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The erythropoietin-producing hepatoma A2 receptor (EphA2) is a

tyrosine kinase overexpressed by tumor stroma and cancer cells. A

high expression level of EphA2 predicts poor prognosis, correlating

with disease progression and metastasis. Therefore, EphA2 is a
relevant therapeutic target for human cancer. Antibodies, selectively

bound to EphA2, can induce rapid receptor phosphorylation that

results in antibody internalization and degradation. This internalization

mechanism has been exploited with the development of antibody–drug
conjugates (ADCs) for cancer chemotherapy. In this study, we used

PET imaging to study the pharmacokinetics and tumor delivery of a

panel of anti-EphA2 monoclonal antibodies (mAbs) with and without
drug conjugates. Methods: A library of human anti-EphA2 mAbs were

screened and evaluated for EphA2 internalization rate, binding affinity,

epitope binding, and hydrophobicity. We chose 3 of these antibodies,

denoted as 1C1, 3B10, and 2H7, which recognize different epitopes,
for further evaluation. ADCs were generated by S239Cmutation to give

a ratio of 2 drug molecules per antibody. Native mAbs and ADCs were

characterized, after conjugation to a DFO chelator and 89Zr radiolabel-

ing, in assays including cell uptake, internalization, hydrophobicity, and
in vivo imaging using PET. Results: All 3 mAbs had high affinities for

EphA2 but exhibited different internalization rates following the order

of 1C1 . 3B10 . 2H7. Internalization rate is only 1 factor that affects
in vitro cell uptake and in vivo tumor accumulation. Interestingly, the

hydrophobicity of the mAbs, which followed the order of 2H7. 1C1.
3B10, had a strong correlation with in vivo tumor uptake measured by

PET, with the least hydrophobic antibody, 3B10, showing the highest
tumor uptake. ADC significantly reduced the in vivo uptake of all 3

mAbs. Conclusion: Tumor uptake of mAb is a complex process that

is affected by multiple parameters, including internalization, hydropho-

bicity, and chemical modification. Our results suggest that the addition
of drug molecules to mAb increases the clearance of the mAb pre-

sumably due to the increased hydrophobicity. Understanding the com-

plexity of antibody-based tumor delivery may help improve ADC

engineering for better tumor targeting and reduced side effects.
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The erythropoietin-producing hepatoma (Eph) receptor family
is the largest among all receptor protein tyrosine kinases and con-

sists of 2 major subclasses, EphrinA (EphA) and EphrinB (EphB),

which are defined on the basis of their sequence homology and

ligand specificities (1–3). Members of this family are believed to

be involved in different developmental processes based on their

expression patterns during embryogenesis (2). Eph receptor ligands,

ephrins, are membrane bound and play a role in cell–cell interac-

tion. EphA is anchored to the cell membrane and its binding to Eph

receptor does not affect the cell that expresses the ligand, whereas

EphB has a transmembrane domain and on binding to Eph receptor

it induces a bidirectional signaling to both interacting cells (2,4).
Numerous studies described the expression and regulation of Eph

receptors or their ligands in tumor stroma and cancer cells (4–9).

Eph receptor and ephrin expression levels are correlated with cancer

pathogenesis such as progression, metastatic spread, and patient

survival (4). In particular, Ephrin receptor A2 (EphA2) has low or

negligible expression in normal epithelial tissues; however, its upre-

gulation in cancer has been well established. Its expression was

found on the cell surface of many human tumors and was linked

to increased malignancy and a poor clinical prognosis (10–17). Con-

sequently, EphA2, in particular, has become an attractive therapeutic

target as well as a target for the delivery of drugs, toxins, or imaging

agents to cancer tissue. Targeted delivery can be achieved using

antibody-drug conjugates (ADCs) of chemotherapeutic drugs or tox-

ins to EphA2-specific antibodies that, due to receptor-mediated in-

ternalization of the antibody, allow delivery of highly cytotoxic drug

to the tumor cells (18–20).
Jackson et al. reported in 2008 on the first in vitro and in vivo

evaluation of specific and potent antitumor activity of ADCs tar-

geting the EphA2. They conjugated the cell-impermeable cytotoxic

drug monomethyl auristatin phenylalanine to the highly internalized

anti-EphA2 monoclonal antibody (mAb) 1C1 and showed that this

conjugate was cytotoxic to tumor cells expressing EphA2 (20). 1C1

was also labeled with 64Cu, after conjugation of the antibody with
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the chelating agent DOTA, and used for noninvasive PET of EphA2
levels in different tumor types (21). Recently, DS-8895a, an anti-
EphA2 antibody, was labeled with appropriate radionuclides for
PET and SPECT and applied to quantitative assessment of EphA2
expression and saturation in tumor models (22).
In this article, we investigated the usefulness of PET imaging as

a tool to measure in vivo delivery and pharmacokinetics of
antibodies and their conjugates. We studied several biologic and
chemical characteristics of ADCs that may affect the pharmaco-
kinetics. Understanding the antibody’s properties that affect tumor
delivery, specifically in the Eph system, may help clarify its role
and mechanisms in cancer development, progression, and metas-
tasis and may improve anti-Eph therapy.

MATERIALS AND METHODS

Cell Culture

The PC3 human prostate cancer cell line was purchased from the

American Type Culture Collection and grown as prescribed by the
vendor.

Human Monoclonal Anti-EphA2 Antibodies

Human mAbs were identified from Dyax recombinant antibody

phage library Fab310 (23). Briefly, the phage library was incubated
with 2% milk and control human IgG to remove Fc binding phage

before binding to the EphA2-coated immunotubes (20 mg/mL in

0.1 M sodium bicarbonate buffer [pH 9.6]). After a 2-h incubation,
the immunotubes were washed with phosphate-buffered saline (PBS)

plus 0.1% polysorbate (PBS-T). The bound phage was eluted with
1 mL of 100 mM triethylamine (Sigma), neutralized with 0.5 mL of

1 M Tris-HCl (pH 7.5), and used to infect log phase TG1 cells (Nova-
gen). The resulting colonies were collected and infected with helper

phage M13K07 (Invitrogen). The infected cells were cultured over-
night in 2YT medium with carbenicillin (Sigma) and kanamycin at

30�C to generate high titer phage.
EphA2 binding phage was identified in enzyme-linked immuno-

sorbent assay, and the sequence-unique clones were converted to full-
length human IgG1 as described previously (24). The antibodies were

transiently expressed in HEK293 cells using the transfection reagent
293fectin according to the manufacturer’s instructions. The secreted

antibody in culture supernatant was purified using a precast protein-A
column (GE Healthcare). The antibody was eluted from the column

with acidic buffer (pH 3.0), neutralized, and dialyzed against PBS.
The concentration of the purified antibody was calculated from the

solution’s optical density at 280 nm.

EphA2 Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay plates (Costar) were coated
with 10 mg/mL of EphA2-Fc. After being washed and blocked with 5%

milk for 1 h at room temperature, the phage was added to each well of

the blocked plates. The plates were washed and incubated with anti–
M13-HRP antibody (GE Healthcare) for 1 h before detection with Sure-

Blue TMB peroxidase substrate (KPL). The reaction was stopped with
50 mL of 0.2 M H2SO4, and the enzyme-linked immunosorbent assay

signal was read at 450 nm.

Binding Affinity Assays in PC3 Cells

Binding assays were performed using flow cytometry (fluorescence-
activated cell sorting [FACS]) in a 96-well U-bottomed plate (Thermo

Scientific). PC3 cells were trypsinized and resuspended in FACS buffer
(1 · PBS 1 2% fetal bovine serum) to a concentration of 0.5 · 106

cells/mL. A 100-mL aliquot of cell suspension was transferred into each
well, washed with 150 mL of FACS buffer, and centrifuged at 1,500 rpm

for 5 min. The resulting cell pellets were suspended in 1:4 serial

dilutions of antibodies in FACS buffer in 8 concentrations ranging from

20 mg/mL to 1.22 ng/mL. Cells were then incubated with the antibody
for 2 h on ice. After 2 h, cells were spun down at 1,200 rpm for 5 min and

washed twice with 250 mL of FACS buffer. After the second wash step,
the resulting cell pellets were suspended with 150 mL of 1:250 di-

lution of goat antihuman AlexaFluor 647 secondary antibody (Life
Technologies). Cells were incubated with the secondary antibody on

ice for 1 h and washed twice with FACS buffer. After the last centri-
fugation, the FACS buffer was removed from the plate, and 150 mL of

49,6-diamidino-2-phenylindole (3 mM, Life Technologies) were added
to the wells to determine cell viability. Stained cells were acquired

using a BD LSRII flow cytometry system (BD Biosciences), and data
from the LSRII were analyzed using the software FlowJo.

Binding Affinity Assay Using Surface Plasmon

Resonance (SPR)

A ProteOn XPR36 instrument (Bio-Rad) was used to determine the
kinetics of the antibodies to human EphA2. Standard amine coupling

was used to immobilize EphA2-Fc (6 mg/mL in 10 mM sodium ace-
tate buffer, pH 5.0) to the EDAC/Sulfo-NHS–activated surface of a

GLC biosensor chip (Bio-Rad) at a density of approximately 60 res-
onance units according to the manufacturer’s instructions. Antibodies

were prepared in PBS-T and injected at 100 mL/min for 60 s at serial
2-fold dilutions of antibodies at concentrations ranging from 5 to

500 nM to ensure the range for correct fitting. The dissociation phase

was followed for 900 s. Surfaces were regenerated by injecting 5 mM
HCl, for 30 s. All sensorgram data were processed using ProteOn

Manager 3.1 software (Bio-Rad) and fitted to a 1:1 interaction model.

Epitope Binding Characterization

Epitope binding was performed using a ProteOn XPR36 instrument

as follows: EphA2-Fc was immobilized onto a GLC sensor chip at
density level of 800 resonance units using amino coupling chemistry

(as described above). For a given antibody pair, the first antibody at a
concentration of 1 mM in PBS-T was injected at 30 mL/min for 150 s

to the EphA2-immobilized surface. A mixture of this same antibody
with the second antibody (1 mM in PBS-T) was then passed over the

same surface.

ADC

Tubulysin variant (AZ13599185) was conjugated to the antibody
via maleimidocaproyl linker through the maleimide-thiol reaction

(25,26). The antibodies, with an engineered cysteine at the position
239 of the constant domain (S239C), were reduced using tris-(2-

carboxyethyl)-phosphine (Fisher), oxidized by dihydroxyascorbic
acid (Sigma), and site-specifically conjugated with the maleimido-

caproyl-functionalized tubulysin AZ13599185. The resulting ADC
was purified using type II ceramic hydroxyapatite chromatography

to remove macromolecular aggregates and free drug. Conjugation
efficiency and the drug–antibody ratio were determined using

ultraviolet- and mass spectrometry–based methods following standard
procedures (25).

Cytotoxicity Assay

Cytotoxicity assays were performed using PC3 cells following

the protocol recommended in the Cell Titer-Glo kit (Promega). Briefly,
2 · 103 cells in 80 mL of RPMI plus 10% fetal bovine serum were

added to the inner wells of white walled 96-well plates (Costar). The
ADCs were diluted to a 5· stock (25 mg/mL) in RPMI plus 10% fetal

bovine serum. Antibodies were then serially diluted 1:3 in RPMI plus
10% fetal bovine serum, and 20 mL of this dilution were added to the

cells in duplicate, resulting in a 12-point dose curve of ADC ranging
from 5 mg/mL at the highest concentration to 8.5 · 1025 mg/mL at the

lowest dilution. Isotype ADC, cell only, and medium-only controls were
also included. Plates were incubated at 37�C, 5% CO2 for 96 h. At the
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end of the incubation period, 100 mL of the substrate solution (Prom-

ega) were added to each well. Luminescence was measured using an
Envision Multilabel reader (Perkin Elmer). Data were analyzed and

graphed using GraphPad Prism (GraphPad Software).

Hydrophobic Interaction Chromatography–

High-Performance Liquid Chromatography (HIC-HPLC)

HIC-HPLC was performed using a butyl-NPR column (4.6-mm

inner diameter · 3.5 cm, 2.5 mm; Tosoh Bioscience), and 25 mM Tris-
HCl, 1.5 M (NH4)2SO4, pH 7.0 (solvent A) and 25 mM Tris-HCl, 5%

isopropanol, pH 7.0 (solvent B). Antibody or ADC (50;100 mg;
100-mL volume) was loaded and eluted at a flow rate of 0.8 mL/min

with a gradient of 5% B to 100% B over 13 min.

Isoelectric Point (pI) Measurements

The buffers of all antibody samples were exchanged into water,

diluted, and mixed with analytic reagents so that the testing mixture
contained 0.25 mg/mL of protein, 0.35% methylcellulose solution,

0.04% Pharmalyte (pH 3–10), 0.5% pI marker 5.85, and 0.5% pI
marker 9.22. The protein charge heterogeneity analysis was performed

on an iCE3 IEF analyzer (ProteinSimple) using a capillary cartridge
with electrolytic tanks at each end. One tank was filled with acid

(anolyte), and the other tank was filled with base (catholyte). The
sample mixtures were loaded onto the iCE3 IEF analyzer and focused

at 1,500 V for 1 min, followed by 3,000 V for 5 min. Analysis was
done using Chrom Perfect iCE3 software and integrated for charge

isoforms composition using Empower 2.0 software.

Antibody-Chelator Conjugation to Desferrioxamine-p-SCN

and 89Zr Radiolabeling

Desferrioxamine-p-SCN (Df) (Macrocyclics) conjugation and 89Zr

radiolabeling of mAb were done similarly to the literature procedure
(27), using a 1:20 molar ratio (mAb:Df). Purification of the mAb was

done on a PD10 column (GE Healthcare) using PBS as eluent. The
concentration of the mAb solution was determined by Nano-drop (UV

at 280) (Fisher Scientific). 89Zr labeling was conducted using 200 mg
(1.5 nmol) of antibody in 200 mL of phosphate buffer (pH 7.5) and

37–56 MBq of 89Zr oxalate at 37�C for 30 min. Radiolabeled antibody

was isolated using a PD-10 cartridge eluted with saline. Radiochem-
ical purity was determined by radio–thin-layer chromatography (Bio-

scan) using iTLC plates (Fisher Scientific) and 0.1 M citric acid pH 5
as a solvent (Rf of 89Zr antibody, ;0.1; free 89Zr, ;0.9).

Cell Uptake and Internalization

PC3 cells were seeded in 24-well plates at a density of 105 cells/well
24 h before the assay. The medium was removed, and the cells were

rinsed once with PBS. Then, 0.0185 MBq/well of 89Zr-1C1, 89Zr-3B10,
and 89Zr-2H7 were added in 0.5 mL of serum-free medium. The cells

were incubated at 37�C for 15, 60, 120, and 240 min. For cell uptake
studies, at each indicated time point, the medium was removed, and

cells were rinsed twice with 1 mL of PBS and lysed by addition of
0.2 mL of 0.1 M NaOH. For internalization studies, after the removal of

the medium at the indicated time point, the cells were incubated for

1 min with 0.5 mL of acid buffer (50 mM Glycine, 100 mM NaCl, pH
2.8). Then the acid buffer was removed, and the cells were washed twice

with 1 mL of PBS, followed by addition of 0.1 M NaOH. Cell lysate
was collected, and the radioactivity was measured by a g-counter. The

cell uptake and internalization values were normalized to the amount of
added radioactivity. Each experiment was done in triplicate.

Evaluation of 89Zr-Labeled mAbs and ADCs In Vivo

In vivo studies were conducted under an animal protocol approved
by the National Institutes of Health Clinical Center Animal Care and

Use Committee. Athymic nude mice (Envigo) were housed in an
animal facility under pathogen-free conditions and inoculated with

5 · 106 PC3 cells on their right shoulders. The mice underwent small-

animal PET studies 21–25 d after inoculation (average tumor volume,
200–500 cm3). PET scans were obtained at 1, 4, 24, 48, and 72 h after

injection, and their analysis was performed as previously described
(27). Analysis of half-lives and area under the curve was done using

GraphPad Prism software.

Statistical Analysis

Results are presented as mean6 SD. Two-tailed paired and unpaired
Student t tests were used to determine differences within groups and

between groups, respectively. P values of less than 0.05 were considered
statistically significant.

RESULTS

Anti-EphA2 Antibody Binding and Internalization

Characterizations

A panel of human anti-EphA2 mAbs was screened for binding
and internalization properties in vitro. Antibodies 1C1, 3B10, and
2H7 that recognized different binding epitopes, defined by non-
competitive binding to the recombinant EphA2 protein in the SPR
experiment; had high-affinity binding to the recombinant as well
as to the tumor cell–expressed EphA2; and varied in PC3 cell
internalization rates were selected to further compare their tumor
uptake capability in vivo using PET.
3B10 and 2H7 showed high-binding activities comparable to human

EphA2–expressing PC3 cells by FACS measurement and to recombi-
nant EphA2 protein by SPR measurement, indicating that intrinsic
binding affinity (binding of 1 arm of the bivalent antibody to the
antigen) and binding avidity (more than 1 arm of antibody binding
to the antigen) play similar roles in the binding of these 2 antibodies
(Table 1). On the other hand, binding activity of 1C1 to PC3 cells
showed as much as 450-fold of higher than the SPR-measured disso-
ciation constant to the recombinant EphA2, suggesting avidity signif-
icantly affects 1C1 binding to cell surface–expressed EphA2 (Table 1).
Competition binding of the mAbs in the SPR experiment showed that
the mAbs can bind concurrently to EphA2, indicating that they recog-
nize different epitopes on the protein. Drug conjugation does not appear
to affect binding of 1C1 and 3B10 to the recombinant EphA2 (Table 1).
Furthermore, 1C1-ADC and 3B10-ADC showed cytotoxicity effects
comparable to PC3 cells, indicating well-preserved cell binding and
internalization after the drug conjugation (Supplemental Fig. 1; supple-
mental materials are available at http://jnm.snmjournals.org). Binding
properties of mAbs 1C1, 3B10, and 2H7, as well as 1C1-ADC and
3B10-ADC, are summarized in Table 1.

TABLE 1
Binding Activities of mAbs and ADCs Determined Using

Flow Cytometry and SPR

Clone

KD (PC3 cells)

nM

KD (SPR, huEphA2)

nM

pI

(measured)

1C1 0.1 45.9 9.13

3B10 0.1 0.6 9.40

2H7 1.0 3.2 8.55

1C1-ADC ND 54.7 9.14

3B10-ADC ND 1.1 9.44

KD 5 dissociation constant.
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Cellular Uptake and Internalization Assay

The cellular uptake and internalization of 89Zr-1C1, 89Zr-3B10,
and 89Zr-2H7 were evaluated in PC3 cells. Of the 3 antibodies,
89Zr-1C1 had the highest uptake at all time points and the highest
internalization fraction (5% cellular uptake and 32% internaliza-
tion fraction at 15 min to 22% cellular uptake and 81% internal-
ization fraction at 2 h, Fig. 1A). 89Zr-3B10 and 89Zr-2H7 had
significantly lower uptake and internalization fraction than 89Zr-
1C1 (Figs. 1A and 1B). 89Zr-3B10 had the lowest cellular uptake
but had higher internalization fraction than 89Zr-2H7 (increasing
from 34% at 15 min to 52% at 4 h). 89Zr-2H7 did not have
significant differences in its internalization fraction (Fig. 1B).

Physical Properties of Native mAb and ADCs

To determine hydrophobicity, 1C1, 3B10, and 2H7 mAbs as well
as drug conjugates of 1C1-AZ13599185 and 3B10-AZ13599185
were injected into a hydrophobic interaction chromatography
system, which separates proteins according to their polarity. The
more hydrophobic antibody will have a longer retention time on this
column. The elution profile showed that of the 3 antibodies, 3B10
was the most hydrophobic, followed by 1C1 and 2H7 (Fig. 2A). As
drug conjugates, 3B10-AZ13599185 migrates faster than 1C1-
AZ13599185 (Fig. 2B). Notably, the overall retention time of the
drug conjugates or ADCs are 0.5 min slower than the naked mAbs,
indicating drug conjugation increased overall hydrophobicity.

We also measured the pI of the mAbs and ADCs by applying
voltage that creates pH gradient, which separates and focuses the
antibodies based on their pI. 1C1 and 3B10 had similar pIs of 9.13
and 9.40, respectively, whereas 2H7 had a lower value of 8.55
(Table 1). 1C1-ADC and 3B10-ADC had pIs similar to their pa-
rental antibodies, indicating drug conjugation has little if any ef-
fect on pI.

Preparation of Radiolabeled Antibodies

Conjugation of Df chelator was done on the free lysine residues
of the antibody using a mole ratio of 20:1. The binding ability of
the chelator-conjugated mAbs to PC3 cells remained similar to the
nonconjugated ones (Supplemental Fig. 2). Radiolabeling with
89Zr-oxalate was accomplished in a 30-min reaction with complete
incorporation of 89Zr into the chelator, as determined by radio–
thin-layer chromatography. The 89Zr antibodies were isolated
from the reaction in 75% 6 3% (n 5 4) radiochemical yields with
specific activities of 46 6 2 MBq/nmol and radiochemical purities
greater than 99%.

Evaluation of 89Zr-mAb and 89Zr-ADC In Vivo

PET imaging provides a noninvasive method for evaluation of
the biodistribution of the radionuclide as a function of time. The
pharmacokinetics of the 3 labeled mAbs were first evaluated
without the drug in PC3 xenografts using this technique. 89Zr-1C1,
89Zr-3B10, and 89Zr-2H7 were evaluated using PET scans in

FIGURE 1. (A) Cell uptake (internalized and surface bound) of 89Zr-

1C1 (red), 89Zr-3B10 (purple), and 89Zr-2H7 (green) in PC3 cells over

time. (B) Percentage of internalization of each labeled mAb from total

uptake presented in A. *P , 0.01 compared with 2H7 and 3B10.

FIGURE 2. Hydrophobicity of naked mAbs and ADCs. (A) Hydropho-

bic interaction chromatography of native mAbs. (B) Hydrophobic inter-

action chromatography of 1C1-ADC and 3B10-ADC.
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xenograft models up to 72 h after injection (Fig. 3A). Because of
the slow pharmacokinetics of antibodies and high blood circula-
tion in vivo, the tumors were almost undetectable at 1 and 4 h after
injection. The tumors were clearly visualized at the 24-h time
point for 89Zr-1C1 and 89Zr-3B10, with tumor uptake of 10.4 6
2.3 and 12.2 6 1.1 percentage injected dose per gram, respec-
tively, and clear tumor-to-background contrast (Fig. 3A). This
uptake was slightly elevated at 48 h after injection. 89Zr-3B10
had a slightly higher tumor uptake than 89Zr-1C1 at all time points
examined (Fig. 3B). 89Zr-2H7 had the lowest tumor uptake at all
time points, with approximately 4.6–5 percentage injected dose
per gram at 24- and 72-h time points (Figs. 3A and 3B). Conju-
gation of tubulysin variant (AZ13599185) to 1C1 and 3B10
resulted in a conjugation efficiency of greater than 97% and 2
drug molecules per antibody (DAR 5 2). A significant reduction
in tumor uptake (;50%–60% reduction) was observed for both
antibodies (Figs. 4A and 4B). Interestingly, blood uptake at 1 h
after injection for 89Zr-1C1 and 89Zr-3B10 was higher than their
ADC counterparts, 89Zr-1C1-ADC and 89Zr-3B10-ADC (Fig. 5A).
Tumor-to-blood ratios of 89Zr-1C1 and 89Zr-3B10 were higher
than their ADCs at 24-, 48-, and 72-h time points, which correlates
with their higher tumor uptake and similar blood uptake at these
time points. No significant differences were observed for tumor-
to-muscle ratios (Fig. 5B). Pharmacokinetic analysis of both an-
tibodies with and without the ADC shows that addition of drug
conjugate reduced both blood half-life and area under the curve by
approximately half, suggesting that the ADCs are cleared faster

than the antibodies (Table 2). 89Zr-1C1 and
89Zr-3B10 also had elevated liver uptake,
perhaps due to increased hydrophobicity
after drug conjugation (Fig. 5A).

DISCUSSION

EphA2 overexpression in multiple tumor
and tumor stromal cells make it an attractive
candidate for drug development and cancer
therapeutics. One such therapy is blocking
EphA2/Ephrin binding to inhibit tumor
growth, migration, and invasiveness of ag-
gressive cancers in animal models (28,29).
Moreover, binding to EphA2 can induce an-
tibody internalization, which provides a
method to deliver potent cytotoxic drug into
cancer cells (30). This ADC approach has

proven to be effective in inhibition of tumor growth and gives better
results than the antibody without drug conjugate (20).
Drug conjugation can have profound effects on the pharmaco-

kinetics, tissue distribution, metabolism, and pharmacology of the
antibody, and therefore ADC should be separately evaluated in
vivo (31). In vivo imaging of radiolabeled naked antibody and the
ADC can provide valuable information concerning tumor acces-
sibility affected by the drug conjugation. This is especially impor-
tant for ADC development, because performance in vitro may not
always predict in vivo properties due to complex in vivo factors
affecting the drug activity and drug delivery.
In this study, we chose 3 mAbs that bind the same target, EphA2,

but display different characteristics such as epitope binding, in-
ternalization, pI, and hydrophobicity. We explored the factors that
affect the tumor uptake and pharmacokinetics of the mAbs and
ADCs in vivo using quantitative PET imaging. The mAbs were
labeled with a long-lived PET isotope, 89Zr (half-life, 3.3 d), to
allow imaging over a long time frame. Radiolabeling was efficient
when the chelator was conjugated onto the lysine residues. How-
ever, when site-specific labeling was attempted by coupling Df-mal-
eimide onto 1 of the 2 free cysteine residues in the mAb, the
radiolabeling yields were significantly lower, perhaps due to the
significantly lower specific activities. To get high specific activi-
ties along with reasonable uptake and internalization in cells, we
evaluated the amount of the chelator needed for the conjugation and
found 1:20 eq (mAb:Df chelator) provided the best results in cell
assays. Therefore, we decided to maintain this ratio and the

chelator for further in vivo evaluation of
the native mAb and ADC.
Intuitively, we thought that the antibody

that possesses the highest internalization
rate in vitro will have the highest tumor
accumulation in vivo. Theoretically, due to
receptor internalization and recycling, the
antibody concentration in the blood will
always be higher than the concentration
bound to the cell surface, which will in-
crease its binding to the cells and result in
higher accumulation. Moreover, an internal-
ized antibody is less susceptible to cleavage/
degradation, and if it is degraded inside
the cell, the activity might be still retained
in the cell. However, how an antibody

FIGURE 3. (A) Projection PET images of PC3 xenografts injected with 3.7 MBq of 89Zr-mAb

(3B10, upper row; 2H7, middle row; and 1C1, lower row) at different time points after injection.

White arrows indicate tumor location. (B) Quantified results from PET images of tumor uptake of

each labeled mAb. *P , 0.01, compared with 1C1 and 3B10.

FIGURE 4. (A) Projection PET images of PC3 xenografts injected with 3.7 MBq of 89Zr-ADC

(1C1, upper panel, and 3B10, lower panel) at different time points after injection. White arrows

indicate tumor location. (B) Quantified results of tumor uptake of ADC over time.
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performs in vivo is affected by complex factors, such as the rate at
which the receptor is recycled, antibody/ADC clearance from the
blood, and others. Interestingly, our experimental results with the
3 mAbs, 1C1, 3B10, and 2H7, which displayed different in-
ternalization fractions in vitro, did not show correlation to in vivo
tumor uptake. 1C1, which internalized most efficiently in vitro, did
not exhibit the highest tumor uptake in vivo; whereas 3B10, which
had lower cell internalization, had the highest in vivo tumor uptake
(Figs. 1B and 3). As expected, 2H7, which had almost no internal-
ization, exhibited the lowest tumor uptake (Figs. 1B and 3). On the
other hand, we found a correlation between hydrophobicity and pI
of the mAb and the in vivo tumor uptake. 3B10, which was the least
hydrophobic mAb, had the highest tumor uptake, and 2H7, which
was the most hydrophobic mAb, exhibited the lowest tumor uptake
(Figs. 2 and 3). The pI of all 3 mAbs was higher than the physio-
logic pH and they were positively charged in the serum (Table 1).
1C1 and 3B10 had similar pIs, which were higher than 2H7, there-
fore were more positively charged than 2H7 and might have had
better interaction with the negatively charged cellular membrane,
leading to favorable tumor uptake and internalization. We hypoth-
esized that both hydrophobicity and pI contribute to tumor uptake
and internalization in vivo; hence, we chose 1C1 and 3B10 for ADC
experiments.
Next, we evaluated the changes in pharmacokinetics and tumor

uptake when a drug was conjugated to the mAbs. The drug used

for constructing ADC was a tubulysin variant, AZ13599185,
which was originally developed by AstraZeneca/MedImmune to
inhibit microtubule polymerization during mitosis and induce cell
death (25,26). Drug conjugation resulted in a different pharmaco-
kinetics profile, tissue distribution, and significantly lower tumor
uptake (Figs. 4 and 5). Consistently with the tumor uptake results
observed with the parental antibodies, the more hydrophobic ADC
showed lower accumulation in the tumor (Figs. 2B and 4). More-
over, increased hydrophobicity in vivo can also enhance clearance
from the blood through the hepatobiliary route, contributing to
lower tumor uptake.
Because the Df chelator was conjugated to the mAb through

lysine residues, we conjugated AZ13599185 via the engineered
cysteine’s malemide functional group at position 293 of the anti-
body (27). Mass spectrometry analysis after the drug conjugation
showed that each ADC contained 2 drug molecules (data not
shown). Drug conjugation via a thio group of antibody was also
used in several ADCs that are in clinical trials for several cancer
targets (32,33). However, Boswell et al. recently reported that that
drug conjugation through cysteine thiols can compromise the in-
terchain disulfide bonds, resulting in faster clearance of the ADC
in vivo (31). For a given drug, the chemical conjugation (method,
site, and stoichiometry) is crucial to the effectiveness of ADC in
vivo (32). Several approaches can be used for conjugation of the
drug onto the mAb, such as conjugation on the e-amino terminus
of lysine residues or the sulfhydryl portion of a reduced cysteine
residue or tertiary amine functional group (33,34). Future work
should compare different methods to link the drug to the mAb and
evaluate which method has smaller variations in antibody pharma-
cokinetics behaviors.

CONCLUSION

ADC is an excellent system to deliver drugs to specific tumor
lesions; however, it is critical to keep in mind that the conjugation of
drug to mAb can have a profound effect on the pharmacokinetics of
the mAb. Our results suggest that less hydrophobicity and higher pI
of ADC can enhance drug availability at target organ. Extensive

FIGURE 5. (A) Biodistribution of 89Zr-ADC in tumor, blood, and liver over time. (B) Tumor-to-blood and tumor-to-muscle ratios of antibodies vs.

ADC over time. *P , 0.01, **P , 0.05 antibodies compared with their ADC counterparts.

TABLE 2
Pharmacokinetics Parameters of Antibodies In Vivo

Clone

Blood

half-life (h)

Area under the curve

(radioactivity⋅hour/mL)

1C1 14.5 699.2

1C1-ADC 10.3 438.7

3B10 9.1 875.3

3B10-ADC 7.6 385.9
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research in this area might yield an optimal range for both hy-
drophobicity and pI that will help future design of ADC.
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