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Purpose: To develop and compare three copper 64 (64Cu)–labeled 
antibody fragments derived from a CA6-targeting anti-
body (huDS6) as immuno-positron emission tomography 
(immuno-PET)–based companion diagnostic agents for an 
antibody-drug conjugate by using huDS6.

Materials and 
Methods:

Three antibody fragments derived from huDS6 were pro-
duced, purified, conjugated to 1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid (DOTA), and evaluated 
in the following ways: (a) the affinity of the fragments and 
the DOTA conjugates was measured via flow cytometry, 
(b) the stability of the labeled fragments was determined 
ex vivo in human serum over 24 hours, and (c) compari-
son of the in vivo imaging potential of the fragments was 
evaluated in mice bearing subcutaneous CA6-positive and 
CA6-negative xenografts by using serial PET imaging and 
biodistribution. Isotype controls with antilysozyme and 
anti-DM4 B-Fabs and blocking experiments with an ex-
cess of either B-Fab or huDS6 were used to determine the 
extent of the antibody fragment 64Cu-DOTA-B-Fab bind-
ing specificity. Immunoreactivity and tracer kinetics were 
evaluated by using cellular uptake and 48-hour imaging 
experiments, respectively. Statistical analyses were per-
formed by using t tests, one-way analysis of variance, and 
Wilcoxon and Mann-Whitney tests.

Results: The antibody fragment 64Cu-DOTA-B-Fab was more than 
95% stable after 24 hours in human serum, had an immu-
noreactivity of more than 70%, and allowed differentiation 
between CA6-positive and CA6-negative tumors in vivo as 
early as 6 hours after injection, with a 1.7-fold uptake ratio 
between tumors. Isotype and blocking studies experiments 
showed tracer-specific uptake in antigen-positive tumors, 
despite some nonspecific uptake in both tumor models.

Conclusion: Three antibody fragments were produced and examined 
as potential companion diagnostic agents. 64Cu-DOTA-B-
Fab is a stable and effective immuno-PET tracer for CA6 
imaging in vivo.
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With an antibody-drug conju-
gate, an antibody is used to 
deliver a cytotoxic drug selec-

tively by targeting tumor-associated 
antigens. Two factors have motivated 
the development of antibody-drug 
conjugates for cancer therapy. First 
is the fact that although unmodified 
antibodies are active, they are rarely 
curative. The second is the narrow 
therapeutic window and high preva-
lence of dose-limiting side effects of 
some of the most potent nontargeted 
chemotherapies (1). The transition 
of antibody-drug conjugates into the 
clinic would benefit greatly from non-
invasive companion diagnostic agents 
that could potentially allow for patient 
stratification and early evaluation of 
effectiveness. Patient stratification 
according to the expression of mem-
brane-bound antigens typically re-
quires invasive biopsy via fine-needle 
aspiration of multiple tissue regions 
to overcome tumor heterogeneity. In 
addition, decisions regarding patient 
management are often made by using 
archived biopsy results that do not 
necessarily reflect antigen expression 
at the time of treatment.

SAR566658 (huDS6-DM4) is an 
antibody-drug immunoconjugate that 
consists of a humanized monoclonal 
antibody (huDS6) against the tumor-
associated mucin 1–sialoglycotope, 
CA6 (2), conjugated to the cytotoxic 
maytansinoid derivative, DM4 (3). 
CA6 has limited distribution in nor-
mal adult tissues but is often over-
expressed in carcinomas of the pan-
creas, ovary, breast, and bladder (4). 
Upon antibody and/or antigen binding 
and internalization, the immunocon-
jugate releases DM4, which binds 
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same-day imaging by using 
immuno-PET–based companion 
diagnostic agents.
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64Cu-DOTA-B-Fab was more than 
95% stable for 24 hours in 
human serum, was more than 
70% immunoreactive, and illus-
trated a 1.7-fold higher uptake in 
CA6-positive versus CA6-negative 
tumors as early as 6 hours after 
injection.
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to microtubules and disrupts the as-
sembly and/or disassembly dynamics, 
resulting in mitotic arrest of CA6-
expressing tumor cells. SAR566658 is 
currently undergoing phase I clinical 
trials in patients who have received 
a diagnosis of CA6-positive ovarian, 
pancreatic, and breast tumors.

Zirconium 89 (89Zr)–labeled huDS6 
has been used successfully for imaging 
studies of tumors that express CA6 
in mice (5). The main disadvantage 
of using full antibodies for imaging 
is the prolonged circulation time. In-
deed, distinguishing CA6-positive from 
CA6-negative tumors was possible 
only 3–6 days after injection of 89Zr-
huDS6 (5). This requires patients to 
visit the nuclear medicine department 
days (or even weeks) apart for tracer 
administration and imaging. Antibody 
fragments have shorter biological 
half-lives, which enables labeling with 
shorter-lived isotopes (eg, copper 64 
[64Cu], t1/2 = 12.7 hours; and fluorine 
18, t1/2 = 110 minutes) and leads to im-
proved tumor-to-background ratios at 
earlier time points. The main draw-
back of using these smaller fragments 
is that while they usually retain the low 
nanomolar affinity range of their par-
ent antibodies, their rapid clearance 
from the blood brings about reduced 
tumor uptake coupled with increased 
uptake in the liver and/or kidneys. 
The purpose of this study was to de-
velop and compare three 64Cu-labeled 
antibody fragments derived from a 
CA6-targeting antibody (huDS6) as 
immuno-positron emission tomogra-
phy (immuno-PET)–based companion 
diagnostic agents for an antibody-drug 
conjugate based on huDS6.

Materials and Methods

Both financial and material (huDS6, 
B-Fab, cross-over dual variable 

[CODV]-Fab, and diabody) support for 
this publication was provided by Sanofi. 
O.I. and S.S.G. had control of all the 
data and information presented in this 
publication, including any that may 
present a conflict of interest for the 
authors who are employees of Sanofi 
(M.G., J.K., I.F., C.L., C.C., I.S., V.B., 
and S.K.S.). Research support for O.I. 
was partially funded by Sanofi.

Cell Lines and Cell Culture
The human amnion cell line WISH 
(CA6 positive) was purchased from 
American Type Culture Collection, 
Manassas, Va, and the human ovarian 
carcinoma cell line A2780 (CA6 neg-
ative) was purchased from European 
Cell Culture Collection, Wiltshire, 
United Kingdom. WISH and A2780 
cell lines were cultivated at 37°C in 
humidified 5% CO2 in Eagle’s min-
imum essential medium or Roswell 
Park Memorial Institute 1640 medium, 
respectively, both supplemented with 
10% heat-inactivated fetal bovine se-
rum, 2 mM (2 mmol/L) l-glutamine, 
100 U/mL penicillin, and 100 mg/mL 
streptomycin (all from Invitrogen Life 
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Technologies, Carlsbad, Calif, except 
for Eagle’s minimum essential me-
dium, which was supplied by Lonza, 
Walkersville, Md).

Construction and Production of Antibody 
Fragments
The two Fab fragments (B-Fab and 
CODV-Fab) were produced by using 
light variable domain, or VL, and heavy 
variable domain, or VH, sequences 
from huDS6 (Fig 1). The huDS6 VL-
linker-VL and huDS6 VH-linker-VH con-
structs were then fused at the 39 end 
to human immunoglobulin kappa and 
heavy chain 1 constant domain se-
quences, respectively. For expression 
of the huDS6 diabody, the respective 
VL and VH sequences from huDS6 were 
arranged in tandem and separated by 
a linker sequence (Fig 1). To allow 
radiolabeling via C-terminal cysteine 
and purification with nickel-chelate 
chromatography, the DS6 diabody 
construct was fused at the 39 end to 
sequence GGCGGHHHHHH. B-Fab 
isotype controls, which have a similar 
structure to DS6-B-Fab but target hen 
egg white lysozyme or the DM4 drug 
moiety instead of CA6, were used to 
evaluate binding specificity. Isotype 
controls were expressed by using the 
VL and VH sequences of antibody D1.3 
directed against hen egg white lyso-
zyme (6) or an internally generated 
anti-DM4 antibody in the same man-
ner as the DS6-B-Fab. All antibody 
fragment sequences were cloned into 

the episomal expression vector pXL, 
an analog of the pTT vector (7).

Flow Cytometry
WISH or A2780 cells ([3 to 5] 3 105) 
were resuspended in 0.1 mL binding 
buffer (phosphate-buffered saline, 1% 
bovine serum albumin) containing 1:3 
dilutions of 3 3 1027 to 1 3 10210 M 
(3 3 1027 to 1 3 10210 mol/L) of the 
antibody fragment (or its 1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic 
acid [DOTA] conjugate) and kept for 1 
hour on ice. Cells were washed twice 
with binding buffer and incubated for 1 
hour on ice in the dark with either Alexa 
Fluor 488–conjugated mouse antihuman 
kappa mAb (1:50, Invitrogen Life Tech-
nologies) or fluorescein isothiocyanate–
conjugated anti-6X His tag antibody 
(1:100, Abcam, Cambridge, Mass), for 
Fab fragments and diabody respectively, 
in 0.1 mL binding buffer. After three 
washes, cells were resuspended in 0.2 
mL of phosphate-buffered saline that 
contained 1% formaldehyde, and flow 
cytometry was performed immediately.

Flow cytometry data were analyzed 
by using GraphPad Prism 6 (GraphPad, 
San Diego, Calif), and affinity was cal-
culated on the basis of a one-site model 
of binding.

DOTA Conjugation and Radiolabeling
DOTA was chosen over other chelators 
with potentially higher stability because 
of its widespread use and its approval by 
the U.S. Food and Drug Administration, 

facilitating future clinical translation. 
DOTA conjugation to antibody frag-
ments was performed according to es-
tablished protocols (8) by using metal-
free buffers. The diabody was reduced 
by using dithiothreitol and reacted with 
1,4,7,10-tetraazacyclododecane-1,4,7-
tris-acetic acid-10-maleimidoethylacet-
amide (Maleimido-monoamide-DOTA; 
Macrocyclics, Dallas, Tex) as described 
previously (9).

The mean DOTA–fragment ratio 
was determined by using the change 
in mass seen in Matrix-Assisted Laser 
Desorption Ionization (AB Sciex 5800 
TOF/TOF machine [AB Sciex, Fram-
ingham, Mass] equipped with a CovalX 
high-mass detector, 1 pM [1pmol/L] 
bovine serum albumin used as an inter-
nal standard) divided by the mass of a 
single DOTA substituent.

The pH-balanced 64CuCl2 (approxi-
mately 135 MBq in 0.1 M [0.1 mol/L] 
HCl, University of Wisconsin–Madi-
son, Madison, Wis) and the DOTA-
conjugated antibody fragment (100 
mg) were incubated at 37°C in ammo-
nium acetate (200–300 mL, 0.1 M [0.1 
mol/L], pH level of 5.5) for 1 hour with 
gentle shaking at 300 revolutions per 
minute. Ethylenediaminetetraacetic 
acid (0.5 M [0.5 mol/L], pH level of 
8) was added to a final concentration 
of 0.01 M (0.01 mol/L), and the incu-
bation continued at room temperature 
for another 15 minutes. The reaction 
was purified via size exclusion chro-
matography (SEC) high-performance 
liquid chromatography (HPLC) (SEC-
S2000; Phenomenex, Torrance, Ca-
lif) to give the purified tracer formu-
lated in phosphate buffer (0.1 M [0.1 
mol/L], pH level of 6.9).

Radiochemical purity was deter-
mined by using both SEC HPLC and 
instant thin-layer chromatography with 
Tec-Control Chromatography strips 
(Biodex Medical Systems, Shirley, NY) 
developed in saline.

Human Serum Stability
The 64Cu-labeled fragments in phosphate 
buffer were mixed with a ninefold volume 
of human serum (Equitech-Bio, Kerrville, 
Tex) and incubated at 37°C for 24 hours. 
Activity was analyzed via cellulose acetate 

Figure 1

Figure 1:  Schematic shows the structural relationship between the parent antibody (huDS6) and the engi-
neered fragments B-Fab, CODV-Fab, and diabody. V

H
 = heavy variable domain, V

L
 = light variable domain.
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electrophoresis performed with barbital 
buffer (0.05 M [0.5 mol/L], pH level of 
8.6) or SEC HPLC (SEC-S3000; Phe-
nomenex) with 1-minute fractions count-
ed in a gamma ray counter.

Tumor Xenograft Murine Model
Animal experiments were conducted 
in accordance with federal and institu-
tional regulations by using a protocol 
approved by the Stanford University In-
stitutional Animal Care and Use Com-
mittee. Three million WISH or A2780 
cells in a mixture of phosphate-buff-
ered saline and growth factor–reduced 
matrigel (ratio of 1:1, 100 mL) were 
subcutaneously injected into the shoul-
ders of 6–8-week-old female nu/nu 
mice. Xenografted tumors were grown 
for 12–13 days (until they reached a 
volume of 150–350 mm3) (10). Four or 
five animals were used in both WISH 
and A2780 groups in all the imaging 
and biodistribution studies except for 
blocking studies, where three to five 
animals were used.

To determine CA6 expression, ex-
cised tumors (WISH, n = 5; A2780, 
n = 3) were placed in formalin, and 
radioactivity was allowed to decay. 
Tumors were paraffin embedded, and 
5-mm sections were stained for CA6 
expression by using huDS6 as the 
primary antibody. Staining clearly 
showed high expression of CA6 in 
WISH tumors but not in A2780 tu-
mors (Fig E1 [online]).

Cell Binding and Immunoreactive Fraction 
Analysis
The immunoreactive fraction was calcu-
lated as described previously (11) with 
a 4:1 silicone oil–mineral oil mixture 
in place of the described phthalate oil 
mixture. WISH cells (3 3 105 to 6 3 106 
cells) were used to determine immuno-
reactivity. A2780 cells (3 3 106 cells) 
were used to validate the specificity of 
the binding of the tracer to CA6-posi-
tive cells.

Small-Animal PET Imaging and 
Biodistribution
Mice were anesthetized with 2% iso-
flurane in oxygen at 2 L/min, and 
1.8–3.2 MBq of tracer was injected 

intravenously via the tail vein. Five-min-
ute static PET scans were performed at 
1, 4, 6, 12, and 24 hours after injection 
by using a micro-PET/computed tomo-
graphic scanner (1.4-mm resolution, 
Inveon; Siemens, Malvern, Pa), fol-
lowed by biodistribution. In the 48-hour 
imaging study, 5.5–7.4 MBq of 64Cu-
DOTA-B-Fab was injected, and imaging 
was performed 4, 8, 17, 28, 41, and 47 
hours after injection.

Live-animal blocking studies and 
two isotype controls (each having a 
structure similar to that of DS6-B-Fab 
but targeting antigens not found in our 
animal model) were used to show the 
specificity of the uptake of the B-Fab 
fragment for WISH tumors. Blocking 
was achieved with intravenous admin-
istration of unmodified B-Fab or huDS6 
prior to that of the tracer. B-Fab (2 mg, 
180 mL) was injected either 2.5 or 24 
hours prior to the tracer, while huDS6 
(1 mg, 100 mL) was injected either 4 or 
25 hours prior to the tracer.

Micro-PET Image Data Analysis
Regions of interest were drawn by the 
lead author (O.I., with 3 years of ex-
perience) by using the image analysis 
software IRW (Siemens). Regions of 
interest were drawn for tumors (150–
350 mm3), liver (200–400 mm3), and 
kidneys (130–190 mm3) on the basis of 
CT data and centered on the peak-of-
activity profile. Background regions of 
interest (45–100 mm3) were drawn on 
the contralateral shoulder. Regions of 
interest for tumors and kidneys were 
maximized to the size of the organ. 
Radioactivity distribution in the liver 
was homogeneous; therefore, a large 
representative region of interest was 
deemed sufficient for analytical pur-
poses. Data (percentage injected dose 
per gram of tissue [ID/g]) were cor-
rected for partial volume effect and 
spillover (12) by using calibration fac-
tors obtained from scanning a cylinder 
that contained phantoms of different 
sizes, with phantom-to-background ac-
tivity ratios ranging from 3:1 to 25:1 
(13). Image quality was compared at 
different time points after injection to 
determine whether imaging at early 
time points was feasible.

Statistical Analysis
Two-sample comparisons (of B-Fab, 
CODV-Fab, and diabody biodistri-
butions) were determined by using a 
two-tailed t test for unequal variances. 
A one-way analysis of variance test and 
a post hoc Dunnett multiple-compar-
isons test was used for the blocking 
experiment, with the unblocked WISH 
group used as control. Isotype control 
experiments were tested with exact 
Wilcoxon and Mann-Whitney tests. A 
Bonferroni-adjusted significance level 
of .0083 was used.

Analyses were performed in Prism 
6 (GraphPad, version 6.02; GraphPad). 
Data points were presented as means 
6 standard deviations. Statistical sig-
nificance was denoted for a level of P 
, .05 in any single-comparison statis-
tical tests.

Results

Production and Characterization of 
Antibody Fragments
B-Fab and CODV-Fab were purified 
from HEK293 cultures with a mean 
yield of approximately 3 and 2 mg/L 
supernatant, respectively, whereas the 
yield of the diabody was lower (1 mg/L). 
Analysis of the purified proteins with 
sodium dodecyl sulfate polyacrylamide 
gel electrophoresis demonstrated that 
the two-step purification yielded Fab 
fragments with more than 95% purity 
and diabody with approximately 90% 
purity (Fig E2 [online]).

Homogeneity of all antibody frag-
ments was checked with analytical 
gel filtration, and identity was con-
firmed with mass spectrometry (Fig E3 
[online]).

Binding Analysis of Antibody Fragments 
with DOTA Conjugates
All fragments exhibited low nanomolar Kd 
values (4–13 nM [4–13 nmol/L]) on WISH 
cells, which were comparable to those 
of the parent antibody huDS6 (Kd = 2 
nM [2 nmol/L]) but showed no detect-
able binding to A2780 cells (Table 1).  
The affinities of the DOTA conjugates 
were similar to those of the correspond-
ing parent fragments, ensuring that 
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(online). Six hours after the injection of 
tracer, tumors could be visualized for 
all fragments with clear delineation of 
CA6-positive and CA6-negative tumors 
and little residual blood activity (Fig 3).  
The tumor, liver, kidneys, and bladder 
were the only prominent organs visible 
above background at 24 hours (Figs 
E6 and E7 [online] and Movies 1 and 
2 [online]), but the overall quality of 
the image was not superior to that ob-
tained at 6 hours. Biodistribution data 
showed that the diabody and Fab frag-
ments had their highest uptake values 
in the kidneys (112 and 50%–60% ID/g, 
respectively), followed by liver uptake 
(10%–15% ID/g) and CA6-positive tu-
mors (4%–8% ID/g) (Table 2). The 
CODV-Fab and B-Fab had a larger dif-
ference (1.42-fold, P = .0014; and 1.7-
fold, P = .0021, respectively) between 
CA6-positive and CA6-negative tumors 
compared with the diabody (1.26-fold, 
P , .033). Imaging beyond the 28-
hour time point proved unnecessary, 
owing to decreasing tumor-to-back-
ground ratio without improvement of 
the WISH-A2780 uptake ratio (Fig E8  
[online]).

In all but one blocking study, it 
was possible to significantly reduce 
tracer uptake by 24%–26% (analysis 

Figure 2

Figure 2:  Binding curves for B-Fab, DOTA-B-Fab, 
and 64Cu-DOTA-B-Fab show that DOTA conjugation 
and 64Cu labeling caused a slightly decreased affin-
ity to CA6-positive cells. Mean fluorescence intensity 
is plotted versus the concentration of antibody 
fragment used for staining. M = molar.

DOTA derivatization did not adversely 
affect binding affinity. 64Cu-DOTA-B-
Fab was stored at 4°C for a week to 
allow for radioactivity decay and was 
found to also retain its affinity to a 
large degree (Fig 2). As expected, the 
isotype control B-Fab fragments lacked 
binding to both cell types.

DOTA Conjugation, Radiolabeling, and 
Human Serum Stability
The Fab fragments were successfully 
and reproducibly conjugated to DOTA 
to attain between 1.5 and 2.5 DOTA 
substitutions per antibody fragment 
(Table 1). The radiolabeling efficiency 
of all Fab fragments was 50%–80%, and 
the radiochemical purity was more than 
97%. Specific activities ranged from 55 
to 75 GBq/mmol. The radiolabeling ef-
ficiency for the diabody was only 10%–
15%, and the specific activity was ap-
proximately 14 GBq/mmol, which was 
as good as previously published work in 
which 64Cu-labeled diabodies were used 
(14,15).

The labeled diabody was found to 
be highly unstable after 24 hours in 
human serum, with less than 50% of 
the radioactivity associated with its mo-
nomeric form. The CODV-Fab showed 
mixed results, with stabilities ranging 

from 55% to 90%. All B-Fabs (DS6, ly-
sozyme, and DM4) had more than 95% 
of the activity in monomeric form (Fig 
E4 [online]).

After selecting the B-Fab for fur-
ther evaluation, DOTA conjugation and 
labeling of B-Fab were optimized to 
enable the synthesis of high-specific-
activity (.75 GBq/mmol) 64Cu-DOTA-
B-Fab by using only 0.9–1.2 DOTAs 
per B-Fab.

Cell Binding and Immunoreactive Fraction 
Analysis
WISH cells bound 48% 6 1.6 of the 
64Cu-DOTA-B-Fab at the highest con-
centration of cells tested. Addition of B-
Fab prior to 64Cu-DOTA-B-Fab blocked 
more than 90% of binding at all cellular 
concentrations used. A2780 cells bound 
less than 1% of the tracer, regardless of 
prior treatment with B-Fab. The immu-
noreactive fraction of 64Cu-DOTA-B-Fab 
was calculated to be more than 70% (n 
= 2) (Fig E5 [online]).

Biodistribution and Imaging in  
Tumor-bearing Mice
Table 2 shows the biodistribution re-
sults for the organs of highest uptake 
at 24 hours, while the full biodistri-
bution data are available in Table E1 

Table 1

WISH Cell–binding Affinity and Quality Analysis of the Antibody Fragments with DOTA 
Conjugates

Fragment
K

d
 on WISH  

Cells (nM)*
DOTA-Fragment  
Ratio

Purity (SEC  
HPLC) (%)

Purity (SDS  
PAGE) (%)

huDS6 2.13 6 0.4 … .99 .95
B-Fab 4 6 1.4 … .95 .95
DOTA-B-Fab 7.36 6 1.1 2.35 .97 .95
64Cu-DOTA-B-Fab 16.3 6 6.9 2.35 .97 .95
CODV-Fab 13.2 6 9.8 … .95 .95
DOTA-CODV-Fab 20 6 3 2 .99 .95
Diabody 9.73 6 1.8 … .95 .95
DOTA-diabody 7.52 6 2.8 1.52 ~95 .90
Lysozyme-B-Fab ND … .95 .90
DOTA-lysozyme-B-Fab ND 2.57 .98 .90
DM4-B-Fab ND … .95 .95
DOTA-DM4-B-Fab ND 2.29 .99 .95

Note.—To convert nanomolar to nanomoles per liter, multiply by 1. ND = not detected, PAGE = polyacrylamide gel electrophoresis, 
SDS = sodium dodecyl sulfate.

* Data are mean 6 standard error of three replicates. 



196	 radiology.rsna.org  n  Radiology: Volume 276: Number 1—July 2015

MOLECULAR IMAGING: Immuno-PET Tracer for Antibody-Drug Conjugate Therapy to Target the CA6 Epitope	 Ilovich et al

of variance, F[4,14] = 4.692 [P , .05];  
Dunnett test, P = .91 for B-Fab at 24 
hours, P = .025 for B-Fab at 2 hours, 
P = .016 for DS6 at 4 hours, and P 
= .031 for DS6 at 24 hours; Fig 4).  
Uptake of both isotype controls 
into WISH tumors was significantly 
lower than the original B-Fab (P , 
.001, Table 2); however, uptake of 

the two isotype controls did not dif-
fer significantly from one another  
(P = .286).

Discussion

Companion diagnostic agents could en-
able patient stratification on the basis 
of antigen expression, aiding physicians 

in identifying patients who might best 
respond to targeted therapies. Such 
tools may increase the effect and rel-
evance of data generated from clinical 
studies and help streamline drug de-
velopment according to U.S. Food and 
Drug Administration requirements for 
targeted therapies (16,17). Nuclear 
medicine–based companion diagnos-
tic agents, particularly for membrane-
bound antigens, have been increasing 
in popularity in recent years. Two ex-
amples of success in the field are the 
folate-receptor–targeting single photon 
emission computed tomography tracer 
technetium 99m EC20, used to predict 
response to therapy with antifolates 
(18), and the human epidermal growth 
factor receptor 2–targeting PET tracer 
89Zr-trastuzumab, used to detect hu-
man epidermal growth factor receptor 
2–positive breast cancer lesions (19).

When considering the in vivo be-
havior of the three fragments, the fast 
blood clearance of the diabody makes it 
a good candidate for same-day imaging 
in patients. However, its low stability in 
human serum would likely make clinical 
translation difficult. Conversely, the B-
Fab fragment exhibited consistent sta-
bility in human serum, good expression 
in HEK293 cells, a high WISH-A2780 
uptake ratio, and the ability to image 
mice as early as 6 hours after injection, 
thus emerging as our lead choice for 
optimization and further evaluation.

64Cu-DOTA-B-Fab showed the high-
est and most consistent serum stability. 
It also showed high immunoreactivity 

Figure 3

Figure 3:  Maximum-intensity projections of coronal whole-body PET/CT im-
ages were acquired 6 hours after injection of 64Cu-DOTA-B-Fab in mice bearing 
either WISH (left) or A2780 (right) subcutaneous tumors. The tumors, liver, kid-
neys, and bladder are labeled. Scale bar represents a range of 3%–15% ID/g.

Table 2

Biodistribution Studies Performed 24 Hours after Injection of Radiolabeled Fragments in Mice Bearing Subcutaneous WISH or A2780 
Tumors

Fragment
WISH Tumor  
(percentage ID/g)*

A2780 Tumor  
(percentage ID/g)*

WISH-A2780  
Ratio

Liver  
(percentage ID/g)

Kidneys  
(percentage ID/g)

64Cu-DOTA-B-Fab 7.17 6 1.6 4.6 6 0.48 1.56 10.7 6 1.79 66 6 2
64Cu-DOTA-CODV-Fab 6.85 6 0.42 4.84 6 0.69 1.42 14.6 6 1.8 54 6 6.4
64Cu-DOTA-diabody 4.35 6 0.53 3.25 6 0.2 1.34 9.55 6 0.34 112 6 19
64Cu-DOTA-antilysozyme-B-Fab 4.84 6 1.02 3.84 6 0.49 1.26 15.2 6 1.3 70 6 9.6
64Cu-DOTA-anti-DM4-B-Fab 4.04 6 0.43 3.03 6 0.24 1.33 10.4 6 1.6 52 6 8.3

Note.—Percentage ID/g data are presented as means 6 standard deviations.

* n = 4–5 for all biodistribution experiments.
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Figure 4

Figure 4:  Graph demonstrates the effect of 
different blocking approaches on 64Cu-DOTA-B-Fab 
uptake in mice bearing WISH subcutaneous tumors. 
∗ 5 P , .05. All blocking protocols but one were 
successful in decreasing WISH tumor uptake in a 
statistically significant manner. Error bars represent 
the standard deviation of 3–4 replicates.

(.70%) and specific uptake in WISH 
cells, which could be blocked efficiently 
(.90%) by means of preincubation 
with the unlabeled B-Fab. Binding to 
A2780 cells was negligible (,1%).

Twenty-four hours after tracer in-
jection, both Fab fragments achieved 
tumor-to-blood ratios of more than 4 
and tumor-to-muscle ratios of more 
than 8, compared with ratios of 2 and 
4, respectively, for the diabody. Among 
the three derivatives, 64Cu-DOTA-B-Fab 
provided the highest WISH tumor up-
take and highest WISH-A2780 uptake 
ratio. Obviously, a portion of the signal 
from both WISH and A2780 tumors is 
due to free and nonspecifically bound 
64Cu-DOTA-B-Fab. The high renal up-
take and retention of 64Cu-DOTA-B-Fab 
in the mouse model is likely due to the 
catabolism of the tracer in kidney cells 
and retention of the 64Cu-labeled me-
tabolites. On the basis of these results, 
64Cu-DOTA-B-Fab was chosen for fur-
ther evaluation and was assessed for 
binding specificity in both cellular up-
take and live animal studies.

Blocking was performed with both 
B-Fab and huDS6 by using large fold 
excesses due to experience with 89Zr-
huDS6, which showed minimal block-
ing (approximately 15% reduction in 
tumor uptake with a tenfold excess). 

B-Fab administered 24 hours prior to 
the tracer failed to block tracer uptake; 
this may be due to its short biological 
half-life and high CA6 recycling rate. 
Isotype controls showed that despite 
having some nonspecific binding, the 
binding of 64Cu-DOTA-B-Fab to WISH 
cells was indeed specific, as the uptake 
of DS6-derived B-Fab was significantly 
higher than the anti-DM4 and antilyso-
zyme B-Fabs (P , .0001 and P , .001, 
respectively), while the latter two did  
not differ significantly from each other 
(P = .29).

Two main concerns for using 64Cu-
DOTA-B-Fab are its relatively low ratio 
between CA6-positive and CA6-negative 
tumors and its proportion of nonspe-
cific binding. Regarding the low ratio, 
immunohistochemistry performed on 
WISH tumors showed that CA6 expres-
sion in vivo decreased over time (Fig 
E9 [online]). Less than 55% of the non-
necrotic WISH tumor tissue was pos-
itive for CA6 expression 10 days after 
tumor implantation. The limited CA6 
expression may produce less impressive 
preclinical results but should be more 
reflective of the challenges that clinical 
translation will present.

Regarding the nonspecific bind-
ing of 64Cu-DOTA-B-Fab, fast-growing 
tumors require very quick growth of 
angiogenic vessels. Fast-growing angio-
genesis displays leaky fenestrations that 
can lead to increased enhanced perme-
ability and retention effect and more 
nonspecific uptake of large (.40-kDa) 
particles. Goutayer et al have shown 
that although fast-growing tumors have 
higher accumulation of large particles 
relative to slow-growing tumors, this 
is mainly due to nonspecific enhanced 
permeability and retention effect and 
also results in partial loss of accumula-
tion specificity (20).

In light of these concerns, one must 
keep in mind that 89Zr-huDS6 pro-
duced a CA6-positive to CA6-negative 
tumor uptake ratio of 3, moderate up-
take in A2780 tumors (approximately 
8% ID/g), and low blocking effective-
ness (reduction of approximately 13% 
of WISH tumor uptake) 3 days after 
injection of the tracer in the same tu-
mor models. A full antibody and its 

fragments sharing similar limitations 
may reinforce our doubts of the cur-
rent tumor model, and future preclin-
ical studies will involve the use of slow-
growing, stable, CA6-expressing tumor 
models to address these concerns.

Overcoming all these obstacles, 
64Cu-DOTA-B-Fab showed high bind-
ing affinity, stability, and a promising 
ability to allow differentiation between 
CA6-positive and CA6-negative tumors 
in vivo at early time points after injec-
tion, suggesting that it may be a suc-
cessful companion diagnostic agent for 
antibody-drug conjugate therapy.
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