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Introduction

Antibody–drug conjugates (ADCs) consist of a monoclonal 
antibody (mAb) and a cytotoxic drug (small molecule drug) asso-
ciated through a linker. The target antigen should be expressed 
at high density on malignant cells and have limited expression 
on cells of normal tissues. The cytotoxic drug (most frequently 
auristatins, maytansinoids, and calicheamicins) must be highly 
potent to kill tumor cells at the intracellular concentrations that 
can be achieved with mAb-mediated delivery. They are designed 
to induce tumor cell death by causing irreversible DNA dam-
age or interfering with the mechanism of cell division. ADCs are 
designed with linkers that release biologically-active drug follow-
ing antigen-specific internalization and trafficking to lysosomes. 
The “cleavable” linkers rely on intracellular processes to release 
the cytotoxic drug, such as reduction of disulfide bonds medi-
ated by glutathione (GSH) in the cytoplasm, exposure to acidic 

conditions (pH ~4) in the lysosome, or cleavage by specific prote-
ases. Conversely, “non-cleavable” or “stable” linkers require cata-
bolic degradation of the antibody to release the cytotoxic drug. 
Following administration in patients, ADCs consist of a sum of 
antibody species carrying different numbers of cytotoxic mol-
ecules, varying from zero (unconjugated) to ~7–8, for which the 
average value is the drug-to-antibody ratio (DAR). In principle, 
the distribution and elimination of the different entities varies, 
translating to decreasing average DAR during the course of the 
dosing interval.

Phase 1 studies of ADCs generally enroll patients with 
advanced cancer, whose disease is usually refractory to available 
treatment, in order to evaluate the safety and toxicity of new ther-
apeutic agents; document the pharmacokinetic (PK) properties 
of those agents; determine the maximum tolerated dose (MTD), 
which is defined as the highest dose with a relatively low risk of 
dose-limiting toxicity (DLT); and to determine an appropriate 
dose level/regimen for phase 2 trials.

ADC PK information, which is generally retrieved from 
patients’ studies to document the time-course of the drug in the 
circulation, is a required element of the registration files submit-
ted to regulatory authorities. Furthermore, the determination of 
dose-exposure effect relationships is now recognized to be a cru-
cial part of the drug development process. Exposure-response is 
of particular importance because of the relatively narrow thera-
peutic index of ADCs, and, consequently, the need for dose and 
regimen optimization.

ADCs are administered as intravenous infusion, and, follow-
ing in vivo processing, multiple analytes are detected in systemic 
circulation. The analytes commonly assessed for ADC bioanaly-
sis are the conjugated antibody (antibody with DAR of at least 1), 
the total antibody (conjugated, partially deconjugated and fully 
deconjugated), the antibody-conjugated drug (the total small 
molecule drug conjugated to antibody), the unconjugated drug 
(small molecule drug not conjugated to antibody), and possibly 
metabolites of the small molecule drug including or not part of 
the linker, according to Gorovits et al.1

There are currently around 30 ADC in clinical development2 
for the treatment of blood cancers and solid tumors and two 
ADC, brentuximab vedotin (Adcetris®) and ado-trastuzumab 
emtansine (Kadcyla®), are currently approved by the US Food 
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although there are currently more than 30 antibody-drug 
conjugates (aDC) in clinical development for the treatment 
of blood cancers and solid tumors, comparison of their clini-
cal pharmacokinetics (PK) is challenging because of the large 
number of, and differences between, the targets, aDC con-
structs, dosing regimens, and patient populations. in this 
review, we standardized the evaluation, using non-compart-
mental PK data reported at Cycle 1, i.e., following the first drug 
administration of what is usually a repeated-dose treatment, 
in monotherapy. we report aDC clinical PK properties, dosing 
regimen, determination of doses ranges and associated maxi-
mum tolerated doses. we also evaluated the effect of struc-
tural characteristics and target types (hematological vs. solid 
tumors) on PK. in addition, we discuss how integration of PK/
pharmacodynamics approaches on top of classical dose esca-
lation in first-in-human studies may improve dosing regimen 
determination for subsequent phases of clinical development.
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and Drug Administration (FDA). However, given the large num-
ber of, and differences between, targets, ADC constructs, dosing 
regimens and patient populations, the comparison of ADC PK 
is challenging. We evaluated ADC PK in first-in-human (Phase 
1) studies because study designs at this stage of development are 
relatively comparable and ADCs are frequently administered as 
monotherapy. This bibliography review covered the ADCs cur-
rently in development with reported information on PK param-
eters at multiple doses or information on dose range and dosing 
regimen. More specifically, a particular focus was provided on: 
(1) the starting doses, dose escalations and determination of the 
MTD; (2) the determination of the dosing regimen; and (3) the 
comparative PK of ADC according to structural characteris-
tics (isotypes, linkers) and target types (hematological vs. solid 
tumors).

Results

Structural properties of ADC reviewed
The structural features, target, indication and dosing regimen 

information for 21 ADC evaluated in clinical studies are pre-
sented in Table 1. Isotype data was found for 19 of the ADCs; 3 
were IgG4, 2 were IgG2, and the remainder were IgG1.The indi-
cations for the three ADC based on IgG4 backbone were hemato-
logical cancers. Most of the ADCs (18/21, 85%) had “cleavable” 
linkers. All ADCs had a similar average drug-to-antibody ratio 
(DAR), in the 3.5–4 range, except for CMC-544, which had a 
DAR of 6. The cytotoxic drugs were maytansinoids (DM1 and 
DM4), auristatins (MMAE and MMAF) or calicheamicin.

PK protocols of first-in-human studies with ADC
All ADCs were administered by intravenous infusion. The 

reported PK data had been analyzed by non-compartmental 
analysis (NCA) and most of the PK parameters were determined 
at Cycle 1, i.e., following the first ADC administration, over a 
limited time course of usually 21 d. The parameters most fre-
quently reported for ADC were the AUC, area under the con-
centration-time curve as a measure of drug exposure, observed 
concentrations including the maximum concentration (Cmax, 
or end-of-infusion), or trough (Ctrough) concentrations at end 
of dosing interval, CL (clearance), Vss (an estimate of volume 
of distribution at steady-state) and t½ (elimination half-life). To 
provide a comparative view of PK properties of ADC adminis-
tered at different doses and dosing regimen, only the parameters 
determined at MTD or nearest dose level were selected and are 
presented in Table 2.

Regarding unconjugated drug, Cmax and AUC were reported 
for a limited number of therapeutic agents. Other PK param-
eters were generally not calculated since only a limited number of 
samples were associated with quantifiable levels during the first 
21-d cycle.

Extensive sampling was the rule. Nevertheless, the actual 
number and distribution of samples and the total number of 
patients available for the PK analysis was only reported in peer-
reviewed articles. The number of patient per dose group could be 
as low as one.
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Although immunogenicity is a safety endpoint defined as a 
primary or secondary criterion in protocols, the incidence of anti-
drug antibodies, time of onset and persistence were not reported. 
Incidence of immunogenicity for a limited number of ADC was 
reported to be low, between zero and five percent (Table 3), but 
the number of dosing cycles was not provided.

Dose ranges and maximum tolerated doses
The detailed range of doses administered in first-in-human 

studies and the associated maximum tolerated doses (MTD) 
were available for 15 ADC. Data were plotted on a log-dose scale 
to accommodate the graph with the very large range of doses 
(Fig. 1).

Typically, dose escalation methods were based on 3+3 or accel-
erated titration designs and the escalation algorithms followed a 
modified Fibonacci sequence, as shown in Figure 2.

Calicheamicin-containing ADC were evaluated in a much 
lower dose range (0.005 ~0.2 mg/kg), about 2 orders of mag-
nitude lower than auristatin- or maytansinoid-containing ADC. 

The latter have been evaluated in a similar dose range (0.3 ∼7 
mg/kg), but maytansinoid ADC, conjugated with either DM1 or 
DM4, showed a trend to higher MTD. AVE9633 and MLN2704 
were reported to have been well-tolerated and MTD was not 
reached at the end of the dose escalation (>∼7 mg/kg).

A median number of six dose-level escalations were necessary 
from the first dose level to reach MTD. However, evidence of 
potential therapeutic activity was rapidly observed for brentux-
imab vedotin and only three dose levels were investigated in phase 
I before registration trials were conducted. On the opposite, only 
one dose of MEDI-547 was evaluated because dose escalation was 
halted at the first dose level due to unexpected safety issues.

ADC pharmacokinetics
Summary PK parameters of ADC at MTD or nearest dose, 

determined by non-compartmental analysis at Cycle 1, are pro-
vided in Table 2. Calicheamicin ADCs exhibited much higher 
clearance than the other classes of ADC. The MTD of cali-
cheamicin ADCs were significantly lower than those of other 
classes of ADC and showed much lower exposure. MTD of 
maytansinoid ADCs were ~2-fold higher than those of auristatin 
ADCs, and these higher doses resulted in higher ADC exposures. 
Dose-exposure relationship (expressed as conjugated antibody) 
for ADCs administered in the same q3w regimen is presented in 
Figure 3. Overall, plasma AUC increased supra dose proportion-
ally at the highest doses.

The analysis of dose/clearance relationship could be per-
formed with 9 ADCs with complete PK information reported 
and revealed two distinct patterns (Fig. 4). On the one hand, 
a decrease in clearance with increasing doses was observed with 
AVE9633, BT062, MLN2704, and ado-trastuzumab emtansine. 
On the other hand, huC242-DM1, IMGN901, and PSMA-ADC 

Table 2. Comparative PK parameters of aDCs at MTD or nearest dose level, at Cycle 1

aDC 
Name

Dosing 
regimen

Dose 
(mg/kg)

MTD 
 (mg/kg)

Cytotoxin isotype Dar Cleavable
Cmax 
(µg/
mL)

aUC 
(µg.day/

mL)

CL  
(mL/day/

kg)

t½ 
(days)

vss  
(mL/
kg)

Mylotarg® q2w 0.220 0.220 calicheamicin igG4 2.5 c 2.86 5.13 90.8 3.02 300

CMC544 q4w 0.045 0.040 calicheamicin igG4 6 c 0.969 0.600 91.2 0.710 89.1

iMGN901 q1w 2.77 2.77 DM1 igG1 3.5 c 55.1 62.6 52.6 0.890 56.3

HuC242-DM1 q3w 5.81 5.81 DM1 igG1 3.5 c 241 285 24.3 2.02 42.7

Kadcyla® q3w 3.60 3.60 DM1 igG1 3.5 ncl 76.2 300 12.7 3.10 58.4

MLN2704 q3w 8.48
not 

reached
DM1 igG1 3.5 c 209 404 26.6 2.50 nc

ave9633 q3w 6.43
not 

reached
DM4 igG1 3.5 c 119 468 12.6 3.93 68.1

BT062 q3w 3.95 3.95 DM4 igG4 3.5 c 89.4 183 24.0 2.12 nc

Sar3419 q3w 3.95 3.95 DM4 igG1 3.5 c 95.4 720 6.49 6.90 53.6

adcetris® q3w 1.80 1.80 MMae igG1 4 c 32.0 79.4 25.1 4.43 117

CDX-011 q3w 1.88 1.88 MMae igG2 4 c 36.3 59.7 40.8 1.18 48.7

PSMa-aDC q3w 2.20 2.50 MMae igG1 4 c 41.6 67.8 32.9 1.65 62.5

MeDi-547 q3w 0.08 0.08 MMaF igG1 4 ncl 2.14 nc nc nc nc

q4w, every 4 weeks; q3w, every 3 weeks; q2w, every 2 weeks; c, cleavable; ncl, non-cleavable; Dar, drug-to-antibody ratio; Cmax, maximal observed con-
centration; aUC, area under curve; CL, clearance; t½, elimination half-life; vss, volume of distribution at steady state; nc, not calculated.

Table 3. incidence of patients with persistent anti-therapeutic antibody 
response, following aDC administration in Phase 1

Drug Incidence Effect on PK

Brentuximab vedotin 2/39 (5%) reduced exposure

ave9633 1/54 (2%) Not reported

huC242-DM1 0/37 (0%) None

Trastuzumab emtansine 1/22 (5%) None

MLN2704 0/23 (0%) None

PSMa aDC 0/53 (0%) None

Sar3419 1/39 (3%) None
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showed no dose-dependent change of clearance. Brentuximab 
vedotin was administered in a narrow range of three doses; there-
fore, the effect of dose on clearance could not be evidenced. 
Overall, the dose-dependence of clearance could not clearly be 
attributed to the site of targeted antigen, i.e., solid tumor or hema-
tological tumor. For ADC showing dose-dependence of clearance, 
the MTD were within the doses associated with linear clearance.

Elimination half-life at MTD varied in large range, from 0.7 
to 6.9 d. Vss (estimate of volume of distribution at steady-state) 
was limited and equivalent to the blood volume.

ADC containing IgG2 isotypes were not clearly associated 
with different PK parameters, as compared with IgG1. IgG4 
ADC contained calicheamicin and displayed higher clearance 
than IgG1-based ADC.

The body of literature on the time-course of unconjugated 
drug plasma concentration was very limited. The maximum con-
centration of unconjugated drug and related metabolites could 
be reached either just after intravenous infusion or a few days 
later. The unconjugated drug plasma exposure was proportional 
to the ADC exposure for brentuximab vedotin and PSMA-ADC 
(expressed as conjugated antibody). The unconjugated drug 
AUCs were ~200-fold less than that of their respective ADC, 
after adjustment for molecular weights (Fig. 5). However, uncon-
jugated drug AUC was independent of ADC exposure for ado-
trastuzumab emtansine, which has a “stable” SMCC linker, and 
for SAR3419, which has a “cleavable” linker.

Dosing regimen
In this review, the majority of the ADCs had clinical indica-

tion in solid tumors cancers (13/21, 62%) and the others were 

indicated in hematological cancers. Several dosing regimen for 
ADCs have been evaluated by their sponsors during the Phase 1 
studies reviewed in this analysis (Table 1).

The most frequently reported dosing approaches in these 
studies were the q3w administration (18/21) and a comparison 
of q1w vs. q3w dosing regimen (8/21). The other two regimens 
reported, q2w or q4w, have more rarely been evaluated.

Dosing of ADC was based equally on bodyweight (11/21) 
or body surface area (10/21); no ADC was administered using 
fixed dose. Maytansinoid ADC were administered using both 
approaches, whereas auristatin ADC were administered using the 
bodyweight approach only.

Discussion

Earlier in the history of ADC clinical development, attempts 
were made to determine the plasma concentrations of each com-
ponent of the investigational ADC, including the conjugated 
antibody, the total or free unconjugated drug, the total antibody, 
and the unconjugated antibody, because it was not obvious which 
analytes, or subset of analytes, may provide crucial information 
to understand safety and efficacy. Indeed, unlike small molecule 
drug or therapeutic proteins, it is possible that one species might 
account for efficacy, whereas another might account for toxicity.

As the field has evolved, and after decades of experience, it 
appeared that measuring all of these components may not be 
feasible or essential for characterization of the disposition of the 
ADC. In particular, no single assessment from the plasma is able 

Figure 1. aDC dose ranges and maximum tolerated doses in first-in-humans studies. Gray symbol: MTD; open symbol: MTD not reached.
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to capture all aspects of the complex in vivo disposition of these 
large molecules, such as the rate of drug loss from an ADC (i.e., 
linker stability), the specific and non-specific cellular processing, 
and ultimately the exposure-response (E-R) relationship.

Following the publication of a white paper1 from the American 
Association of Pharmaceutical Scientists and FDA, it is now gen-
erally considered that the most important and useful parameters 
can be derived from three key analytes in systemic circulation: 
intact conjugated antibody, total antibody, and unconjugated 
drug, as well as determination of anti-therapeutic antibodies 
(ATA). These multiple assays require the use of both small and 
large molecules bioanalytical techniques, but may also include 
additional technologies for the determination of DAR, to better 
define the composition of intact conjugated antibody during the 
dosing interval.

Comparative assessment of total antibody PK with conjugated 
antibody PK provides information on the rate of drug loss from 
the ADC. A greater separation of the conjugated antibody PK 
curve from the total antibody PK curve indicates a more rapid 
loss of drug from the ADC. Unconjugated antibody concentra-
tion is rarely measured because it is expected to have little or no 
biological activity. However, the unconjugated antibody clear-
ance should be lower than that of the ADC, and it could accu-
mulate following repeated administration of the ADC, especially 
for dosing regimen consisting of closer drug infusions.3,4 The 

concentration of unconjugated antibody may be approximated 
by mathematical modeling of the total antibody and conjugated 
antibody profiles5 or can be directly quantified from plasma 
samples.6 Unconjugated drug concentrations are used to infer the 
systemic exposure to the cytotoxic drug released from the ADC, 
or resulting of processing of the ADC by antigen-positive cells, 
followed by release of the cytotoxic drug. The cytotoxic-related 
products are also important to determine the potential drug-drug 
interaction potential associated with the cytotoxic moiety.

In this review, the comparison of ADC PK parameters in 
Phase 1 studies required some data transformation for harmo-
nization of both dosing units and parameters. However, given 
the very low number of patients per dose-level, which was as 
low as one, the large inter-individual variability of exposure at 
low doses for ADC exhibiting target-mediated drug disposition 
(TMDD), the effect of the bioanalytical assay format and their 
accuracy, as well as the limited number of plasma samples that 
can be collected in cancer patients, the accuracy of ADC PK 
parameters in these first-in-human Phase 1 studies is inherently 
moderate.

Immunogenicity data are highly dependent on the sensitivity 
and specificity of the test methods used. The observed incidence 
of a positive result in a test method may be influenced by several 
factors, including sample handling, timing of sample collection, 
drug interference, concomitant medication and the underlying 

Figure 2. aDC dose escalation profiles in first-in-human studies.
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disease. Although direct comparison of the incidence may be 
misleading, this survey showed that ADC immunogenicity in 
Phase 1 was reported as generally low and the incidence was less 
than 5%. However, the treatment duration and number of doses 
administered are too low in the context of first-in-human studies 
to draw definitive conclusions regarding ADC immunogenicity.

Peak ADC plasma concentrations typically occurred at the 
end of infusion and declined in a biphasic manner. Vss varied 
in a limited range and were compatible with values usually 
reported for mAbs.7 For ADC, mAbs, and other large therapeu-
tic proteins, the reported volume of distribution after intrave-
nous administration is close to the plasma volume, suggesting 
limited distribution into tissues. However, determination of Vss 
of antibody-based drugs using non-compartmental analysis is 
based on the assumption that the site of antibody elimination 
is in rapid equilibrium with plasma (i.e., it is assumed that all 
elimination is from the “central” compartment).8 This assump-
tion is likely partially incorrect for ADC that bind to and inter-
nalize within cells in tissue sites.

The influence of the IgG isotypes on ADC PK could not 
be evidenced. In our PK data set, IgG4 isotypes were associ-
ated with calicheamicin, and both gemtuzumab ozogamicin 
(Mylotarg®) and CMC-544 displayed higher clearance than 
other ADC. However, there are multiple confounding factors 
since the higher clearance could be associated with their much 
lower MTD susceptible to target-mediated clearance or with 
higher CD33 antigen turnover for gemtuzumab ozogamicin or 
with their higher DAR values. The Mylotarg® drug substance 
consists of a mixture of unconjugated and conjugated antibody, 
with significant amounts of unconjugated antibody.9 The actual 

DAR value for the conjugated antibody fraction of gemtuzumab 
ozogamicin is therefore higher than the reported mean DAR of 
2.5.

No general rule regarding the effect of “stable” vs. “cleavable” 
linkers on ADC exposure could be derived because PK param-
eters were available for only one ADC with stable linker (ado-
trastuzumab emtansine). However, similar molar AUC were 
observed with ado-trastuzumab emtansine (stable SMCC linker) 
and SAR3419 (cleavable SPDB linker) at similar dose ranges. In 
addition, for both drugs, the unconjugated drug AUC was not 
proportional to the AUC of ADC. On the other hand, brentux-
imab vedotin and PSMA-ADC using the same protease-cleavable 
linker showed similar profiles, as their unconjugated drug AUC 
were proportional to the AUC of ADC. This observation adds 
another level of complexity for the interpretation of ADC ana-
lytes PK as their relationships may or may not be correlated.

ADC clinical PK data are rather limited and, consequently, 
the relationships between all variables of interest (e.g., linker, 
payload) and PK may not be addressed directly with clinical data 
because there are no data available that compare clinical investi-
gations of the same mAb and payload with different linkers, or 
the same mAb and linker with different payloads. Nonclinical 
structure-activity data are generated to support lead optimization 
by companies developing ADCs, but limited results are publicly 
available.

Although the disposition of ADCs is conditioned by their 
antibody backbone, the elimination half-life of ADCs in this 
review were shorter than expected for Ig1 or IgG4 antibodies10 
and were generally around 2–3 d. However, the terminal half-
life for ADCs at Cycle 1 is likely an underestimate because of 

Figure 3. Dose-exposure relationship for aDC administered every 3 wk.
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both limited sampling duration (<5 half-lives) and number of 
collection samples over usually 21 d. MAbs are thought to be 
eliminated via target-mediated and non-specific uptake into 
cells, followed by proteolytic degradation. Non-specific degrada-
tion, which involves FcRn-mediated recycling, predominantly 
occurs in endothelial cells and mononuclear phagocytes; target-
mediated degradation, which involves both receptor-mediated 
internalization and intracellular lysosomal degradation, primar-
ily occurs in target-expressing cells. In addition to these catabolic 
processes, ADC elimination may also occur by deconjugation 
which includes release of cytotoxic drug-containing products 
from the ADC via enzymatic or chemical processes. This dual 
elimination pathway may explain the higher clearance, deter-
mined in population PK studies, for ado-trastuzumab emtan-
sine vs. trastuzumab, which are 0.68 L/day11 and 0.23 L/day,12 
respectively, although both drugs are based on the same IgG1 
backbone.

Dose-dependent decrease of clearance was observed for 
AVE9633, BT062, MLN2704, and ado-trastuzumab emtan-
sine, which suggested target-mediated disposition (TMD). Upon 
increasing dose levels, the curve reaches a plateau when the target-
mediated, saturable clearance becomes negligible compared with 
the normal, linear IgG clearance.13 These profiles were irrespec-
tive of the ADC target location, i.e., hematologic cancer or solid 
tumors. TMD was not observed for the other ADCs of our data 
set, but overall interpretation of these results is limited because all 

drugs were not administered in similar dose ranges. It is unclear 
whether this pattern might be observed at higher doses since dose 
escalations were limited by the safety profiles.

A dose-dependent PK profile may suggest high internaliza-
tion by the tumor, or the presence of an antigen sink in tissues. 
This is particularly important for ADCs which exhibit therapeu-
tic windows that are dependent upon the difference of the level 
and distribution of target between normal tissues and tumors. 
More detailed analysis should be performed in the context of the 
characteristics of the targets, such as receptor copy number, het-
erogeneity, and specificity of expression, internalization rate, and 
intracellular trafficking; however these data from patients are not 
published. The prediction of these effects in the clinic from in 
vitro studies may be biased by other factors such as cytokinet-
ics, cytogenetics, multidrug resistance, and other prognostic fac-
tors. The influence of target expression and turnover on ADC 
PK may also be evaluated by comparing PK parameters between 
first cycle of administration and several cycles of therapy. In four 
studies, repeated dosing of ado-trastuzumab emtansine at 3.6 
mg/kg q3w did not result in any noticeable accumulation.11 On 
the other hand, increased concentrations of gemtuzumab ozo-
gamicin were observed after the second dose and are believed to 
be due to a decrease in clearance by CD33-positive blast cells, a 
result of the reduced tumor burden following the first dose.14

Until recently, no clear E-R relationships for safety and effi-
cacy were available. No relationships were observed between the 

Figure 4. effect of dose on aDC clearance, by target antigen type (HT, hematological tumor; ST, solid tumors. (Boxes indicate maximum tolerated dose 
in mg/kg).



www.landesbioscience.com mabs 867

PK parameters of gemtuzumab ozogamicin and the maximum 
remission achieved by patients.14 The E-R for brentuximab vedo-
tin was more complex, since the probability of objective response 
rate increased with increasing average ADC Ctrough,ss, whereas 
it showed a decreasing trend with increasing MMAE Ctrough,ss. 
There was no clear E-R between thrombocytopenia and either 
ADC or MMAE concentration.15 In a pooled analysis of four 
ado-trastuzumab emtansine studies (one Phase 1 and three Phase 
2 studies), where PK parameters were calculated using standard 
non-compartmental approaches, ADC exposure did not correlate 
with clinical responses or key adverse events.16 However, a recent 
Kaplan-Meier analysis of the pivotal ado-trastuzumab emtansine 
registration studies suggests a significant difference in survival 
for patient groups, divided according to quartiles of Cmin,C1D21. 
This PK endpoint is a population PK-predicted ADC trough con-
centration on Day 21 in Cycle 1.11 Overall, the E-R analysis for 
efficacy suggested that, in the range investigated, higher ADC 
exposures correlated with greater overall survival or progression-
free survival improvement. Since the tumor burden is expected to 
affect the PK, this may be interpreted in two ways: either higher 
exposure may be more effective or higher exposure at the same 
dose level may be related to a lower tumor burden that has a bet-
ter prognosis.

Early optimization of dosing regimen is one of most impor-
tant objectives in drug development. Phase 1 clinical trials are 
an essential step in the development of anticancer drugs, as their 
main goal is to establish the recommended dose or schedule for 
Phase 2 trials. To safely assess new drugs, cancer patients in ini-
tial cohorts of Phase 1 oncology studies receive low drug doses 
that are successively increased until the maximum tolerated 
dose (MTD) is determined. A recent survey17 on dose-levels and 
signs of efficacy in oncology Phase 1 trials showed that a median 

number of 5 dose-levels were tested to determine MTD with 
molecular-targeted agents (n = 74) and conventional cytotoxic 
agents (n = 201), whereas 4 dose-levels were tested to determine 
MTD with combination of both (n = 42). Our analysis on this 
limited ADC data set revealed that MTD was reached after a 
median number of six dose levels. Possible explanation for this 
higher number of dose-levels could be the choice of low starting 
doses, derived from current guidelines, or the use of conserva-
tive dose-escalation rules.18 Toxicity of ADCs may be related to 
on-target or off-target binding. The present analysis shows little 
differences in MTD for ADCs with the same cytotoxic, although 
they are specific to different antigens types. This suggests that 
the MTD would be more dependent on the drug than on the 
target on the ADC.

ADC dose selection generally results from conservative 
approaches based on toxicological data in the non-human pri-
mate, regardless of whether or not the ADC binds to the animal 
target, and may use the same criteria as for traditional small mol-
ecule cytotoxics, e.g., selecting 1/6th HNSTD based on body 
surface area, 1/10th NOAEL based on bodyweight. Moreover, 
the classical dose escalation rules using “3+3” design and 
Fibonacci sequence are frequently applied. On the other hand, 
clinical experience with MEDI-547 showed unexpected safety 
issues from the lowest dose administered in patients, which were 
not predicted by nonclinical toxicology studies.19

It is expected that the recent PK/pharmacodynamics (PD) 
modeling framework of translation of ADC efficacy from pre-
clinical species to the clinic should provide a more rational 
basis for selecting the first-in-human dosing regimen.20 These 
approaches may be useful to define a starting dose that has the 
potential for antitumor activity, but provides an acceptable toxic-
ity profile based on the risk/benefit for the patient.

Figure 5. Unconjugated drug plasma exposure vs. aDC plasma exposure.
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The most frequent dosing regimen selected at the end of the 
Phase 1 studies reviewed herein was the q3w administration. 
Given the relatively short elimination half-life of ADC, this deci-
sion is usually not based on PK principles alone, but is a combi-
nation of safety and efficacy endpoints as well as ease of ADC 
combination with standards of care in many cases.

The dose escalation methods have the advantage of rapidly 
providing some data on PK interpatient variability and exposure/
response information. For example, early PK information during 
SAR3419 Phase 1 program allowed testing an optimized sched-
ule based on the occurrence of late/cumulative adverse events at 
the recommended dose, supported by data showing ADC plasma 
accumulation after 4 weekly doses. Reversible corneal deposits 
were dose limiting in the q3w schedule, whereas the q1w schedule 
was well tolerated and active. The optimized schedule consisted 
of 4 weekly doses followed by 4 bi-weekly doses at the recom-
mended dose. It showed an improved safety profile compared 
with schedules previously tested, and the clinical efficacy was 
preserved. The optimized schedule is being assessed in two Phase 
2 studies.21

Another example of dosing schedule optimization supported 
by PK/PD is provided by gemtuzumab ozogamicin. In 2000, 
gemtuzumab ozogamicin was granted accelerated approval by 
the US FDA based on promising Phase 2 data in relapsed older 
adults with acute myeloid leukemia (AML). The recommended 
treatment course was a total of two 9 mg/m2 doses with 14 d 
between the doses. The drug was voluntarily withdrawn in 2010 
when efficacy could not be demonstrated and toxicity appeared 
excessive. To minimize toxicity, a new dosing regimen based on 
the repetition of lower dose of 3 mg/m2 on days 1, 4, and 7 was 
evaluated. The new protocol was reported to allow the safe deliv-
ery of higher cumulative doses and significantly improved out-
comes in patients with AML.22 The rationale for lower doses was 
based on the responses to doses of 1–4 mg/m2 in the initial Phase 
1 study and a saturation of more than 80% of the CD33 sites 
after dosing with 4 mg/m2 or 6 mg/m2. In addition, recent data23 
indicated high receptor occupancy (median ∼80%) at doses as 
low as 2 mg/m2. The rationale for administration of fractionated 
doses was based on the rapid re-expression of CD33 molecules 
on the cell surface after a first exposure. Indeed, a previous Phase 
1 study had shown an increase in ADC AUC from first to sec-
ond dose (q2w). Peripheral blast counts decreased after the first 
dose, and so did the clearance of gemtuzumab ozogamicin due 
to reduced internalization by blasts.14 Since then, four random-
ized studies with low and fractionated doses have been completed 
that overall support its efficacy in newly diagnosed AML, with 
acceptable toxicity.4

The dosing approaches for ADC in this review were either 
defined upon body weight or body surface area (BSA). The deter-
mination of the first-in-human dose should typically be done on 
a body weight basis because high molecular weight ADC often 
scale across species better with the circulating volume than body 
surface area.24 As binding of the ADC to a cell-surface target 
and internalization may be a major clearance pathway, the dis-
position of the ADC may be target antigen-dependent so that 
animal species lacking the target antigen could have a different 

toxicological profile than humans. Extrapolation of the toxicity 
data to humans should be done cautiously in such situations and 
the traditional methods for establishing the first-in-human dose 
for cytotoxic agents can be appropriate for ADCs.18 The choice 
of a BSA-based approach may be based on the observation that 
the anti-tumor effect is related to the cytotoxic drug dose, lead-
ing to customary use of BSA in dose calculations. Interestingly, 
ADCs containing the DM1 cytotoxic were dosed either on a mg/
kg basis for ado-trastuzumab emtansine or a mg/m2 basis for 
MLN2704, IMGN901, and huC242-DM1. Indeed, comparable 
cross-reactivity of T-DM1 was observed for human and monkey 
tissues, whereas the targets were not expressed in monkeys for 
the above mentioned ADC. The ado-trastuzumab emtansine 
body weight-based dose of 3.6 mg/kg every 3 wk was considered 
acceptable upon review of the submission dossier since baseline 
body weight was identified as the significant covariate affecting 
the ADC’s steady-state AUC and Cmax. In addition, consider-
ing that the ado-trastuzumab emtansine MTD was established 
based on body weight-based dosing and that it had been used in 
clinical trials, the body weight-based dosing of ado-trastuzumab 
emtansine appeared acceptable to FDA.11

Conclusion

This review, although limited by the relatively small num-
ber of published reports on complete ADC clinical PK, provides 
new insights regarding comparative ADC PK during early clini-
cal development. Although early Phase 1 identification of E-R 
relationships of potentially multiple clinically relevant analytes 
remains a challenge, early ascending dose and repeat-dose PK 
studies with ADCs rapidly provide critical data on interpatient 
PK variability, drug accumulation, target-mediated drug dis-
position, and correlation to translational efficacy index, such as 
tumor static concentrations, which overall aid in the design of 
subsequent optimal dosing regimen.

The ability to project a starting dose for the first-in-human 
clinical studies may be difficult since the disposition of the ADC 
may be target antigen-dependent, so that animal species having 
a different pattern of target antigen expression could have a dif-
ferent toxicological profile than humans. It is expected that new 
modeling framework of translation of ADC efficacy from pre-
clinical species to the clinic will provide a more rational basis for 
selecting the first-in-human dosing regimen.

Bioanalytical assessments of multiple component of ADCs 
are needed to describe the complex in vivo disposition of these 
large molecules. However, the incorporation of the DAR dynam-
ics with these PK metrics would be useful to better characterize 
the time course of active entities. Since the DAR value changes 
dynamically, knowledge of time course of drug potency would 
help in dosing regimen optimization.

After many years of clinical experience, new dosing regimen 
strategies are emerging. Dose fractionation studies using more 
frequent administration of lower doses with calicheamicin-based 
ADC suggest improved efficacy and reduced toxicity. This 
approach incorporating efficacy and safety, but also PK/PD 
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and target turnover/expression, is challenging the conventional 
process of ADC dosing regimen selection, as the recommended 
Phase 2 dose are usually defined through a classical dose escala-
tion up to MTD.

Material and Methods

For the purpose of this review, databases were built, using data 
from either peer-reviewed journals, biologics license applications 
from FDA (Clinical Pharmacology section) or conferences post-
ers, as of October 2013 (see refs. 3,11,14,15,16,19,21 and 25–34). 
First, a PK parameters database was built for ADCs with non-
compartmental PK analysis reported at Cycle 1, i.e., following 
the first drug administration of usually a repeated-dose treat-
ment. A second database was built to compile information on 
ADC structural features, as well as range of Phase 1 doses, dosing 
regimen and maximum tolerated doses.

Since doses and PK parameters units were not reported in a 
consistent way, data were standardized to a body weight of 70 
kg and body surface area of 1.73m2 and numbers were rounded 
to 3 significant figures. ADC molecular weights were assumed to 
be comparable, ~150 kDa, allowing for direct dose comparisons. 
ADC concentrations were reported in µg/mL units, whereas the 
cytotoxics concentrations were reported in ng/mL units. Because 
of data transformation, the PK parameters presented in this analy-
sis may slightly differ from the original reported values. Graphical 
analysis was performed using TIBCO Spotfire® v4.0.2.
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