytes and microsomes were 101 and 187 mL/h, respectively. The PBPK model estimated
CL;,; value was also similar to the CL;,;; value derived from our NCA analysis of in vivo
PK data, where the calculated value was 150 mL/h. Please refer to the Discussion sec-
tion for a detailed derivation of CL;,;. The rate of non-specific uptake of MMAE into
tumor cells was estimated with good precision (%CV = 19.3), and the optimized value
was 0.182 L/h. permeability-surface area coefficient (PS) values were estimated with good
precision (%CV < 40) in blood cells and in most tissues, with slightly lower confidence
in the estimation of PS value for the liver (%CV < 50). The estimated PS in blood cells
was much lower than the blood flow rate, indicating permeability-limited drug transfer
between blood cells and plasma. Similarly, the estimated PS in each tissue was much lower
than the tissue blood flow rate, which confirms that the distribution of MMAE was slow
and permeability-limited between interstitial and cellular spaces.

Table 3. PBPK model estimated parameter values.

Parameters Estimated (CV%)

PSpjooa, mL/h 0.105 (12.6)
PSpyng, mL/h 247 (13.2)
PSpeqrt, mL/h 1.47 (17.1)
PSkigney, mL/h 14.2 (20.2)
PSprgin, mL/h 0.00825 (40.4)
PSyuscie, mL/h 3.16 (21.1)
PSpone, mL/h 0.568 (20.9)
PSgin, mL/h 0.681 (30.6)
PSga, mL/h 0.588 (23.5)
PSspieen, mL/h 0.457 (18.5)
PSpancreas, mL/h 0.0657 (18.7)
PSjiyer, mL/h 49.2 (48.4)
CLjys,mL/h 137 (8.92)

PS, permeability-surface area coefficient; CL;,;, liver intrinsic clearance.

Table 4 summarizes a quantitative comparison of observed and PBPK model predicted
PK profiles of MMAE in the form of %PE. The model best characterized lung, heart, kidney,
and skin data with %PE < 0.6%. The model also well captured the data in plasma, blood
cell, spleen, brain, fat, bone, and tumor with %PE < 10%, which was followed by muscle
and pancreas with %PE about 15%. The model slightly underpredicted liver concentrations
(%PE = —38.7).
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Table 4. Percentage predictive errors for the quantitative comparison of observed and PBPK model
predicted MMAE PK profiles.

Tissue % PE
Plasma 8.21
Blood 8.16
Lung 0.0161
Heart 0.534
Kidney 0.602
Brain 9.63
Muscle 12.6
Bone 6.53
Skin 0.504
Fat 6.83
Spleen 9.85
Pancreas 16.1
Liver 38.7
Tumor 7.37

Percent predictive error (%PE) were calculated as: |AUCpmd,~Cted — AUC pserved

/ AUC ypsorved-100%.
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Figure 3. Comparison of PBPK model fitted and observed PK profiles of MMAE. The figure displays observed (dots) and
model predicted (solid lines) plasma, tissues, and tumor concentration vs. time profiles of MMAE in mice after intravenous
administration of 0.1 mg/kg dose.
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4. Discussion

Whole-body PK of MMAE is essential for understanding the toxicity of MMAE-
conjugated ADCs. However, no studies have comprehensively quantified MMAE disposi-
tion in vivo. Here, we have presented the first-ever whole-body biodistribution study of
MMAE in tumor-bearing mice, where MMAE concentrations were quantified in plasma,
11 tissues (e.g., heart, liver, lung, spleen, kidney, pancreas, fat, brain, skin, muscle, and
bone), and tumor. We have established a PBPK model and incorporated a cell-level tumor
PK model to simultaneously characterize MMAE disposition in systemic circulation and
at the site-of-action. This MMAE PBPK model can serve as a stepping stone to develop
a platform PBPK model for MMAE-conjugated ADCs, which can be used to facilitate
preclinical-to-clinical translation and better understand the safety and efficacy of ADCs in
the clinic.

The PK profile of MMAE in plasma dropped rapidly, while concentrations in tissues
were retained for a prolonged period of time. This could be because of the binding of
MMAE to its intracellular target, tubulin. Conventional moment analysis of PK data
showed fast CL and large volume of distribution for MMAE, which corresponds with the
observed tissue concentration profiles. Both PK profiles and NCA indicated that MMAE
distributed extensively into the tissues, and it may have been retained within the tissue
cells. Since plasma and tissue concentration profiles were not parallel, plasma exposure
alone may not be sufficient to serve as a driver for MMAE-induced toxicity. The half-life of
MMAE in our study was slightly shorter than the reported value (2.5h vs. 5.7 h), and as
expected, it was considerably shorter than the half-life reported after the administration of
MMAE-conjugated ADC (2.5-3 days), which is confounded by the formation-rate limited
kinetics [4,16,23].

Our results regarding the blood cell distribution of MMAE were not consistent with
the literature. The MMAE blood-to-plasma ratio is reported to be 2 [4] and 1.53-8.65 [8] in
different studies, following free MMAE administration. Whereas, a lower blood-to-plasma
ratio has been observed when MMAE-conjugated ADCs were administrated [4]. Our
results showed that the MMAE blood-to plasma ratio was about 6 at the early time-points
(<30 min), and the ratio increased in the later time point (e.g., ~20 at 6 h).

Concentration data were not obtained for gastrointestinal tracts and thymus, and thus,
an assumption was made when calculating Kp values for these tissues based on the result
of a quantitative whole-body autoradiography study of trastuzumab-vc-MMAE in rats [7].
The study observed persistent MMAE radioactivity in tissues with rapidly dividing cells
such as GI epithelia, bone marrow, spleen, and thymus. Accordingly, apparent Kp in GI
tracts and thymus were assumed to be the same as in spleen, and they were adjusted
for the fractional cellular volume of each tissue. Kp values were >1 in all tissues, except
the brain, which indicates that MMAE exposure was higher in most tissues compared to
the plasma. Extensive distribution of MMAE was observed in highly perfused tissues
(i.e., lung > spleen > liver > heart), where exposure was >15-fold higher than the plasma
exposure. Moderate distribution of MMAE was observed in fat, pancreas, skin, bone, and
muscle, where exposure was about 2-fold higher than plasma exposure. These findings
correspond well with the results from a radioactivity study [8] and a quantitative whole-
body autoradiography study [7], which both reported that radioactivity was relatively
high in highly perfused tissues on day 1 post-dose. Brain Kp was relatively low, and the
exposure of brain was about half of the systemic exposure. It is reported that MMAE is
a substrate of P-glycoprotein transporters [5], which may be involved in MMAE efflux
out of the brain. As such, the differences in MMAE tissue distribution can be explained
by the differences in blood perfusion rate, tissue cell membrane penetration rate, or the
involvement of transporters.

The PBPK model was able to well characterize the PK of MMAE in plasma, tissues,
and tumor. The model predicted and observed concentrations for lung, heart, skin, and
kidney were very similar (%PE < 0.6%). The %PE for the rest of the non-eliminating tissues
were <16%. Furthermore, the cell-level tumor disposition model was incorporated into the
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PBPK model, and the model successfully captured MMAE PK in tumors, which showed
prolonged retention up to 168 h. The MMAE PBPK model proposed here accounts for
drug transfer kinetics between different physiological sub-compartments and accounts
for important factors in tissue distribution. These factors include perfusion-limited drug
transfer between plasma and extracellular space, permeability-limited drug transfer across
the cell membrane, red blood cell distribution, protein binding, drug-target interaction,
and cellular partition. Furthermore, since tissue-level compartments were kept the same
as in our published platform PBPK model for antibody [22], one can further combine this
MMAE PBPK model with the antibody PBPK model to build a platform PBPK model of
MMAE-conjugated ADCs [13].

It is reported that the elimination (metabolism and excretion) of MMAE is mainly
through CYP3A4-mediated metabolism, biliary/fecal excretion, or urinary excretion [4].
About 80% of MMAE excretes via feces, and only 6% excretes via urine. Therefore, we
assumed that MMAE was eliminated only via metabolism and biliary/fecal excretion
from the liver. The CL;,; estimated by the PBPK model was comparable to the values
calculated using in vitro and in vivo data. For the derivation of CL;,; based on in vitro
data, the CL;y;, it Were estimated using human hepatocyte (3 pL/min/ 106 cells) and
human liver microsome (24 pL/min/mg) [21]. An in vitro-in vivo extrapolation was
applied to calculate in vivo metabolic CL (CL;; yiy) of MMAE, using the Equation (25).

CLin vivo = CLint, in vitro-scaling factors-mice liver weight (25)

The scaling factors used were 135 + 10 (10° cells/g) for hepatocytes [24] and 41.9 + 24.5
(mg/g) [25] for microsome studies. Metabolic CL and non-metabolic (mostly biliary) CL
were assumed to account for 40% and 60% of total CL. This assumption is based on a
human mass balance study [4] and a bile-duct cannulated rat study, which reported that
~60% of MMAE is excreted unchanged in the bile [9]. As such, the CL;,; extrapolated
from in vitro study was 109-126 mL/min (hepatocyte) and 121-462 mL/min (microsome).
The CL;,;; approximated from our in vivo data was 146 mL/min using the conventional
moment analysis and assuming a well-stirred model, low extraction of the drug, and
concentration-independent CL.

Plasma protein binding plays a vital role in tissue distribution of small molecule drugs.
It is reported that MMAE plasma protein binding is species-dependent, with higher levels
in rats and humans (67.9-82.2%) compared to mice and monkeys (17.1-28.5%) [4]. Based
on the reported mice data, f, , was assumed to be 0.2, and it was used as a concentration-
independent parameter in the PBPK model. Of note, species-dependence of fraction
unbound should be considered when further scaling up the current MMAE PBPK model
to different species. Based on free hormone hypothesis [26], it was assumed that only free
MMAE could transfer across the cell membrane, and thus, the fraction of free drug in
each tissue was considered in the PBPK model. By assuming linear and time-invariant
conditions, the fraction of unbound drug in each tissue and blood cell was calculated
(Equation (2)) and included in the PBPK model.

PS describes the permeability-limited transfer of the drug between plasma/blood cell
and interstitial / cellular space. Compared to the regional blood flow rate, the relatively
low PS values indicated that it was necessary to account for the permeability property in
the PBPK model. Furthermore, PS values can be scaled up using an allometric equation
with the exponent of 0.67 [27,28], which is regularly used for body surface area scale-up.
The fixed value of 0.67 exponent for PS is typically used under the assumption that the
permeability of the tissue cellular membrane and organ structure is similar across different
species [28]. On the other hand, the direct scale-up of CL estimated from the PBPK model
should be critically evaluated. In our PBPK model, which was established based on mice
data, the liver was the only clearance organ for MMAE. Whereas, kidney excretion is
reported to be higher in humans (i.e., 23-41%) [4]. Therefore, extrahepatic clearance and
species differences should be considered when scaling-up the MMAE PBPK model to
higher species.
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In the clinic, the incidences of hematological and neurological toxicities are the highest
for MMAE among all other commonly used payloads. Three major toxicities, including pe-
ripheral neuropathy, anemia, and neutropenia, have been consistently reported in patients
treated with MMAE-conjugated ADCs [6]. Surprisingly, peripheral neuropathy, which was
observed in up to 50% of patients receiving brentuximab vedotin, was not predicted based
on preclinical toxicology studies in rats and monkeys [29]. One possible explanation was
that only plasma PK but not tissue PK of MMAE was measured [30,31], which emphasizes
that solely using systemic PK may not be able to establish a translatable exposure—toxicity
relationship for ADCs. Our study reported that the exposure of MMAE in tissues and red
blood cell is relatively higher and sustained for longer period of time compared to plasma
exposure, which could lead to a high prevalence of peripheral neuropathy (i.e., numbness
and tingling in the extremities) via the arrest of microtubule networks, disruption of the
axonal transport, and degeneration of peripheral nerve terminals [12]. Another explanation
for the toxicity could be that a high MMAE concentration in blood cells causes an apoptosis
of red blood cells, resulting in decreased blood flow and lack of nutrients transported to the
peripheral nerve, which gradually prompts the degeneration. In addition, bone marrow
toxicity such as anemia and neutropenia is expected from MMAE, since it is a tubulin
inhibitor that targets rapidly proliferating cells [4]. Our calculated Kp for bone was >1
and MMAE concentration in bone retained over time, both of which supports the high
frequency of bone marrow toxicity in the clinic.

In a phase II study of brentuximab vedotin, the probability of objective response rate
(ORR) was reported to decrease with increased MMAE trough concentration [32,33]. In
addition, there is a report suggesting that the side effect of ADC increased with decreasing
MMAE trough concentrations [32,33]. While no clear explanation has been given for these
observations, they suggest that plasma concentrations of free MMAE may not represent
the toxicity /efficacy of MMAE ADCs, and the tissue distribution of MMAE needs to be
accounted for. While our data highlight the importance of measuring/predicting the tissue
PK of free payloads, it is important to note that in the clinic, the measurements are mainly
done in the plasma, and plasma ADC PK can still serve as a viable driver to establish
exposure-response relationships for MMAE-conjugated ADCs. Additionally, considering
the formation-rate limited nature of free MMAE exposure after ADC administration and
the different fraction unbound of MMAE among different species, our observed PK of free
MMAE in mice may not be directly relevant for establishing toxicodynamic relationships
for MMAE-conjugated ADCs in the clinic.

The PBPK model of MMAE presented here can further be used to assess drug—drug
interactions of MMAE containing ADCs. In vivo and in vitro studies indicate that MMAE
is a substrate of CYP3A and P-glycoprotein [34]. As such, the polymorphism of CYP3A and
P-glycoprotein may affect the PK of MMAE, and consequently the efficacy and toxicity of
MMAE-conjugated ADCs. As such, the MMAE PBPK model can serve as a tool to explore
drug interactions of ADCs.

There are some limitations of our study. First, only one dose level of MMAE was used
to build the PBPK model. However, the current 0.1 mg/kg MMAE dose can be high enough
to saturate the target, and thus, linear PK can be assumed. This assumption was based on
the results of toxicokinetic studies in rats, which reported that single-dose no-observed-
adverse-effect level (NOAEL) was 0.01 mg/kg and >0.116 mg/kg induced mortality [4].
As more data at lower dose levels become available, the PBPK model can be further refined
to elaborate the MM AE—-tubulin interaction. Second, the PK profile of free MMAE in tumor
presented in this study and predicted by the PBPK model may not represent the exposure
of MMAE observed after MMAE-conjugated ADC administration. An ADC utilizes the
monoclonal antibody component to deliver cytotoxic drugs in the antigen-expressing
tumor. After the target binding, an ADC undergoes internalization and payload release,
followed by payload accumulation at the site of action. On the other hand, MMAE PK in
the tumor following intravenous administration of the MMAE is independent of ADC-
target interaction, and it is mainly driven by the payload’s ability to enter and remain in
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the tumor tissue and cancer cells. As such, payload-specific parameters (e.g., permeability,
diffusivity, etc.) and tumor-specific parameters (e.g., vascular density, tumor size, etc.)
together contribute to the MMAE PK profiles reported by us. Consequently, the rate and
extent of free MMAE exposure in tumor presented in this study could be different than the
one observed following MMAE-conjugated ADC administration. Additionally, since the
systemic exposure of an ADC is relatively longer compared to free MMAE, the total MMAE
exposure observed following ADC administration is dominated by conjugated MMAE, and
the free MMAE contributes minimally (i.e., <20% based on our in-house data) to tissue total
MMAE exposure. Therefore, the disposition of free MMAE in tissues observed following
ADC administration could be different than the one presented in this study.

5. Conclusions

Here, we have investigated the whole-body PK of MMAE at a 0.1 mg/kg single
dose in tumor-bearing mice. We observed that while MMAE is rapidly eliminated from
the systemic circulation (i.e., plasma), it shows prolonged retention in tissues, tumor,
and blood cells. We have also developed a PBPK model for MMAE, which accounts for
perfusion/permeability-limited transfer of the drug to the tissues, blood cell distribution
of the drug, tissue retention of the drug, and protein binding. The model was able to
characterize the PK of MMAE in plasma, tissue, and tumor reasonably well, and the model
parameters were estimated with good confidence. The MMAE PBPK model presented here
can serve as the first step to building a platform PBPK model for MMAE containing ADCs.

Author Contributions: Conceptualization, D.K.S. and H.P.C.; methodology, D.K.S. and HP.C;
software, H.P.C.; formal analysis, H.P.C.; investigation, D.K.S.; resources, D.K.S.; data curation, D.K.S.
and H.P.C.; writing—original draft preparation, H.P.C.; writing—review and editing, D.K.S. and
Y.K.C,; project administration, H.P.C.; funding acquisition, H.P.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by National Institute of General Medical Sciences grant [GM114179]
and the Center of Protein Therapeutics at the University at Buffalo. D.K.S. is also supported by
National Institute of Allergy and Infectious Diseases grant [AI138195] and National Cancer Institute
grant [R0O1CA246785].

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the University at Buffalo Institutional Animal Care and
Use Committee (IACUC# PHC29035Y) on 15 December 2014.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data generated is included within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, Y, Liu, L,; Fan, S,; Xiao, D.; Xie, F; Li, W.; Zhong, W.; Zhou, X. Antibody-Drug Conjugate Using Ionized Cys-Linker-MMAE
as the Potent Payload Shows Optimal Therapeutic Safety. Cancers 2020, 12, 744. [CrossRef]

2. Birrer, M.].; Moore, K.N.; Betella, I.; Bates, R.C. Antibody-Drug Conjugate-Based Therapeutics: State of the Science. . Natl. Cancer
Inst. 2019, 111, 538-549. [CrossRef]

3. Kovtun, Y.V,; Audette, C.A.; Ye, Y.; Xie, H.; Ruberti, M.F; Phinney, S.J.; Leece, B.A.; Chittenden, T.; Bldttler, W.A.; Goldmacher, V.S.
Antibody-drug conjugates designed to eradicate tumors with homogeneous and heterogeneous expression of the target antigen.
Cancer Res. 2006, 66, 3214-3221. [CrossRef] [PubMed]

4. Adcetris. Adcetris Assessment Report EMA /702390/2012. 19 July 2012. Available online: https://www.ema.europa.eu/en/
documents/assessment-report/adcetris-epar-public-assessment-report_en.pdf (accessed on 9 September 2020).

5. FDA. The U.S. FDA Clinical Pharmacology and Biopharmaceutics Review for Brentuximab Vedotin. 2011. Available online:
http:/ /www.accessdata.fda.gov/drugsatfda_docs/nda/2011/1253880rig1s000ClinPharmR.pdf (accessed on 9 September 2020).

6.  Masters, J.C.; Nickens, D.J.; Xuan, D.; Shazer, R.L.; Amantea, M. Clinical toxicity of antibody drug conjugates: A meta-analysis of
payloads. Investig. New Drugs 2018, 36, 121-135. [CrossRef] [PubMed]

7. Pastuskovas, C.V.; Maruoka, E.M.; Shen, B.Q.; Koeppen, H.; Doronina, S.O.; Senter, P.D.; Zioncheck, T.E. Tissue distribution,

metabolism, and excretion of the antibody-drug conjugate Herceptin-monomethyl auristatin E in rats. Cancer Res. 2005, 65, 1195.


http://doi.org/10.3390/cancers12030744
http://doi.org/10.1093/jnci/djz035
http://doi.org/10.1158/0008-5472.CAN-05-3973
http://www.ncbi.nlm.nih.gov/pubmed/16540673
https://www.ema.europa.eu/en/documents/assessment-report/adcetris-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/adcetris-epar-public-assessment-report_en.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/125388Orig1s000ClinPharmR.pdf
http://doi.org/10.1007/s10637-017-0520-6
http://www.ncbi.nlm.nih.gov/pubmed/29027591

J. Clin. Med. 2021, 10, 1332 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yip, V.; Torres, S.S.E.; Saad, O.; Khojasteh-Bakht, C.; Achilles-Poon, K.; Lu, D.; Li, D.; Prabhu, S.; Khawli, L.; Shen, B.-Q.
Assessment of Disposition and Mass-balance of Free Monomethyl-Auristatin-E (MMAE)—A Component of Auristatin-based
Antibody Drug Conjugate in Rats. In Proceedings of the American Association of Pharmaceutical Scientists (AAPS) Annual
Meeting and Exposition, San Antonio, TX, USA, 10-14 November 2013.

Chen, Y.; Samineni, D.; Mukadam, S.; Wong, H.; Shen, B.Q.; Lu, D.; Girish, S.; Hop, C.; Jin, ].Y.; Li, C. Physiologically based
pharmacokinetic modeling as a tool to predict drug interactions for antibody-drug conjugates. Clin. Pharmacokinet. 2015, 54,
81-93. [CrossRef] [PubMed]

Li, H.; Han, TH.; Hunder, N.N.; Jang, G.; Zhao, B. Population Pharmacokinetics of Brentuximab Vedotin in Patients With
CD30-Expressing Hematologic Malignancies. J. Clin. Pharmacol. 2017, 57, 1148-1158. [CrossRef] [PubMed]

Flerlage, ].E.; Metzger, M.L.; W, ].; Panetta, ].C. Pharmacokinetics, immunogenicity, and safety of weekly dosing of brentuximab
vedotin in pediatric patients with Hodgkin lymphoma. Cancer Chemother. Pharmacol. 2016, 78, 1217-1223. [CrossRef] [PubMed]
Donaghy, H. Effects of antibody, drug and linker on the preclinical and clinical toxicities of antibody-drug conjugates. MAbs 2016,
8, 659-671. [CrossRef] [PubMed]

Khot, A,; Tibbitts, J.; Rock, D.; Shah, D.K. Development of a Translational Physiologically Based Pharmacokinetic Model for
Antibody-Drug Conjugates: A Case Study with T-DM1. AAPS J. 2017, 19, 1715-1734. [CrossRef]

Chang, H.P; Kim, S.J.; Shah, D.K. Whole-Body Pharmacokinetics of Antibody in Mice Determined using Enzyme-Linked
Immunosorbent Assay and Derivation of Tissue Interstitial Concentrations. J. Pharm. Sci. 2021, 110, 446-457. [CrossRef]

Ayyar, V.S.; Song, D.; DuBois, D.C.; Almon, R.R.; Jusko, W.]. Modeling Corticosteroid Pharmacokinetics and Pharmacodynamics,
Part I: Determination and Prediction of Dexamethasone and Methylprednisolone Tissue Binding in the Rat. J. Pharmacol. Exp.
Ther. 2019, 370, 318-326. [CrossRef] [PubMed]

Shah, D.K.; Haddish-Berhane, N.; Betts, A. Bench to bedside translation of antibody drug conjugates using a multiscale
mechanistic PK/PD model: A case study with brentuximab-vedotin. J. Pharmacokinet. Pharmacodyn. 2012, 39, 643—659. [CrossRef]
Schmidt, M.M.; Wittrup, K.D. A modeling analysis of the effects of molecular size and binding affinity on tumor targeting. Mol.
Cancer Ther. 2009, 8, 2861-2871. [CrossRef] [PubMed]

Thurber, G.M.; Schmidt, M.M.; Wittrup, K.D. Factors determining antibody distribution in tumors. Trends Pharmacol. Sci. 2008, 29,
57-61. [CrossRef] [PubMed]

Thurber, G.M.; Schmidt, M.M.; Wittrup, K.D. Antibody tumor penetration: Transport opposed by systemic and antigen-mediated
clearance. Adv. Drug Deliv. Rev. 2008, 60, 1421-1434. [CrossRef] [PubMed]

Waight, A.B.; Bargsten, K.; Doronina, S.; Steinmetz, M.O.; Sussman, D.; Prota, A.E. Structural Basis of Microtubule Destabilization
by Potent Auristatin Anti-Mitotics. PLoS ONE 2016, 11, e0160890. [CrossRef]

Maderna, A.; Doroski, M.; Subramanyam, C.; Porte, A.; Leverett, C.A.; Vetelino, B.C.; Chen, Z; Risley, H.; Parris, K.; Pandit, J.; et al.
Discovery of Cytotoxic Dolastatin 10 Analogues with N-Terminal Modifications. J. Med. Chem. 2014, 57, 10527-10543. [CrossRef]
Shah, D.K.; Betts, A.M. Towards a platform PBPK model to characterize the plasma and tissue disposition of monoclonal
antibodies in preclinical species and human. J. Pharmacokinet. Pharmacodyn. 2012, 39, 67-86. [CrossRef] [PubMed]

Shah, D.K;; King, L.E.; Han, X.; Wentland, J.A.; Zhang, Y.; Lucas, J.; Haddish-Berhane, N.; Betts, A.; Leal, M. A priori prediction of
tumor payload concentrations: Preclinical case study with an auristatin-based anti-5T4 antibody-drug conjugate. AAPS J. 2014,
16, 452-463. [CrossRef] [PubMed]

Sohlenius-Sternbeck, A K. Determination of the hepatocellularity number for human, dog, rabbit, rat and mouse livers from
protein concentration measurements. Toxicol. In Vitro 2006, 20, 1582-1586. [CrossRef] [PubMed]

Zhang, H.; Gao, N.; Tian, X; Liu, T.; Fang, Y.; Zhou, J.; Wen, Q.; Xu, B.; Qi, B.; Gao, J.; et al. Content and activity of human liver
microsomal protein and prediction of individual hepatic clearance in vivo. Sci. Rep. 2015, 5, 17671. [CrossRef]

Mendel, C.M. The free hormone hypothesis: A physiologically based mathematical model. Endocr. Rev. 1989, 10, 232-274.
[CrossRef] [PubMed]

Kawai, R.; Mathew, D.; Tanaka, C.; Rowland, M. Physiologically based pharmacokinetics of cyclosporine A: Extension to tissue
distribution kinetics in rats and scale-up to human. J. Pharmacol. Exp. Ther. 1998, 287, 457-468.

Sharma, V.; McNeill, ].H. To scale or not to scale: The principles of dose extrapolation. Br. J. Pharmacol. 2009, 157, 907-921.
[CrossRef]

Stagg, N.J.; Shen, B.Q.; Brunstein, F; Li, C.; Kamath, A.V,; Zhong, E; Schutten, M.; Fine, B.M. Peripheral neuropathy with
microtubule inhibitor containing antibody drug conjugates: Challenges and perspectives in translatability from nonclinical
toxicology studies to the clinic. Regul. Toxicol. Pharmacol. 2016, 82, 1-13. [CrossRef]

Li, D.; Poon, K.A.; Yu, S.-F,; Dere, R.; Go, M.; Lau, J.; Zheng, B.; Elkins, K.; Danilenko, D.; Kozak, K.R.; et al. DCDT2980S, an
Anti-CD22-Monomethyl Auristatin E Antibody-Drug Conjugate, Is a Potential Treatment for Non-Hodgkin Lymphoma. Mol.
Cancer Ther. 2013, 12, 1255-1265. [CrossRef]

Lin, K.; Rubinfeld, B.; Zhang, C.; Firestein, R.; Harstad, E.; Roth, L.; Tsai, S.P.; Schutten, M.; Xu, K.; Hristopoulos, M.; et al.
Preclinical Development of an Anti-NaPi2b (SLC34A2) Antibody-Drug Conjugate as a Therapeutic for Non-Small Cell Lung and
Ovarian Cancers. Clin. Cancer Res. 2015, 21, 5139-5150. [CrossRef]

Younes, A.; Gopal, A K,; Smith, S.E.; Ansell, S.M.; Rosenblatt, ].D.; Savage, K.J.; Ramchandren, R.; Bartlett, N.L.; Cheson, B.D.;
de Vos, S.; et al. Results of a pivotal phase II study of brentuximab vedotin for patients with relapsed or refractory Hodgkin’s
lymphoma. J. Clin. Oncol. 2012, 30, 2183-2189. [CrossRef] [PubMed]


http://doi.org/10.1007/s40262-014-0182-x
http://www.ncbi.nlm.nih.gov/pubmed/25223698
http://doi.org/10.1002/jcph.920
http://www.ncbi.nlm.nih.gov/pubmed/28513851
http://doi.org/10.1007/s00280-016-3180-x
http://www.ncbi.nlm.nih.gov/pubmed/27837256
http://doi.org/10.1080/19420862.2016.1156829
http://www.ncbi.nlm.nih.gov/pubmed/27045800
http://doi.org/10.1208/s12248-017-0131-3
http://doi.org/10.1016/j.xphs.2020.05.025
http://doi.org/10.1124/jpet.119.257519
http://www.ncbi.nlm.nih.gov/pubmed/31197020
http://doi.org/10.1007/s10928-012-9276-y
http://doi.org/10.1158/1535-7163.MCT-09-0195
http://www.ncbi.nlm.nih.gov/pubmed/19825804
http://doi.org/10.1016/j.tips.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/18179828
http://doi.org/10.1016/j.addr.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18541331
http://doi.org/10.1371/journal.pone.0160890
http://doi.org/10.1021/jm501649k
http://doi.org/10.1007/s10928-011-9232-2
http://www.ncbi.nlm.nih.gov/pubmed/22143261
http://doi.org/10.1208/s12248-014-9576-9
http://www.ncbi.nlm.nih.gov/pubmed/24578215
http://doi.org/10.1016/j.tiv.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16930941
http://doi.org/10.1038/srep17671
http://doi.org/10.1210/edrv-10-3-232
http://www.ncbi.nlm.nih.gov/pubmed/2673754
http://doi.org/10.1111/j.1476-5381.2009.00267.x
http://doi.org/10.1016/j.yrtph.2016.10.012
http://doi.org/10.1158/1535-7163.MCT-12-1173
http://doi.org/10.1158/1078-0432.CCR-14-3383
http://doi.org/10.1200/JCO.2011.38.0410
http://www.ncbi.nlm.nih.gov/pubmed/22454421

J. Clin. Med. 2021, 10, 1332 18 of 18

33.

34.

Pro, B.; Advani, R; Brice, P; Bartlett, N.L.; Rosenblatt, ].D.; llidge, T.; Matous, J.; Ramchandren, R.; Fanale, M.; Connors, ].M.; et al.
Brentuximab vedotin (SGN-35) in patients with relapsed or refractory systemic anaplastic large-cell lymphoma: Results of a
phase II study. J. Clin. Oncol. 2012, 30, 2190-2196. [CrossRef]

Han, T.H.; Gopal, A K.; Ramchandren, R.; Goy, A.; Chen, R.; Matous, J.V.; Cooper, M.; Grove, L.E.; Alley, S.C.; Lynch, C.M.; et al.
CYP3A-mediated drug-drug interaction potential and excretion of brentuximab vedotin, an antibody-drug conjugate, in patients
with CD30-positive hematologic malignancies. J. Clin. Pharmacol. 2013, 53, 866-877. [CrossRef] [PubMed]


http://doi.org/10.1200/JCO.2011.38.0402
http://doi.org/10.1002/jcph.116
http://www.ncbi.nlm.nih.gov/pubmed/23754575

	Introduction 
	Materials and Methods 
	Chemical and Reagents 
	Development of Xenograft Mouse Model 
	Biodistribution Study 
	Sample Preparation and LC-MS/MS Quantification of MMAE 
	Data Analysis 
	PBPK Model Development 
	Model Structure 
	Model Equations 
	Model Fitting and Parameter Estimation 


	Results 
	Discussion 
	Conclusions 
	References

