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Abstract

Antibody–drug conjugates are an emerging class of biopharmaceuticals changing the landscape of 

targeted chemotherapy. These conjugates combine the target specificity of monoclonal antibodies 

with the anti-cancer activity of small-molecule therapeutics. Several antibody–drug conjugates 

have received approval for the treatment of various types of cancer including gemtuzumab 

ozogamicin (Mylotarg®), brentuximab vedotin (Adcetris®), trastuzumab emtansine (Kadcyla®), 

and inotuzumab ozogamicin, which recently received approval (Besponsa®). In addition to these 

approved therapies, there are many antibody–drug conjugates in the drug development pipeline 

and in clinical trials, although these fall outside the scope of this article. Understanding the 

pharmacokinetics and pharmacodynamics of antibody–drug conjugates and the development of 

pharmacokinetic/pharmacodynamic models is indispensable, albeit challenging as there are many 

parameters to incorporate including the disposition of the intact antibody–drug conjugate complex, 

the antibody, and the drug agents following their dissociation in the body. In this review, we 

discuss how antibody–drug conjugates progressed over time, the challenges in their development, 

and how our understanding of their pharmacokinetics/pharmacodynamics led to greater strides 

towards successful targeted therapy programs.
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1 Introduction

Despite significant improvements in therapeutic agents and surgical techniques, cancer 

remains the second leading cause of death in USA [1]. Chemical-based treatment of cancer 

gained significant interest in the early 1900s. Paul Ehrlich, the esteemed German chemist, 

first sought to treat infectious diseases with chemical agents, coining the term 

“chemotherapy”. Ehrlich was also interested in using chemical drugs to treat cancers, though 

his success was limited [2]. In his career, Ehrlich described his vision of a “magic bullet” 

therapy, which would be used to target and kill diseased tissues while leaving healthy tissues 

intact [3]. Until the 1960s, conventional treatment of cancer employed surgical and 

radiotherapeutic approaches, until it was realized that the addition of drugs to these therapies 

could allow practitioners to optimize tumor treatment while limiting unwanted toxicities [2, 

4]. Since then, countless chemotherapeutic agents have been designed, tested, and marketed 

for many diseases. However, curative rates of treatment leave room for improvement for a 

number of reasons including acquired multidrug resistance, insufficient target specificity, 

and intolerable toxicities [5]. There remains an unmet need to develop new therapeutic 

modalities that specifically target cancer cells and exhibit relatively minimal side effects. As 

a result, immunotherapy was explored as a new modality that carries a great potential for the 

treatment of cancer mainly owing to its target specificity [6].

Immunotherapy dates back to the 1970s and the development of hybridoma technology, 

allowing for the reliable production of antibodies first by Kohler and Milstein [7]. In 1980, 

the first patient with relapsed lymphoma was treated with therapeutic antibodies after in 

vitro screening showed promising anti-tumor activity. While this initial trial proved 

unsuccessful because of a lack of prolonged efficacy in patients, the development of these 

biological agents continued as they were generally well tolerated. Currently, over 60 

monoclonal antibodies have been approved for the treatment of various health conditions 

(Fig. 1), most prevalently in the field of oncology [8, 9].

Monoclonal antibodies are highly specific and can bind to the same antigenic epitope 

because they are secreted from identical immune cells that are all clones of a unique parent 

cell. This makes monoclonal antibodies attractive therapeutic tools for targeted therapeutic 

approaches. In addition to treating cancer, monoclonal antibodies can be used to treat certain 

forms of arthritis, systemic lupus erythematosus, multiple sclerosis, inflammatory bowel 

disease, and other autoimmune diseases [10]. Four major antibody types have been 

developed: murine, chimeric, humanized, and human. The guiding principle was to develop 

antibodies that can escape immunological rejection by the host while still maintaining their 

bioactive properties [11]. Murine antibodies, denoted with the suffix ‘-omab’, were the first 

to be developed into therapeutics. The major drawback to these therapeutics was the 

recognition by the host as foreign proteins and the development of vigorous immune 

responses resulting in adverse events, increased drug clearance (Cl), and reduced efficacy 

[12]. This led to the idea of the development of chimeric antibodies (suffix, ‘-ximab’) made 

by fusing varying ratios of murine antigen-binding domains with human effector domains. 

The human sequences usually represent about 70% of the whole protein. As a result of the 

incorporation of more human proteins, these antibodies were not as foreign to the immune 

system as murine antibodies and thus exhibited decreased immunogenicity and increased 

Hedrich et al. Page 2

Clin Pharmacokinet. Author manuscript; available in PMC 2018 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



serum half-lives [13]. The most successful chimeric monoclonal antibody to date is 

rituximab, an anti-CD20 antibody used in the treatment of B-cell lymphomas [14]. It has 

also proven effective in the treatment of autoimmune diseases such as rheumatoid arthritis 

and multiple sclerosis [14, 15]. Most antibodies being developed today are either humanized 

(suffix, ‘-zumab’), generated by combining mouse hypervariable regions with human 

constant domains, or fully human (suffix, ‘-umab’), produced in transgenic mice or by using 

phage display technology. The humanized antibodies boast over 90% human sequences and 

are thus less foreign to the immune system than chimeric antibodies. The main difference 

between humanized and human antibodies is that humanized antibodies have non-human 

origins. Trastuzumab and adalimumab represent two of the most successful humanized and 

human antibodies on the market today, respectively [16, 17].

Antibody–drug conjugates (ADCs) are an emerging class of biopharmaceutical agents 

designed for targeted treatment primarily for patients with cancer. These conjugate drugs 

closely resemble the “magic bullet” vision of Paul Ehrlich. By conjugating active drug 

moieties to targeted antibodies, ADCs are designed to attack only cancerous cells while 

remaining non-toxic to healthy tissue [18–20]. This targeted delivery of antineoplastic 

agents is designed to enhance the potency of antibody therapeutics while widening the often 

narrow therapeutic index of chemotherapeutic drugs [21]. The process of ADC binding, 

internalization, cleavage, and cytotoxicity is described in Fig. 2. Briefly, the monoclonal 

antibody moiety of the ADC will bind to the target antigen on the surface of cells. The entire 

ADC complex is then internalized, the conjugated drug is released, and the cell is killed by 

the cytotoxic effect of the conjugated drug. This strategy has also been employed for 

overcoming multidrug resistance in target cells [22].

To date, only four ADCs have received US Food and Drug Administration (FDA) approval. 

The first of which, gemtuzumab ozogamicin (Mylotarg®), was approved in 2001 for the 

treatment of acute myelogenous leukemia (AML). It was withdrawn from the market in June 

2010 as it was linked to a serious and potentially fatal liver condition known as veno-

occlusive disease. Gemtuzumab ozogamicin was resubmitted for approval with a 

fractionated dosing regimen and was recently (September 2017) approved by the FDA for 

the treatment of adults with newly diagnosed CD33+ AML and adults and children aged 2 

years and older with relapsed or refractory CD33+ AML. Three other FDA-approved ADCs 

remain on the market including brentuximab vedotin (Adcetris®) for the treatment of CD30+ 

Hodgkin lymphoma and systemic anaplastic large cell lymphoma, trastuzumab emtansine 

(Kadcyla®) for treating human epidermal growth factor 2 (HER2)+ metastatic breast cancer, 

and inotuzumab ozogamicin (Besponsa®), which targets CD22+ non-Hodgkin lymphoma 

(NHL) and was recently approved for use. The structure and targets of these ADCs are listed 

in Table 1 [23, 24].

There are several factors contributing to the overall efficacy of ADC therapies including 

tumor penetration and accumulation, target binding and cellular uptake, release of active 

catabolic products within the target cells, and the potency of these products, as well as the 

pharmacokinetic (PK) profile of the ADC. The significant majority (~ 98%) of the total 

ADC is comprised by the antibody component and the pharmacokinetics of the ADCs are 

influenced greatly by the properties of the antibody backbone. Antibody properties 
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governing ADC pharmacokinetics include target-specific binding, neonatal Fc receptor-

dependent recycling, and Fc (fragment, crystallizable) effector functions, and ADCs exhibit 

the same absorption, distribution, metabolism, and excretion properties associated with 

unconjugated antibodies including a low volume of distribution, slow Cl, a long half-life, 

and proteolysis-mediated catabolism [25, 26]. Applications and recommended PK 

considerations of various ADCs have been the subject of numerous review articles [27–29].

In addition to PK challenges, ADCs come with risks of toxicity and immunogenicity, which 

can be mediated by any of the components of the ADC complex. Expression of a target 

antigen on normal cells can lead to toxicity in healthy tissue and early cleavage of the linker 

leading to drug release can result in more systemic toxicities. The majority of the reported 

toxicity from ADCs, including those discussed in this article, arises from the payload drug. 

Monomethyl aurostatin E (MMAE) has been associated with peripheral neuropathy and 

neutropenia while emtan-sine (DM1) is known to cause thrombocytopenia and elevated liver 

enzymes [30]. In the cases of brentuximab vedotin and gemtuzumab ozogamicin, ADC 

immunogenicity has been reported to manifest as infusion reactions and transient shortness 

of breath, respectively [31, 32]. Immunological rejection is another caveat and is often 

associated with negative impacts on the PK properties of the drug such as increased drug Cl. 

Impacts of these risks on the efficacy and safety of the drug formulations need to be 

carefully assessed.

Until recently, the development of ADCs has been carried out empirically, without 

significant understanding of the correlation between in vitro, preclinical, in vivo, and clinical 

results. Here, we explore the progression of ADCs, challenges in their development, and 

some early mechanistic and quantitative pharmacology models, which have been developed 

from previously conducted preclinical studies and clinical trials, with the intention of 

creating better predictive models for accelerating ADC candidate selection and development. 

We also discuss the results of clinical studies carried out with clinically advanced ADCs. 

The overall results of these clinical studies are summarized in Table 2.

2 Gemtuzumab Ozogamicin

Gemtuzumab ozogamicin (Mylotarg®) received accelerated approval from the FDA in 2000 

for the treatment of AML. Gemtuzumab ozogamicin is a humanized anti-CD33 monoclonal 

antibody covalently linked to the antitumor antibiotic N-acetyl-γ-calicheamicin by a 

bifunctional linker, 4-(4-acetylphenoxy)butanoic acid. It is indicated for the treatment of 

patients with CD33+ AML in the first relapse who are 60 years of age or older and who are 

not candidates for other cytotoxic chemotherapeutic interventions. Gemtuzumab ozogamicin 

binds to the CD33 antigen expressed on the surface of leukemic blasts, normal myeloid 

cells, and leukemic clonogenic precursors [33]. The fact that CD33 is not expressed on 

pluripotent hematopoietic stem cells is a big advantage as it allows for gemtuzumab 

ozogamicin-induced myelosuppression reversal [34]. The binding of gemtuzumab 

ozogamicin to CD33 results in the formation of a complex that is internalized followed by 

the release of the anti-tumor antibiotic inside the lysosome of the cell. The antibiotic binds 

to DNA, which leads to DNA double-strand breaks and cell death [33].
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In accordance with the FDA Accelerated Approval Program, a randomized phase III control 

trial (SWOG S0106) was initiated in 2004. This trial was terminated early because of 

observed fatal toxicities in the gemtuzumab ozogamicin treatment group as compared with 

the control group that received a standard chemotherapeutic treatment [35, 36]. In the ADC-

treated group, the overall mortality rate was 5.7% (16/283 patients) as compared with1.4% 

(4/281 patients) in the standard-of-care therapy group. This toxicity was attributed to veno-

occlusive disease, a condition in which blood flow within small blood vessels of the liver is 

obstructed [37]. After 10 years, per the request of the FDA, this ADC was withdrawn from 

the US market in 2010, as it showed no improvement in patient survival in addition to an 

increased risk of mortality [35]. Although this drug was absent from the US market, it 

remained available in Japan and was recently approved by the FDA with a modified dosing 

regimen [38]. Despite the limited success off gemtuzumab ozogamicin to date, valuable 

lessons were learned from its development process, clinical studies, and PK/

pharmacodynamic (PD) data.

2.1 Clinical Studies with Gemtuzumab Ozogamicin

In 2001, Dowell et al. examined the pharmacokinetics of gemtuzumab ozogamicin in 

patients with AML in their first relapse. In this study, 59 patients received a single dose (9 

mg/m2, intravenous infusion) of gemtuzumab ozogamicin and plasma samples were 

collected at specified time points. The PK parameters of gemtuzumab ozogamicin in this 

population were estimated to be: maximum observed concentration (Cmax), 2.86 ± 1.35 

mg/L; area under the curve (AUC), 123 ± 105 mg h/L; half-life, 72.4 ± 42.0 h; and Cl, 0.265 

± 0.229 L/h. The authors also observed elevated plasma concentrations following a second 

dose of the ADC and speculated that this increase may have arisen from a decrease in Cl by 

CD33+ blast cells resulting from decreased tumor burden [39].

2.2 Impact of Age, Ethnicity, and Sex on Gemtuzumab Ozogamicin Pharmacokinetic/
Pharmacodynamics

In 2001, Korth-Bradley et al. examined the impact of age and sex of individuals on the 

pharmacokinetics of gemtuzumab ozogamicin. In a 58-patient sex-balanced study with a 

mean age of 53 ± 16 years, the authors determined that no differences in the 

pharmacokinetics of the antibody or drug component of gemtuzumab ozogamicin were 

based on age or sex(i.e., age and sex were not significant covariates) [40].

As gemtuzumab ozogamicin was initially approved for the treatment of patients over 60 

years of age, there was a great interest in expanding its usage to other populations. As such, 

in 2004, Buckwalter et al. sought to characterize the pharmacokinetics of gemtuzumab 

ozogamicin in pediatrics. Twenty-nine pediatric patients with refractory or relapsed AML 

received dosages of 6, 7.5, and 9 mg/m2. The mean PK parameters of gemtuzumab 

ozogamicin were similar to those in adult populations with both populations demonstrating 

large inter-individual variability. The authors concluded that treatment with gemtuzumab 

ozogamicin could be equally efficacious in pediatric patients as in adults at a 9-mg/m2 dose 

[41].
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In 2009, Kobayashi et al. sought to examine the pharmacokinetics of gemtuzumab 

ozogamicin in patients with relapsed or refractory CD33+ AML. The dose-limiting toxicities 

associated with gemtuzumab ozogamicin were determined in a phase I study. Consistent 

with previous reports, the major toxicities associated with this ADC were hepatotoxicities 

and the optimum dose was determined to be 9 mg/m2. In a phase II study, five patients 

achieved complete remission and another achieved remission without platelet recovery. 

Interestingly, the authors reported that the Japanese patients included in the study remained 

in remission longer than non-Japanese patients from previous studies [42].

2.3 Lessons Learned from Gemtuzumab Ozogamicin

Although the commercial life of gemtuzumab ozogamicin was limited to only 10 years 

(2000–2010), it provided very useful information regarding this developing class of 

therapeutics. Importantly, it demonstrated the need for controlled clinical trials to confirm 

the benefits of ADC therapy over traditional therapy as well as post-marketing surveillance 

to monitor toxicity. It is noteworthy that this ADC remained available for 10 years while 

providing minimal clinical benefit over conventional chemotherapy and causing untoward 

hepatotoxicity. This liver toxicity may have arisen from the ADC binding to healthy 

sinusoidal cells in the liver expressing CD33 on their surface, demonstrating the need to 

better understand the target expression, an issue that was addressed while developing the 

ADCs that followed [43].

Another important lesson learned from the development and clinical lifetime of gemtuzumab 

ozogamicin was the investigation of fractionated doses of the ADC allowing for the safe 

administration of greater cumulative doses. This dosing strategy was investigated in the 

Acute Leukemia French Association trial ALFA-0701 in which patients received 3 mg/m2 of 

gemtuzumab ozogamicin on days 1, 4, and 7 in conjunction with standard front-line 

chemotherapy, which yielded significantly improved patient outcomes [44, 45]. These 

efforts indicate the importance of investigating various dosing regimens of ADCs early in 

the clinical development process. In fact, gemtuzumab ozogamicin was recently re-approved 

using an altered dosing regimen.

3 Brentuximab Vedotin

Brentuximab vedotin (Adcetris®) was approved for the treatment of CD30+ Hodgkin 

lymphoma and systemic anaplastic large cell lymphoma. Brentuximab vedotin is composed 

of brentuximab, a chimeric monoclonal antibody that targets CD30 conjugated to the 

antimitotic chemotherapeutic agent, MMAE, via a cathepsin cleavable linker (valine–

citrulline). Currently, several phase III trials involving brentuximab vedotin are underway 

assessing its utility in patients with lymphoma compared with other biological therapies and 

combination chemotherapies.

3.1 Early Clinical Studies with Brentuximab Vedotin

In 2011, a dose-escalation study was conducted by Fanale et al. to examine the safety, 

maximum tolerated dose (MTD), and activity of brentuximab vedotin dosed weekly in 

patients with relapsed or refractory CD30+ hematologic malignancies. Brentuximab vedotin 
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was given intravenously on days 1, 8, and 15 of each 28-day cycle at doses that ranged from 

0.4 to 1.4 mg/kg. Doses were increased by 0.2 mg/kg weekly until dose-limiting toxicity 

was observed. The results of this study indicated that the MTD of brentuximab vedotin was 

1.2 mg/kg administered weekly with the most common side effects presenting as peripheral 

sensory neuropathy, fatigue, nausea, diarrhea, arthralgia, and pyrexia. Tumor regression was 

achieved in 85% of patients and the overall objective response rate was 59% with 34% of 

patients achieving complete remission. This trial demonstrated that weekly administration of 

brentuximab vedotin results in tumor regression and lengthy remissions in patients with 

CD30+ malignancies with manageable toxicities [46].

3.2 Pharmacokinetic/Pharmacodynamic Modeling of Brentuximab Vedotin

Shah et al. sought to develop a PK/PD model of ADCs using brentuximab vedotin as an 

example to better understand and predict pre-clinical to clinical translation of ADC efficacy 

[47, 48]. The authors used data from various reports to develop and validate the model based 

on in vitro and in vivo PK data for ADC and unconjugated drugs [49–51], drug 

concentrations in tumors [52–54], preclinical tumor growth inhibition data [50, 55], ADC 

and drug pharmacokinetics in patients [56], and prediction of clinical responses using the 

developed PK/PD model [46, 47, 56, 57]. The authors were able to successfully predict 

xenograft tumor and plasma drug concentrations, and predicted complete response and 

progression-free survival rates that closely matched results from clinical studies [47]. The 

success of this model may be owed to notable submodels included within the overall PK/PD 

model. These submodels included an in vivo intracellular ADC kinetic model, which 

allowed for extrapolation to humans using species-specific target densities as well as a tumor 

disposition model based on drug molecular weight and tumor size, which provided a 

valuable platform to extrapolate this model to other drugs [47, 58].

In 2014, Chen et al. developed the first physiologically based pharmacokinetic model to 

predict potential enzyme-mediated drug–drug interactions (DDIs) resulting from MMAE 

release from an ADC complex, acknowledging this important aspect of developing ADCs as 

therapeutics. In this study, a minimal physiologically based pharmacokinetic model was 

developed to link antibody-conjugated MMAE to unconjugated MMAE using valine-

citrulline-MMAE ADCs and validated using clinical PK data from brentuximab vedotin. 

This model sought to overcome the challenge of determining the pharmacokinetics of 

unconjugated MMAE formed via cleavage of the linker of ADCs, as the mechanisms and 

kinetics of this process are yet to be fully characterized [27, 59]. The constructed model by 

Chen et al. used both ‘bottom-up’ and ‘top-down’ approaches combining existing preclinical 

and clinical data in addition to a physiologically-based pharmacokinetics (PBPK) 

distribution model. The authors estimated total Cl of MMAE to be 8 L/h scaled from a 

metabolic Cl of ~ 4 L/h using in vitro in vivo extrapolation. Using this model, the authors 

were able to successfully demonstrate that these MMAE conjugates have a limited risk of 

enzyme-mediated DDIs [60].

In 2016, Flerlage et al. examined the pharmacokinetics and safety of brentuximab vedotin 

dosed weekly in pediatric patients with Hodgkin lymphoma. The observed AUC and 

maximum observed concentration were lower in pediatric patients than previously reported 
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in adult studies by 25 and 11%, respectively while other factors, including toxicity, remained 

consistent. The authors concluded that patient body weight was a significant covariate 

explaining the intersubject variability in Cl of brentuximab vedotin in pediatric patients and 

that weekly dosing of brentuximab vedotin is safe in these patients [61].

Further, in 2016, Zhao et al. investigated the impact of renal and hepatic impairment on 

exposure to brentuximab vedotin. Exposure to MMAE was increased by 2.3-fold in patients 

with severe hepatic impairment and 1.9-fold in those with severe renal impairment. 

Furthermore, exposure to the intact ADC decreased in both of these patient groups. The 

authors proposed that poor outcomes and adverse events following treatment with 

brentuximab vedotin were attributable to poor baseline attributes resulting from co-morbid 

conditions [62].

3.3 Lessons Learned from Brentuximab Vedotin

The results from these clinical studies have indicated that weekly administration of 

brentuximab vedotin at a relatively low dose leads to tumor regression and manageable 

toxicities, indicating the benefit of optimizing dose and frequency as mentioned above 

regarding gemtuzumab ozogamicin. This is the first example of a minimal PBPK model 

used to predict potential DDIs resulting from drug release from an ADC. This model 

demonstrated that there is little risk of enzyme-mediated DDIs for this ADC. Several groups 

reported that impaired hepatic and renal function can significantly impact exposure to both 

the intact ADC and the released drug. While the authors of these studies did not report 

additional adverse events in patients with altered renal and hepatic function, increased 

exposure to the drug could lead to unwanted toxicity. Further development of predictive 

models of the disposition of ADCs in patients with co-morbid conditions is warranted as it 

may influence patient treatment.

4 Trastuzumab Emtansine

Trastuzumab emtansine (Kadcyla®) was approved for the treatment of HER2+ breast cancers 

in 2009. It consists of a humanized HER2-targeted monoclonal antibody, trastuzumab, 

linked to a cytotoxic agent, DM1, a maytansinoid conjugate, via a stable thioether linker, 

MCC. Trastuzumab emtansine exhibits favorable pharmacokinetics and minimal to no 

systemic accumulation of the antibody or drug following multiple doses administered once 

every 3 weeks [63, 64]. These PK findings have been used to develop mechanistic models of 

antibody–maytansinoid conjugates to predict the disposition of the conjugated entity as well 

as the catabolites, and the resulting antitumor activity.

4.1 Preclinical Characterization and Modeling of Trastuzumab Emtansine

Several groups have been interested in the mechanisms of internalization of trastuzumab 

maytansinoid conjugates and their translocation in cells. In 2015, Hamblett et al. established 

solute carrier family 46 member A3 (SLC46A3) as a direct transporter of maytansine-based 

catabolites from the lysosome to the cytoplasm of cells; silencing the expression of 

SLC46A3 resulted in increased concentrations of the catabolites within the lysosomes [65].
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Moving beyond in vitro cell-based assays, many groups have investigated the 

pharmacokinetics and PD of trastuzumab emtansine in mouse models. In 2010, Jumbe et al. 

developed a PK/PD model of trastuzumab emtansine in mice [66]. The pharmacokinetics of 

trastuzumab emtansine fits a two-compartment model based on data obtained from single- 

and multiple-dose studies, as well as time-dose-fractionation studies in animal models and 

HER2-expressing cells. Subsequently, a population-based PK/PD model was developed to 

examine the antineoplastic activity of trastuzumab emtansine. Specifically, the authors were 

able to develop a cell-cycle-phase, non-specific, tumor cell kill model, which included 

transit compartments of the ADC and offered an accurate representation of the tumor growth 

inhibition achieved by trastuzumab emtansine [66].

Beyond this initial PK investigation in mice, Cilliers et al. sought to examine the tissue and 

cellular distribution of trastuzumab emtansine and thus developed a multi-scale PBPK model 

coupling the systemic and organ-level distributions of the drug with the tissue-level detail of 

a tumor penetration model. Using this model, the authors were able to examine the impact of 

the drug-antibody ratio on tumor penetration, the net result of drug deconjugation, and the 

impact of using an unconjugated antibody to assist the ADC in further penetrating the tumor 

tissue. Overall, this model, which is based on in vivo mouse tumor xenograft studies, offers 

quantitative mechanistic support to experimental studies working to elucidate the complex 

mechanisms of action of these drug conjugate therapies [67].

4.2 Clinical Studies of Trastuzumab Emtansine

Many phase I studies with trastuzumab emtansine have been conducted. In 2010, a clinical 

study enrolled 24 patients who had received, on average, four prior chemotherapeutic 

treatments. They received increasing doses of trastuzumab emtansine from 0.3 to 4.8 mg/kg 

on an every-3-weeks treatment schedule. The MTD of trastuzumab emtansine was 

determined to be 4.8 mg/kg as a result of transient thrombocytopenia. The half-life of this 

ADC was estimated to be 3.5 days with peak DM1 levels below 10 ng/mL. The Cl of the 

drug was found to be greater at lower doses (less than 1.2 mg/kg), perhaps owing to 

saturation of the HER2-binding sites at increased doses [68]. Similar dosage-based 

variability in trastuzumab Cl estimates has been previously reported [69].

In early 2012, Girish et al. characterized the pharmacokinetics of trastuzumab emtansine in 

patients with HER2+ metastatic breast cancer by assessing the data from four studies in 

which patients received trastuzumab emtansine as a single agent every 3 weeks at a 3.6-

mg/kg dose. In this report, the PK parameters for the conjugated ADC trastuzumab 

emtansine, the drug alone, and the antibody alone, remained consistent across all studies. 

Trastuzumab emtansine pharmacokinetics was not altered by residual trastuzumab in 

circulation from prior therapy or by the circulating extracellular domain of HER2. The 

authors concluded that the pharmacokinetics of single-agent trastuzumab emtansine (3.6 

mg/kg dosed once every 3 weeks) is well characterized and that the exposure to trastuzumab 

emtansine is not altered by liver or kidney function (e.g., aspartate aminotransferase, alanine 

amino-transferase, total bilirubin, and albumin) and does not correlate with adverse events 

including thrombocytopenia or increased levels of transaminases [64].
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Later, in 2012, a clinical study investigating weekly dosing of trastuzumab emtansine in 

patients with advanced HER2+ breast cancer was conducted by Beeram et al. The aim of this 

multi-center, open-label, dose-escalation study was to examine the safety, tolerability, and 

pharmacokinetics of trastuzumab emtansine administered weekly in patients with breast 

cancer. In this trial, 28 patients received weekly doses of trastuzumab emtansine. The 

treatment was well tolerated and the MTD was determined to be 2.4 mg/kg administered 

weekly and the exposure was dose proportional. This is in contrast with other clinical studies 

reporting an MTD of 3.6 mg/kg administered once every 3 weeks [68, 70–72]. In 13 

patients, partial tumor growth inhibitory responses were reported with a median tumor 

inhibition duration of 18.6 months. A weekly dose of trastuzumab emtansine at 2.4 mg/kg 

had effective anti-tumor activity and was well tolerated in patients with HER2+ breast 

cancers [71].

More recently, Yamamoto et al. examined the pharmacokinetics, toxicity, and MTD of 

trastuzumab emtansine in Japanese patients. Patients with HER2+ metastatic breast cancer 

received trastuzumab emtansine intravenously at doses of 1.8, 2.4, or 3.6 mg/kg every 3 

weeks for a median of seven cycles. The dose-limiting toxicity was reported as a grade-3 

elevation of aspartate aminotransferase/alanine aminotransferase at the 2.4-mg/kg dose. 

Trastuzumab emtansine administration of up to 3.6 mg/kg was generally well tolerated by 

Japanese patients with breast cancer with toxicities that tended to be more severe than was 

previously reported [68, 70, 71].

Moving beyond these phase I trials, several phase II investigations have been performed to 

further examine the safety and efficacy of trastuzumab emtansine in patients with HER2+ 

breast cancer. In 2011, Burris et al. conducted a phase II study in this patient population with 

individuals who had already received some form of HER2-directed therapy but had 

subsequent tumor progression. In this study, 112 patients received 3.6 mg/kg of trastuzumab 

emtansine once every 3 weeks. At this dose, the ADC showed strong anticancer activity 

when administered as a single agent and was well tolerated at the recommended dose [72].

In a phase III study (MARIANNE), patients with advanced HER2+ breast cancer with no 

previous therapy for advanced disease received trastuzumab plus taxane, trastuzumab 

emtansine plus placebo, or trastuzumab emtansine plus pertuzumab at standard doses. The 

primary endpoint of the study was progression-free survival of patients. In this study, none 

of the groups receiving trastuzumab emtansine showed superior progression-free survival 

compared with trastuzumab plus taxane, though fewer patients discontinued treatment 

because of adverse events in the trastuzumab emtansine arms. Overall, it was concluded that 

trastuzumab showed noninferior, but not superior, efficacy and better tolerability than taxane 

plus trastuzumab for the first-line treatment of advanced HER2+ breast cancer [73].

4.3 Pharmacokinetic/Pharmacodynamic Modeling of Trastuzumab Emtansine

Li et al. compiled the results of eight clinical studies to assess the ethnic sensitivity of 

trastuzumab emtansine to assess whether the clinically recommended dose (3.6 mg/kg) is 

sufficient and appropriate across ethnicities. The authors used four approaches to analyze the 

data including: non-compartmental analysis, population-PK analysis, comparative 

pharmacokinetics of trastuzumab emtansine in Japanese patients compared with the global 
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population, and exposure-response analyses to examine the impact of ethnicity on 

pharmacokinetics. The non-compartmental analysis parameters reported were consistent 

across different ethnic groups; the reported AUCs were 475, 442, and 518 day lg/mL for 

white individuals (n = 461), Asian individuals (n = 68), and others (n = 57), respectively. 

The population-PK analysis of these three groups indicated that ethnicity was not a 

significant covariate that can affect the pharmacokinetics of trastuzumab emtansine. The 

exposure-response analyses indicated that ethnicity played no role in efficacy or 

hepatotoxicity risk, but individuals from Asian populations demonstrated a trend toward 

greater thrombocytopenia risk. Most Asians exhibiting thrombocytopenia were able to 

continue receiving treatment following a dose adjustment consistent with the 

recommendations made for the global population [74].

Thrombocytopenia is a frequently noted side effect of treatment with trastuzumab emtansine 

in patients with breast cancer [68, 70, 71]. As such, several investigators have found it 

pertinent to develop PK/PD models to characterize the effects of this treatment on patient 

platelet counts. In 2012, Bender et al. reported a semi-mechanistic population PK/PD model 

with transit compartments to mimic platelet development and circulation, which was fit to 

platelet concentration–time course data from two trastuzumab emtansine single-agent 

studies [71, 72]. This model predicted that with trastuzumab emtansine administration of 3.6 

mg/kg once every 3 weeks, the lowest platelet nadir would be observed following the first 

administered dose. It was also able to predict a subgroup of patients with variable 

downward-drifting platelet concentration–time profiles, predicted to stabilize by the eighth 

treatment cycle. However, the authors note that baseline characteristics were not significant 

covariates in this model [75].

Chudasama et al. described a semi-mechanistic population-PK model of multivalent 

trastuzumab emtansine. The authors used preclinical data of trastuzumab emtansine to 

develop a PK model of the intact ADC and the trastuzumab monoclonal antibody alone. In 

this model, a series of transit compartments with the same disposition parameters was used 

to represent the deconjugation process from greater to lesser drug antibody ratios. The 

authors postulated that this model could be used to examine inter-individual variability in 

ADC pharmacokinetics and that these variabilities could further be correlated to clinical 

outcomes [76].

In 2014, Wada et al. sought to employ PK/PD modeling to gain insight into the complex 

behavior and disposition of antibody–maytansinoid conjugates. To this end, the authors 

applied mechanistic PK/PD modeling to simulate the processes of ADC tumor uptake, 

catabolism, and response. Much like the models used by Shah et al. describing brentuximab 

vedotin, the models described by Wada et al. used a comprehensive, multi-scale, 

mechanism-based PK/PD approach to translate the ADC PK/PD data from pre-clinical to 

clinical, which may provide a better understanding of ADC disposition and improved ADC 

design [47, 58].

In their studies, Wada and colleagues postulated that tumor catabolite concentrations would 

more closely correlate to efficacy than to other measured concentrations such as plasma 

ADC concentration and tumor total maytansinoid concentration. As such, the driver of 
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tumor response in their developed model was the catabolite concentration at the tumor site. 

Using their model, they were able to demonstrate that for trastuzumab emtansine, the 

catabolite concentrations achieved in tumor cells were highly sensitive to catabolite efflux 

rate, but less sensitive to the rate of catabolism, which takes place outside of tumor cells. 

Further, they were able to demonstrate that changing the catabolism rate of the ADC, for 

example, by changing a more or less stable linker, may have a lesser impact on efficacy than 

altering the ability of the ADC to exit the tumor [58].

In 2014, Lu et al. described the population pharmacokinetics of trastuzumab emtansine with 

a linear two-compartment model with first-order elimination from the central compartment. 

The Cl of trastuzumab emtansine was0.7 L/day, the volume of distribution was 3.1 L, and 

the terminal half-life was 3.9 days. The authors examined the impact of age, race, 

geographic region, and renal function and concluded that these covariates are not significant 

in describing the pharmacokinetics of trastuzumab emtansine [63]. Further, they state that 

refinements in dose based on baseline covariates other than body weight would not explain 

the inter-individual variability in trastuzumab emtansine pharmacokinetics in this population 

[63].

In a 2016 publication, Singh et al. described a cellular disposition model that built upon 

previously published models by including greater intracellular detail including ADC 

degradation and passive diffusion of an unconju-gated drug across tumor cells. Further, 

different biological and chemotherapy measures for trastuzumab emtansine were 

incorporated into the model to characterize the pharmacokinetics of this ADC in vitro in 

three HER2+ cell lines. Upon combining this cellular disposition model with the tumor 

disposition model, the authors were able to a priori predict tumor DM1 concentrations in 

xenograft mice. Their analysis indicated that non-specific deconjugation of the drug and its 

passive diffusion across the tumor cell membrane were key parameters for cellular drug 

exposure [77].

In 2017, these authors validated this modeling and simulation-based strategy for ADC 

disposition using trastuzumab emtansine as a case study. Using their model, they developed 

a PK/PD model able to characterize in vivo efficacy of trastuzumab emtansine in preclinical 

tumor models. Parameter estimates for trastuzumab emtansine were taken from preclinical 

data while the human pharmacokinetics of the ADC was predicted a priori using allometric 

scaling from PK parameters in monkeys. The predicted human pharmacokinetics, estimated 

efficacy data from preclinical results, and clinically observed breast tumor volume and 

growth parameters were combined to develop the full PK/PD model for trastuzumab 

emtansine. The authors state that this model suggested that a fractionated dosing regimen 

may provide improved efficacy with trastuzumab emtansine. It was concluded that this 

modeling and simulation strategy for ADC pharmacokinetics/pharmacodynamics was 

capable of predicting the clinical efficacy of ADCs a priori and the authors were able to 

retrospectively validate this strategy for all clinically approved ADCs [78].

4.4 Lessons Learned from Trastuzumab Emtansine

In contrast to previous attempts to correlate preclinical PK/PD data to clinical application, 

the predictive model from Singh et al. represents the first generalized PK/PD modeling and 
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simulation-based strategy for the bench-to-bedside translation of ADCs and is an exciting 

new tool in ADC development. Using preclinical efficacy data, predicted PK data, and 

estimated PK parameters from monkeys, the authors were able to accurately evaluate the 

efficacy of various dosing regimens with trastuzumab emtansine and also apply this strategy 

to the other clinically approved ADCs. This model provides a key mechanism for evaluating 

ADCs that will be useful both in the development process as well as clinical study design.

5 Inotuzumab Ozogamicin

Inotuzumab ozogamicin is an ADC recently approved in the UK and USA for the treatment 

of relapsed or refractory B-cell precursor acute lymphocytic leukemia (ALL). This conjugate 

is made up of inotuzumab, a humanized anti-CD22 monoclonal antibody linked to an 

anticancer agent from the calicheamicin class, N-acetyl-γ-calicheamicin via an acid-labile 

4-(4-acetylphenoxy)butanoic acid linker. [79]. This ADC has been the subject of many 

clinical trials including two phase II trials for the treatment of NHL. A recent phase III study 

concluded that treatment with single-agent inotuzumab was associated with significantly 

increased remission rates than standard chemotherapy approaches in adults with relapsed or 

refractory B-cell ALL [80].

5.1 Preclinical Characterization of Inotuzumab Ozogamicin

In 2007, Dijoseph et al. employed an ALL xenograft tumor study to investigate the anti-

tumor activity of inotuzumab ozogamicin in mice. Administration of inotuzumab 

ozogamicin resulted in the dose-dependent inhibition of tumor growth of the xenografted 

leukemia cells, producing complete tumor regression at the greatest administered dose (160 

μg/kg). At the conclusion of the study, significantly fewer ALL cells were isolated from the 

bone marrow of mice treated with inotuzumab ozogamicin compared with the placebo 

group. These results provided a solid foundation for the treatment of CD22+ leukemias with 

inotuzumab ozogamicin [81].

5.2 Clinical Studies with Inotuzumab Ozogamicin

In 2006, Fayad et al. reported a dose-escalation study performed across 14 European and US 

sites to determine the MTD of inotuzumab ozogamicin in patients with CD22+ B-cell NHL. 

In this study, the MTD of inotuzuomab ozogamicin was observed to be 1.8 mg/m2 

administered once every 4 weeks. This dosing scheme was carried forward in a further 

clinical study examining the safety of inotuzumab ozogamicin in this patient population, 

which concluded that the toxicity was clinically manageable with the most prominent side 

effect being thrombocytopenia [82].

This study was advanced further by this group in 2008 by exploring the combination of 

inotuzumab ozogamicin with rituximab. In this study, a fixed dose of rituximab (375 mg/m2) 

was administered on day 1 followed by inotuzumab ozogamicin (0.8–1.8 mg/m2) on day 2 

of each 28-day cycle for a maximum of eight cycles. Anti-tumor responses were seen in all 

patients in the study and the safety profile of this combination closely resembled that of 

inotuzumab ozogamicin monotherapy [83].
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Another early study characterizing the safety, pharmacokinetics, and preliminary clinical 

activity of inotuzumab ozogamicin was performed in 2010 by Advani et al. In this clinical 

study on patients with relapsed or refractory CD22+ B-cell NHL, the authors sought to 

determine the MTD, safety, and efficacy of inotuzumab ozogamicin. Patients were 

administered inotuzumab ozogamicin intravenously as a single agent at a dose ranging from 

0.4 to 2.4 mg/m2 once every 3 or 4 weeks. The MTD was determined to be 1.8 mg/m2. 

Frequently reported adverse events at this dose included thrombocytopenia (90%), asthenia 

(67%), nausea (51%), and neutropenia (51%). The objective response rate among patients at 

the cessation of treatment was 39% for all 79 enrolled patients, 68% for patients with 

follicular NHL treated with the MTD, and 15% for all patients with diffuse large B-cell 

lymphoma (DLBCL) treated with the MTD. In the enrolled patients, the median 

progression-free survival was 317 days for patients with follicular NHL and 49 days for 

patients with DLBCL. Inotuzumab ozogamicin exhibited potent antitumor activity against 

CD22+ B-cell lymphoma with reversible thrombocytopenia as the most frequently observed 

toxicity [84].

In 2013, Kantarjian et al. reported a clinical study in which patients with refractory/relapsed 

ALL received either single-dose inotuzumab ozogamicin intravenously at increasing doses 

from 1.3 to 1.8 mg/m2 every 3–4 weeks, or a lower 0.8-mg/m2 dose on day 1, followed by 

0.5 mg/m2 on days 8 and 15, repeating every 3–4 weeks [85]. Response rates between these 

two treatment groups were similar (57 and 59%, respectively), while the median survival for 

the first group was reported to be 5 months, vs. 7.1 months in the latter group. Side effects, 

including reversible bilirubin elevation, fever, and hypotension, were observed less 

frequently in the weekly treated group as well. The authors concluded that inotuzumab 

ozogamicin single-agent treatment was highly active and safe in patients with refractory-

relapsed ALL and that frequent administration at lower doses appeared to be equally 

effective and less toxic than elevated single-dose therapy [85].

In a clinical study in 2010, Ogura et al. examined the safety, efficacy, tolerability, and 

pharmacokinetics of inotuzumab ozogamicin in Japanese patients with relapsed or refractory 

CD22+ B-cell-derived NHL. All 13 patients included in this trial had follicular lymphoma, 

were previously treated with rituximab alone or a rituximab-containing chemotherapy-

regimen (e.g., R-CHOP), and were enrolled into two dose cohorts (1.3 mg/m2, three 

patients; 1.8 mg/m2, ten patients). None of the 13 patients had dose-limiting toxicities, and 

the previously reported MTD of 1.8 mg/m2 in Japanese patients was confirmed. Adverse 

events reported in this trial included thrombocytopenia (100%), leukopenia (92%), 

lymphopenia (85%), neutropenia (85%), elevated aspartate aminotransferase (85%), 

anorexia (85%), and nausea (77%). There were several reported cases of grade 3/4 adverse 

events in these patients as well, including thrombocytopenia (54%), lymphopenia (31%), 

neutropenia (31%), and leukopenia (15%). The AUC and maximum observed concentration 

estimates of inotuzumab ozogamicin increased linearly in a dose-dependent manner. 

Moreover, the PK parameters estimates in Japanese patients were comparable to those in 

non-Japanese patients. Within this particular study, seven patients achieved complete 

response (54%), four patients had partial response (31%), and two patients had stable 

disease (15%), yielding an overall response rate of 85%. This ADC was well tolerated in 

these patients at doses up to the MTD of 1.8 mg/m2 and showed efficacy in relapsed or 
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refractory follicular lymphomas following treatment with a rituximab-containing regimen 

[86].

In 2012, this group investigated the combination of inotuzumab ozogamicin and rituximab in 

patients with relapsed or refractory B-cell NHL. This clinical study examined the 

tolerability, efficacy, safety, and pharmacokinetics of intravenously administered inotuzumab 

ozogamicin alongside rituximab in Japanese patients. Ten patients received a 375-mg/m2 

dose of rituximab followed by inotuzumab ozogamicin administered at the previously 

determined MTD of 1.8 mg/m2. These doses were repeated every 28 days for up to eight 

cycles or until disease progression or intolerable toxicity. The safety profile of this 

combination was similar to that of singly administered inotuzumab ozogamicin; the most 

common grade 3 or greater adverse events were thrombocytopenia (70%), neutropenia 

(50%), leukopenia (30%), and lymphopenia (30%). The reported overall response rate with 

this combination was 80% (eight of ten patients). Exposure to the conjugated drug increased 

with successive doses, similar to the observed PK profiles observed in preliminary studies 

with inotuzumab ozogamicin monotherapy [86, 87].

In 2013, Fayad et al. performed a clinical trial of inotuzumab ozogamicin plus rituximab (R-

INO) for the treatment of CD20/CD22+ B-cell NHL. The first phase of this study was a 

dose-escalation phase to determine the MTD of the combination with inotuzumab 

ozogamicin doses ranging from 0.8 to 1.8 mg/m2 combined with a fixed 375-mg/m2 dose of 

rituximab. In phase II, an expanded cohort of patients was treated to further examine the 

safety and efficacy of R-INO at the previously determined MTD. Patients with relapsed 

follicular lymphoma, relapsed DLBCL, or refractory aggressive NHL received R-INO at the 

MTD every 4 weeks for up to eight cycles. Between the two phases of this study, 118 

patients received at least one cycle of R-INO (median, four cycles). Similarly, the most 

commonly reported grade 3/4 adverse events were thrombocytopenia (31%) and neutropenia 

(22%). Other common toxicities resulting from this combination included 

hyperbilirubinemia (25%) and increased aspartate aminotransferase (36%). As reported 

previously by Ogura et al. in Japanese patients, the MTD of inotuzumab ozogamicin with 

co-administered rituximab at 375 mg/m2 was consistent with the MTD of single-agent 

inotuzumab ozogamicin at 1.8 mg/m2 [86, 87]. Treatment at this dose achieved overall 

response rates of 87, 74, and 20% for follicular lymphoma, DLBCL, and NHL, respectively. 

The 2-year progression-free survival rates in these patient groups were 68% for follicular 

lymphoma and 42% for DLBCL, indicating that R-INO had strong response rates and long-

term progression-free survival in these patients with a manageable toxicity profile [88].

5.3 Pharmacokinetic/Pharmacodynamic Modeling of Inotuzumab Ozogamicin

In 2016, Betts et al. performed a retrospective analysis of inotuzumab ozogamicin to develop 

a model correlating preclinical with clinical PK/PD data. The authors integrated preclinical 

data into a mechanistic PK/PD model, which included a plasma PK model describing the 

disposition and Cl of inotuzumab ozogamicin and its released drug (N-acetyl-γ-

calicheamicin), a tumor disposition model describing diffusion of the ADC into the 

extracellular environment of target tumors, a cellular model describing binding of the ADC 

to CD22 and its subsequent internalization, release of the drug, and drug binding to DNA 

Hedrich et al. Page 15

Clin Pharmacokinet. Author manuscript; available in PMC 2018 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and/or efflux from the cell, and tumor growth and inhibition in mouse xenograft models. The 

authors were able to correlate preclinical data with applicable clinical situations by 

incorporating human PK data for inotuzumab ozogamicin and clinically relevant tumor 

volumes, growth rates, and values for CD22 expression in patient populations. The authors 

were able to predict progression-free survival rates for treatment with inotuzumab 

ozogamicin in patients with B-cell malignancies, which were comparable to those observed 

in the clinic. Moreover, they demonstrate that a fractionated dosing regimen was more 

effective in patients being treated for ALL but not in those receiving treatment for NHL. 

Furthermore, simulations using this model indicated that the growth of tumors is a highly 

sensitive parameter and correlates well with predictive outcomes of treatment [89].

5.4 Lessons Learned from Inotuzumab Ozogamicin

The story of inotuzumab ozogamicin stresses the need to pay particular attention to the dose 

and dose frequency of ADCs. In the clinic, patients who received lower doses more 

frequently achieved comparable tumor regression while reporting fewer untoward effects of 

their treatment. Through modeling, one group has been able to correlate preclinical efficacy 

data with clinical PK/PD data to effectively predict progression-free survival, and to 

demonstrate that a fractionated dosing regimen is advantageous.

6 Conclusions

The development and approval of ADCs have changed the landscape of targeted therapy, in 

particular, cancer therapy. Indeed, there is a staggering number of ADC development 

programs supported by industry, academia, and regulatory agencies and certainly new ADCs 

are expected to be introduced as new therapeutic modalities in the next few years. 

Pharmacokinetic/pharmacodynamic models are indispensable for successful and efficient 

development programs of ADCs. However, PK/PD modeling of these conjugates represents 

a unique challenge because of the myriad of dynamic and complex processes that follow 

their administration. These processes include disposition and Cl of the ADC and the 

deconjugated moieties, site-specific binding, and small-molecule translocation inside cancer 

cells. All these processes must be taken into account for the better development of 

mechanistic PK/PD models.

In this article, we discussed several cases where advanced unique mechanistic models of 

ADCs and their constituents were reported. Many of these models employed state-of-the art 

quantitative pharmacological approaches and were able to combine the disposition of the 

ADC, antibody, and drug while factoring in biological parameters such as tumor volume as 

well as drug tumor and plasma concentration data for predicting exposure and efficacy. 

Improved models combined with improved therapeutic and post-marketing surveillance can 

prevent ineffective or toxic agents from entering or remaining in the market as was seen with 

gemtuzumab ozogamicin. These approaches improved our understanding of ADCs and their 

utilization in targeted therapy, and undoubtedly they will aid in the discovery and 

development of Paul Ehrlich’s famed “magic bullet” chemotherapy.
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Key Points

Pharmacokinetic/pharmacodynamic models are essential for the successful and efficient 

development of antibody–drug conjugates.

Unique mechanistic models of antibody–drug conjugates and their constituents have been 

developed and used to predict drug release, exposure, and efficacy following 

administration.

Improved pharmacokinetic/pharmacodynamic models combined with therapeutic and 

post-marketing surveillance can prevent toxic or ineffective antibody–drug conjugates 

from entering or remaining on the market.
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Fig. 1. 
Timeline of the US Food and Drug Administration approval of monoclonal antibody 

therapeutics and antibody–drug conjugates. Antibody–drug conjugates discussed in this 

review are highlighted with a yellow star. The color of each block denotes the type of 

antibody: blue, murine; red, chimeric; orange, humanized; green, human. *This timeline 

only includes therapeutics approved at the time of writing this review (2017). The number of 

approvals between 2015 and 2017 is in line with the increasing trend in approved biologic 

therapeutics
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Fig. 2. 
Antibody–drug conjugate (ADC) assembly and interaction with target cells. a Assembly of 

an ADC. b Typical mechanism of action of an ADC. The administered ADC binds to 

antigens expressed on the surface of target tumor cells. Following binding, the ADC is 

internalized. Some of the ADC is recycled back to circulation by the neonatal Fc receptor 

(FcRn). The remainder of the ADC is trafficked from the late endosome to the lysosome 

where the antibody is degraded and the linked drug is released. The free drug enters the 

nucleus of the cell and damages DNA leading to cell death
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