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Early identification of tumor responses to treatment is crucial for

devising more effective and safer cancer treatments. No widely ap-
plicable, noninvasive method currently exists for specifically detect-

ing tumor cell death after cytotoxic treatment and thus for predicting

treatment outcomes. Methods: We have further characterized the

targeting of the murine monoclonal antibody DAB4 specifically to
dead tumor cells in vitro, in vivo, and in clinical samples. We found

that sustained DAB4 binding to treated cells was closely associated

with markers of intrinsic apoptosis and DNA double-strand break

formation. In a competition binding assay, DAB4 bound EL4 murine
thymic lymphoma cells in preference to the normal counterpart of

murine thymocytes. Defective in vivo clearance of apoptotic cells

augmented in vivo accumulation of DAB4 in tumors particularly after

chemotherapy but was unchanged in normal tissues. Tumor target-
ing of DAB4 was selective for syngeneic murine tumors and for human

tumor xenografts of prostate cancer (PC-3) and pancreatic cancer

(Panc-1) before and more so after chemotherapy. Furthermore, DAB4
was shown to bind to dead primary acute lymphoblastic leukemic

blasts cultured with cytotoxic drugs and dead epithelial cancer cells

isolated from peripheral blood of small cell lung carcinoma patients

given chemotherapy. Conclusion: Collectively, these results further
demonstrate the selectivity of DAB4 for chemotherapy-induced dead

tumor cells. This postchemotherapy selectivity is related to a relative

increase in the availability of DAB4-binding targets in tumor tissue

rather than in normal tissues. The in vitro findings were translated in
vivo to human xenograft models and to ex vivo analyses of clinical

samples, providing further evidence of the potential of DAB4 as a

marker of tumor cell death after DNA-damaging cytotoxic treatment
that could be harnessed as a predictive marker of treatment responses.
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Cancer is a major cause of mortality and morbidity worldwide,
and the care and treatment of cancer patients places an intense

demand on health systems. Cytotoxic chemotherapy or radiother-

apy may not be completely effective even in most patients, and the

personal and socioeconomic burdens mount when ineffective treat-

ments are attended by toxicities. It is therefore important to de-

termine whether a patient is responding as soon as possible after

initiating treatment. Treatment responses are conventionally as-

sessed by the structural imaging modalities of CT, MR imaging,

and ultrasound (1). Additional functional information can be pro-

vided by hybrid imaging using CT and 18F-FDG PET (2). However,

tumor uptake of 18F-FDG can be variable (3,4), limiting sensitivity,

and uptake by inflamed tissue (5) limits specificity. Hence, there is

an unmet clinical need for noninvasive, real-time diagnostic imag-

ing techniques to achieve early and accurate identification of tumor

biologic responses to cancer treatments.
One of the most important and desirable properties of an effective

anticancer treatment is the induction of tumor cell death. Invasive

tumor sampling methods indicate that measures of tumor cell death

such as an apoptotic index, which derives from counts of TdT-

mediated biotin–dUTP nick-end labeling (TUNEL)–positive cells,

may predict treatment outcomes (6,7). Noninvasive imaging methods

have used radiolabeled Annexin V, a tracer that targets phospha-

tidylserine expressed on the plasma membrane of cells undergoing

apoptosis (8), in early-phase clinical studies of tumor cell death in

response to chemotherapy. Although radiolabeled Annexin V may

represent a promising cell-death detection technology for therapy

response monitoring (9,10), outstanding problems with tumor-to-

background ratio and optimal imaging times remain for product

design and clinical development. Moreover, phosphatidylserine is

broadly expressed in inflamed tissue, in atherosclerotic plaques,

during thrombosis (11–14), and in dead noncancerous cells, which

all reduce the tumor specificity of Annexin V.
We have discovered that malignant cell lines overexpress the La

antigen, which is an RNA-binding chaperone primarily localized

to the nucleus although it may shuttle to cytoplasm (15). Moreover,

we found that La can be targeted specifically in dead tumor cells

by the monoclonal antibody (mAb) DAB4 (APOMAB; Medvet Sci-

ence Pty Ltd.) (16–18). La is recruited to DNA double-strand breaks

(DSBs) caused by cytotoxic treatment and is cross-linked in
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necrotic malignant cells by transglutaminase-2, thus stabilizing

the antigen and making it accessible for DAB4 binding (16).

Consequently, DAB4 has greater avidity for dead tumor cells

than analogous dead primary cells in vitro (16). DAB4 also binds

with high specificity to dead tumors cells in vivo, which we have

exploited by radiolabeling DAB4 with 111In for tumor imaging

(18) and with 90Y (17) and 177Lu (19) for tumor therapy. These

data indicate that DAB4 has the highest avidity for dead, necrotic

tumor cells that have died as a result of DNA-damaging treat-

ment with cytotoxic drugs or ionizing radiation (16,17,20).

Therefore, it seems feasible that DAB4 or its derivatives may

have clinical utility as in vivo diagnostic imaging agents for the

specific detection of tumor cell death after cytotoxic treatments

including radionuclide therapies capable of inducing DNA

DSBs.
In the present study using in vitro and in vivo models, we have

further characterized the selectivity of DAB4 for dead tumor cells
and the factors that may influence this selectivity. In particular,
DAB4 binding to dead tumor cells in human xenograft models was
examined as well as the selectivity of DAB4 for dead tumor cells
sampled from the blood of cancer patients after chemotherapy.
Because of this selectivity, this study provides further evidence to
support the diagnostic use of DAB4 in human malignancy.

MATERIALS AND METHODS

Ethics Statement

The Human Research Ethics Committee of the Royal Adelaide
Hospital approved the use of blood from consenting healthy volunteers

and patients with acute lymphoblastic leukemia (ALL) or small cell
lung carcinoma (SCLC). All subjects signed a written informed consent

form. Experiments involving the use of mice were approved by the
Animal Ethics Committee of the Institute of Medical and Veterinary

Sciences, Adelaide. In the use and care of the mice, we followed the
humane research principles of replacement, reduction, and refinement

endorsed by the National Health and Medical Research Council of
Australia. Animal imaging at the Peter MacCallum Cancer Centre was

approved by its Animal Ethics Committee.

Cell Culture, mAb Production, and Conjugation

The cell lines were obtained from American Type Cell Culture. The

human acute T-cell leukemia Jurkat cell line and the murine thymic
lymphoma EL4 cell line were maintained in RPMI-1640 medium

containing 5% fetal calf serum (FCS; JRH Biosciences Inc.). PC-3
cells and Panc-1 cells were maintained in RPMI-1640 containing 10%

FCS.
DAB4 is a subclone of the murine anti-La/SS-B 3B9 hybridoma

originated by Dr. Michael Bachmann (21), which was selected on
the basis of higher binding to a defined epitope of the La antigen.

3B9 was provided as a gift from Professor Tom Gordon (Flinders
Medical Centre) (22). The DAB4 mAb and isotype control Sal5

mAb were prepared, purified, and conjugated to the metal chelator
DOTA N-hydroxysuccinimidyl ester (NHS) (Macrocyclics) as previ-

ously described (16,18).

Fluorocytometric Detection of DAB4 Binding in Jurkat Cells

and Competition Assay for DAB4 Binding

Jurkat cells (106 cells/mL) were untreated or treated with cisplatin

(20 mg/mL) (Bristol-Myers Squibb Co.), 15 Gy of ionizing radiation
(5 Gy/min), or anti-CD95/Fas IgM antibody (250 ng/mL) (clone

CH11; Millipore). Cells were collected, fixed, permeabilized, and stained
for phospho-histone H2AX (clone JBW301; Millipore) and activated

caspase-3 (Millipore) as previously described (16). Twenty thousand

cells were acquired using a FACScan flow cytometer (BD Bioscien-

ces) and analyzed using WinMDI (version 2.8; Scripps Research In-
stitute).

Thymus glands were harvested from C57BL/6 mice and thymocytes
isolated by gently grinding the tissue with glass slides into RPMI-1640

medium containing 10% FCS and passing through a 40-mm mesh
sieve. After thymocytes were incubated in red blood cell lysis buffer

(ammonium chloride [8.3 g/L] in 0.01 M Tris-HCl buffer, pH 7.4) for
10 min, the thymocytes and EL4 cells were cultured in RPMI-1640

medium with 10% FCS and cisplatin (20 mg/mL) for 48 h. Dead
thymocytes were labeled with 1 mM CellTrace carboxyfluorescein

succinimidyl ester (Cell Proliferation Kit; Life Technologies) follow-
ing the manufacturer’s instructions, washed, and incubated with

DAB4 alone (10 mg/mL) or in the presence of an increasing number
of dead EL4 cells. After 30 min, cells were washed and incubated with

goat antimouse IgG PE-Alexa Fluor680 (2 mg/mL) (Life Technolo-
gies) for 30 min at room temperature. After washing, 20,000 cells

were analyzed by flow cytometry.

Animal Studies Using C1q Knock-Out (C1qa−/−) Mice

Six- to 8-wk-old female C57BL/6 mice and C1qa2/2 mice (23) were
either untreated (control; n5 5) or received intraperitoneal injections of

108 dead Jurkat cells, which had been treated with cisplatin (20 mg/mL)

for 96 h (n5 5). Mice were humanely killed 24 h later, and whole blood
was collected via cardiac puncture. Plasma was isolated using a ficoll

gradient, and double-stranded DNA (dsDNA) present in the plasma was
assayed using the Quant-iT PicoGreen kit (Life Technologies) per the

manufacturer’s instructions.
As previously described, EL4 tumors were established in the right

flank of 6- to 8-wk-old female C57BL/6 or C1qa2/2 mice, which
had been backcrossed for at least 10 generations onto a C57BL/6

background (18). When tumors reached 120–130 mm3, mice were
either untreated (control; n 5 5) or treated with intraperitoneal

injections of etoposide (19 mg/kg; Pfizer Inc.) and cyclophospha-
mide (25 mg/kg; Bristol-Myers Squibb Co.) (n 5 5). Immediately

after chemotherapy administration, 100 mg of 14C-labeled DAB4
(18,24) were injected intravenously. The specific radioactivity value

of 14C-DAB4 mAb was 130 dpm/mg. After 48 h, mice were hu-
manely killed by cardiac puncture and whole blood and organs col-

lected, solubilized with Solvable (PerkinElmer) for 2 h at 50�C, and
decolorized using 30% H2O2 (Sigma-Aldrich). UltimaGold scintil-

lation liquid (PerkinElmer) was added, and samples were analyzed
using a Packard Tri-Carb 3100 b counter (PerkinElmer). Radioac-

tivity in organs was normalized to the weight of the organ, and the
accumulation of radiolabeled antibody was calculated as the per-

centage of radioactivity per gram in the organs over the radioactivity
of the injected dose at 0 h (%ID/g).

Scintigraphic Imaging of EL4 Tumor–Bearing Mice

DAB4 F(ab)2 fragments were prepared using agarose-immobilized

pepsin according to the manufacturer’s instructions (Pierce) and were
biotinylated using EZ-Link Biotin-LC-NHS (Pierce) in a 30-fold mo-

lar excess to yield an average of 3–5 biotin molecules per antibody
molecule. DAB4 F(ab)2-LC-biotin (50 mg) was administered intrave-

nously to untreated C57BL/6 mice (control) with 4-d-old EL4 tumor
implants (n5 3) and to mice that had received chemotherapy (etoposide

[19 mg/kg] and cyclophosphamide [25 mg/kg]) with 7-d-old EL4
tumor implants (n 5 3). This protocol allowed for comparison of

animals with size-matched tumors, a methodology that mimics clinical

practice. Twenty-four hours later, mice were administered intravenous
injections of 50 mg (100 MBq/mg) of streptavidin-DOTA radiolabeled

with 111In (PerkinElmer) as previously described (18,20). Mice were
humanely killed via cervical dislocation 2 and 24 h later. Whole-body

static images were acquired for 18 min using a scintigraphic g camera
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(Starcam 300 M; GE Healthcare). After imaging, organs were dissected

and the %ID/g determined.

Biodistribution of DAB4 in Human Carcinoma Models

PC-3 and Panc-1 carcinomas were established in 6- to 8-wk-old

BALB/c nude mice by subcutaneous injection of 5 · 106 cells in 50%

Matrigel (Becton-Dickinson) in phosphate-buffered saline into the

right flank of the mice (17). Mice bearing 200 mm3 PC-3 tumors were

either untreated (control) or treated with etoposide (50 mg/kg) by

intraperitoneal injection. Mice bearing 100 mm3 Panc-1 tumors were

either untreated (control) or treated with intravenous injection of

gemcitabine (150 mg/kg; Eli Lilly) and cisplatin (6 mg/kg). Single-cell

suspensions of tumor tissue were prepared for flow cytometric analysis

of treatment-induced cell death (7-AAD) and DAB4 binding to dead

tumor cells (n 5 3) as previously described (20). Apoptotic cells in

tumor sections were detected using a fluorescein in situ cell death

detection kit (TUNEL; Roche) following the manufacturer’s instruc-

tions. 111In-DOTA-DAB4 or 111In-DOTA-Sal5 (100 mg at a specific

activity of 77.7 MBq/mg) was given by intravenous injection imme-

diately after chemotherapy. At 72 h after administration, mice (n 5 5)

were humanely killed by cardiac puncture, and the %ID/g was mea-

sured. For tumor imaging, mice (n5 2) were administered 14.8 MBq of
18F-FDG and imaged 90 min later at the Peter MacCallum Cancer

Centre on a Philips Mosaic small-animal PET scanner as described

previously (25). After imaging, mice were intravenously administered

100 mg of DAB4-DOTA radiolabeled with 177Lu (Perkin-Elmer), with

a specific activity of 90 MBq/mg, and euthanized 48 h later. Tumors

were excised and snap-frozen, and high-resolution digital autoradio-

graphy was performed on 20-mm frozen tumor sections using a Micro-

Imager (Biospace Lab).

Analysis of DAB4 Binding in Blood Samples from Patients

with ALL and SCLC

A blood sample (10 mL) was collected from an ALL patient and

subjected to ficoll gradient separation. After incubation with red blood

cell lysis buffer, the lymphocytes were untreated (control) or treated

with etoposide (40 mg/mL), cisplatin (20 mg/mL), or gemcitabine (200

mg/mL) alone or in combination for 24, 48, or 72 h. Cells were washed

and incubated in triplicate with 10 mg of DAB4 or Sal5 per milliliter,

followed by fluorescent secondary antibody and 7-AAD staining as

described above, and then analyzed immediately by flow cytometry.

The specific binding of DAB4 was analyzed in dead (7-AAD1) cells,

and the net mean fluorescence intensity (MFI) was calculated by

subtracting the MFI of each sample after staining with the Sal5 isotype

control mAb from the MFI after staining with DAB4.
Heparinized blood samples from 2 SCLC patients were collected

before and after standard chemotherapy (intravenously administered

carboplatin at an area under the curve (AUC) of 5 on day 1 and

etoposide 100 mg/m2 on days 1, 2, and 3) at the Royal Adelaide

Hospital Cancer Centre. Blood samples were also obtained from

healthy volunteers. Aliquots of blood (100 mL) were blocked using

FcR Blocking Reagent (Miltenyi Biotec) and then incubated with 10

mg of DAB4 or Sal5 per milliliter, followed by fluorescent secondary

antibody as described in the previous section. After washing, cells

were incubated for 10 min in red blood cell lysis buffer containing

7-AAD (2 mg/mL) and then analyzed immediately by flow cytometry.

The specific binding of DAB4 (net MFI) was analyzed in dead cells (7-

AAD1) and corrected for any nonspecific staining observed in treated

cells incubated with the antibody isotype control (Sal5). Blood from 1

patient was subjected to CELLection Epithelial Enrich (Life Technol-

ogies) per the manufacturer’s instructions and stained with Sal5/

DAB4 and 7-AAD as described above. At least 10,000 events were

acquired per sample.

Statistical Analysis

Statistical analysis was performed using Prism software (version 4.0;
GraphPad). Unless otherwise stated, intergroup comparisons were made

by 2-way ANOVA. Data are shown as mean 6 SEM. Statistical signif-
icance was reached when the P value was less than 0.05.

RESULTS

Binding of DAB4 to Dead Tumor Cells After Treatment with

Different Apoptotic Stimuli In Vitro

Jurkat cells were treated with various apoptotic stimuli, and the
extent of DNA DSB (manifested as g-H2AX foci), cell death, and
DAB4 binding was examined. Cisplatin or ionizing radiation treat-
ments, which activate the intrinsic apoptotic pathway, resulted in
an increase in g-H2AX formation as early as 5 h after treatment
(Supplemental Fig. 1A; supplemental materials are available at
http://jnm.snmjournals.org). At 24 h of treatment, apoptosis was
evident with activation of caspase-3 (Supplemental Fig. 1B), loss
of mitochondrial potential (Rho123-positive cells), and detection
of externalized phosphatidylserine (Annexin V–positive cells)
(Supplemental Fig. 2). In contrast, activation of the extrinsic ap-
optotic pathway via ligation of the Fas receptor with an anti-CD95
mAb resulted in activation of caspase-3 as early as 5 h after treat-
ment (Supplemental Fig. 1B). g-H2AX was detected at 5 h after
Fas ligation and may result from activity of the Fas-induced Caspase-
activated DNase complex (26). The time course of DAB4 binding
was similar to that for each of g-H2AX formation and caspase-3
activation after each apoptotic stimulus, with an increase in DAB4
binding that was rapid and sustained after cisplatin or ionizing
radiation, transient after Fas ligation, and absent in serum-starved
cells (Fig. 1).

FIGURE 1. Cellular binding of DAB4 to Jurkat cells treated with differ-

ent apoptotic stimuli. Jurkat cells were treated with cisplatin (20 μg/mL),

ionizing radiation (15 Gy), or anti-CD95 mAb (250 ng/mL) or were de-

prived of serum in continuing culture. After fixation and permeabiliza-

tion, DAB4 binding to permeabilized dead cells was examined. Data

shown are net MFI of DAB4 after subtraction of signal from isotype

control mAb, Sal5. n 5 3. **P , 0.01, ***P , 0.001 (1-way ANOVA,

Tukey post hoc test).
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Differential Binding of DAB4 to Dead Tumor and Normal

Cells In Vitro

Mouse thymocytes and EL4 thymic lymphoma cells were treated
with cisplatin to induce greater than 90% cell death. A set number
of dead thymocytes was combined with an increasing proportion
of dead EL4 cells, and DAB4 binding to the 2 different cell types
was examined. DAB4 bound with low avidity when incubated
with only dead thymocytes as measured by the MFI of antibody
binding (Fig. 2A). As dead EL4 cells were mixed with dead thy-
mocytes, the binding of DAB4 to dead thymocytes reduced further
and reached near-undetectable levels when 72% of the cell pop-
ulation contained dead EL4 cells (Fig. 2A). Conversely, the MFI
of DAB4 binding to dead EL4 cells alone was 20-fold higher than
the MFI of DAB4 binding to dead thymocytes. When dead thy-
mocytes were added to dead EL4 cells, the high binding avidity of
DAB4 for dead EL4 cells was not significantly affected (Fig. 2B).

Uptake of DAB4 In Vivo Is Affected by Clearance of Dead

Tumor Cells

Because DAB4 bound with higher avidity to dead tumor cells
than dead normal cells in vitro, we reasoned that a defect in the
clearance of dead cells in vivo would reveal an accumulation of
dead tumor cells, which could be targeted by DAB4. To examine
this, we used C1q knock-out (C1qa2/2) mice, which lack the first
component of the complement pathway (C1q) and manifest an
accumulation of apoptotic cells in the glomeruli (23). First, the
impaired clearance of apoptotic tumor cells associated with C1qa
deficiency was examined by administering apoptotic Jurkat cells
to wild-type (C57BL/6) or C1qa2/2 mice and measuring the level
of plasma dsDNA as a marker of dead cell clearance (27). As expected,
injection of apoptotic Jurkat cells in C57BL/6 mice increased the
amount of dsDNA present in the plasma (Fig. 3A). When apoptotic
Jurkat cells were administered to C1qa2/2 mice, a significantly
higher level of plasma dsDNA was detected, compared with sim-
ilarly treated C57BL/6 mice (Fig. 3A). Next, the biodistribution of
14C-DAB4 in C57BL/6 and C1qa2/2 EL4 tumor–bearing mice
that had either been untreated or treated with chemotherapy was
examined. The uptake of DAB4 was selectively and significantly
increased within tumors of C57BL/6 mice after chemotherapy

(Fig. 3B). For C1qa2/2 mice treated with chemotherapy, 14C-DAB4
tumor accumulation was significantly higher than that observed in
tumors of C57BL/6 mice treated with chemotherapy (Fig. 3B).
There were no differences in the uptake of 14C-DAB4 in any other
tissue from C57BL/6 or C1qa2/2 mice after chemotherapy.

Whole-Body Imaging and Biodistribution of Pretargeted

Biotin-DAB4 After Cytotoxic Treatment In Vivo

Next, we aimed to investigate whether pretargeting of biotiny-
lated F(ab)2 fragments of DAB4 enabled their detection 24 h later
in EL4 tumors via the administration of 111In-streptavidin to mice
given chemotherapy or not. Using whole-body g-camera imaging,
we detected tumor accumulation of DAB4-F(ab)2 as early as 2 h
after the injection of 111In-streptavidin (Supplemental Fig. 3A).
Tissue-specific analysis revealed a 3-fold increase in DAB4-F(ab)2
binding within EL4 tumors from mice given chemotherapy at 2 h
after 111In-streptavidin, and a similar increase was observed at 24
h after radiotracer administration (Supplemental Figs. 3A and 3B).

FIGURE 2. DAB4 binds preferentially to dead malignant cells in presence

of dead normal cells in vitro. Fixed number of dead CFSE-labeled thymo-

cytes was mixed with increasing number of dead EL4 cells, and DAB4 or

antibody isotype control (Sal5) binding to either cell type was analyzed by

flow cytometry. (A) MFI of DAB4 binding (after subtraction of Sal5 MFI) to

dead thymocytes (gated as CFSE1 cells) was plotted as function of per-

centage of dead EL4 cells in total number of dead cells analyzed. (B) MFI of

DAB4 binding to EL4 cells (gated as CFSE− cells) as function of percentage

of EL4 cells in total number of dead cells analyzed (n 5 3). CFSE 5
carboxyfluorescein succinimidyl ester.

FIGURE 3. Clearance of apoptotic cells in vivo modulates tumor ac-

cumulation of DAB4. (A) C57BL/6 mice and syngeneic C1qa−/− mice

were untreated or administered apoptotic Jurkat cells intraperitoneally.

Plasma was collected 24 h later, and level of dsDNA present was mea-

sured using Quant-iT PicoGreen dsDNA kit (n5 5). ***P, 0.001. (B) EL4

tumor–bearing C57BL/6 and C1qa−/− mice were untreated (Control) or

treated with cyclophosphamide and etoposide (Chemo). 14C-DAB4 (100 μg
at specific activity of 130 dpm/μg) was administered 24 h later, organs were

collected 48 h later, and %ID/g was determined (n 5 5). *P , 0.05, com-

pared with chemotherapy-treated C57BL/6 mice. ***P , 0.001, com-

pared with control mice.
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Biodistribution of DAB4 in Xenograft Models of

Human Carcinoma

We have shown in this study and in others (17,18,20) the spe-
cific and chemotherapy-dependent tumor uptake of DAB4 in the
syngeneic murine EL4 lymphoma model. However, the biodistri-
bution of DAB4 in human carcinoma xenograft models has not
been reported previously. Therefore, we examined the biodistri-
bution of DAB4 in human cancer xenograft models. Treatment
of mice bearing the human prostate cancer xenograft PC-3 with

50 mg of etoposide per kilogram doubled tumor cell death (7-AAD1

cells) from 16% 6 1% (mean 6 SEM) to 33% 6 1% (n 5 3, P ,
0.01) at 72 h after chemotherapy. Chemotherapy also increased the
number of TUNEL-positive cells within the tumor (Fig. 4A), in-
dicating that more dead tumor cell targets would be present after
chemotherapy for DAB4 targeting. Indeed, the increase in chemo-
therapy-induced cell death was associated with increased DAB4
binding in cell suspensions prepared from excised tumors after
chemotherapy (Fig. 4B). Tissue biodistribution analysis revealed

that DAB4 binding within the PC-3 tumors
was significantly higher in untreated mice
than the isotype control antibody (Sal5) and
that chemotherapy significantly increased the
intratumoral accumulation of DAB4 (Fig.
4C). Chemotherapy did not affect the up-
take of DAB4 in other organs, a result that
concurs with our previous observations in
the syngeneic EL4 murine tumor model.
Similar chemotherapy-induced cell death
and increased tumor uptake of DAB4
was also observed in the human pancreatic
cancer (Panc-1) xenograft model after che-
motherapy (Supplemental Fig. 4). Whole-
body PET imaging of PC-3 tumor–bearing
mice revealed peripheral tumor uptake of
18F-FDG, with minimal 18F-FDG uptake in
the tumor center (Fig. 4D), likely representing
an area of necrosis. High-resolution auto-
radiography of excised PC-3 tumors showed
binding of 177Lu-DOTA-DAB4 within spe-
cific regions of the tumor, and histologic
examination using hematoxylin and eosin
stains identified those areas being of poor
tissue morphology and necrosis (Fig. 4D).
Similar intratumoral binding patterns of DAB4
in the human squamous carcinoma (A431)
xenograft model were also observed (Sup-
plemental Fig. 5).

Binding of DAB4 to Primary Human

Cancer Cells Ex Vivo

Lymphocytes from an ALL patient were
treated with DNA-damaging drugs in vitro
and then assayed for DAB4 binding. As
shown in Figure 5, significant increases in
per-cell binding of DAB4 were detected
among dead ALL cells that had been killed
in vitro with cytotoxic drugs, compared with
the untreated control cells. DAB4 binding
was the greatest when leukemic cells were
treated with a combination of chemothera-
peutic drugs, with the increased binding of
DAB4 to dead ALL cells peaking between
24 and 48 h after treatment in most cases.
Similarly to our previous results (16), a de-
crease in DAB4 binding from this peak
was observed at 72 h after exposure and
may be related to disintegration of apopto-
tic bodies.
To further elucidate whether DAB4 binding

was specific for treatment-induced dead cancer

FIGURE 4. Biodistribution of radiolabeled DAB4 in mice bearing human carcinoma xenografts.

PC-3 tumor–bearing BALB/c nude mice were untreated (Control) or treated with etoposide (50

mg/kg) (Chemo) intraperitoneally, and tumors were collected 72 h after treatment for TUNEL

staining (A) or flow cytometric analysis (B) of specific binding of DAB4 to dead (7-AAD1) cells,

n 5 3. (C) 111In-DOTA-DAB4 or 111In-DOTA-Sal5 (100 μg at specific activity of 77.7 MBq/mg) was

administered after chemotherapy, mice were euthanized 72 h later, and accumulation of radio-

labeled antibody in organs (%ID/g) was measured (n 5 5). ***P , 0.001. (D, left) Untreated PC-3

tumor–bearing mice were administered 14.8 MBq of 18F-FDG and imaged 90 min later before

injection of 177Lu-DOTA-DAB4 (top, anterior view; bottom, lateral view; tumor arrowed). (D, right)

Tumors were collected 48 h later for high-resolution β autoradiography and hematoxylin and eosin

staining (n 5 2). LI 5 large intestine; N 5 necrotic; SI 5 small intestine; V 5 viable.
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cells, we analyzed DAB4 binding in blood samples taken from 2
SCLC patients before and after their first cycle of chemotherapy.
The per-cell binding of DAB4 to dead cells from SCLC patients
before chemotherapy (0 h) was significantly increased, compared
with DAB4 binding seen in samples from healthy volunteers
(coded HV1 and HV2; Figs. 6A and 6B). Specific DAB4 binding
remained unchanged at 24 h after chemotherapy and was signif-
icantly increased at 48 h after chemotherapy (Figs. 6A and 6B).
This method did not discriminate between the binding of DAB4 to
dead normal or cancer cells that may arise in the patient’s blood
after chemotherapy administration. Therefore, a method was ap-
plied to enrich tumor epithelial (EpCAM1) cells from the blood
of a third SCLC patient (Fig. 6C) and a blood sample from a healthy

volunteer. Minimal DAB4 binding was observed before chemother-
apy whereas, after the first cycle of chemotherapy, a time-dependent
increase in DAB4 binding to dead EpCAM1 cells was observed,
which peaked at 72 h after chemotherapy (Fig. 6C).

DISCUSSION

The La antigen is a novel target for the detection of dead tumor
cells because it is overexpressed in a variety of cultured human
malignant cells (16,28) and in human malignant tissues (28–30).
As La becomes accessible after cytotoxic treatment of tumor cells
(16,20), examining the prevalence of La provides a new target for
exploring tumor responses to treatment. In this study, we demon-
strated that DAB4 binds avidly to permeabilized tumor cells after
treatment with the apoptotic stimuli of cisplatin, ionizing radia-
tion, or Fas ligation. Furthermore, higher DAB4 binding was as-
sociated with an increased abundance of DNA DSBs, which, when
unresolved, contribute to cell death. These results are consistent
with previously observed increases in DAB4 binding to necrotic
tumor cells in vitro (16) and may result from several factors in-
cluding translocation of La from the nucleus to cytoplasm in as-
sociation with apoptosis (31,32), changed conformation of the La
protein revealing the DAB4 epitope, or redistribution of La to
DSBs (16). Significantly increased and sustained DAB4 binding
to tumor cells was associated only with cytotoxic anticancer treat-
ments because DAB4 binding to serum-starved tumor cells reduced
with time of serum starvation. Serum starvation is known to pro-
mote autophagy in Jurkat cells (33), and the reduced DAB4 binding
may result from catabolism of La antigen–containing structures
within autophagic Jurkat cells.
In a competition assay, we showed that DAB4 preferentially bound

dead EL4 thymic lymphoma cells, compared with normal counterpart
thymocytes. Our previous data show that La is overexpressed in
EL4 cells, compared with thymocytes (18), which may explain the
preferential in vitro binding of DAB4 to EL4 cells. Thus, we in-
vestigated the link between apoptotic tumor cell clearance in vivo
and tumor uptake of DAB4. Tumor-bearing C1qa2/2 mice, which
are known to have impaired clearance of apoptotic cells (34), had
a significant increase in DAB4 tumor accumulation after chemo-
therapy, compared with wild-type mice. Despite this apoptotic cell
clearance defect, no significant normal tissue accumulation of DAB4

was evident in C1qa2/2 mice even though
chemotherapy is likely to increase cell death
in normal tissues such as the gut (35).
The mechanisms underlying the differen-

tial clearance of apoptotic cells in malignant

and normal tissues are not clear. Nonethe-

less, the prompt clearance of apoptotic cells

by professional and nonprofessional phago-

cytes in normal tissues is well known

(36,37). Conversely, in malignant tissues,

failure of the rapid clearance of apoptotic

cells results in their progression to necrosis

with an accompanying loss of cell mem-

brane integrity, allowing antigen-specific

binding by DAB4. For example, the release

of high mobility group box-1 protein from

necrotic tumor cells may contribute to the

delay in their clearance (38).
Altogether, these data suggest that the

tumor uptake of DAB4 observed here and

FIGURE 5. Specific binding of DAB4 to human ALL cells after in vitro

treatment with DNA-damaging cytotoxic drugs. Leukemic blasts from ALL

patient were untreated (Control) or treated with etoposide (Etop; 40 μg/mL),

cisplatin (Cis; 20 μg/mL), gemcitabine (Gem; 200 μg/mL), etoposide (40

μg/mL) with cisplatin (20 μg/mL) (Etop 1 cis), etoposide (40 μg/mL) with

gemcitabine (200 μg/mL) (Etop 1 gem), or gemcitabine (200 μg/mL) with

cisplatin (20 μg/mL) (Gem 1 cis). Cells were analyzed by flow cytometry

for DAB4 binding after gating based on 7-AAD1 events. MFI of DAB4 bind-

ing was analyzed at 24 h (white bars), 48 h (black bars), and 72 h (blue

bars) after treatment (n 5 3). ***P , 0.001.

FIGURE 6. Cytotoxic chemotherapy induces ex vivo binding of DAB4 to circulating dead cells

of SCLC patients. Blood samples were obtained from 2 SCLC patients (A and B), before and after

chemotherapy. Samples were stained in triplicate with 7-AAD, DAB4, or isotype control mAb

(Sal5). Whole-blood samples from 2 healthy volunteers (coded HV1 and HV2) were processed

and analyzed identically. Cells were analyzed by flow cytometry for DAB4 binding after gating on

7-AAD1 events, followed by subtraction of MFI-observed nonspecific binding. (C) Epithelial cells

(Ep-CAM1) enriched from blood of healthy volunteer (HV2) or SCLC patient before and after

chemotherapy were analyzed in similar manner. *P , 0.05. **P , 0.01. ***P , 0.001 (1-way

ANOVA).
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in other tumor models (17,18,20) reflects a general state of impaired
intratumoral clearance of apoptotic cells. To show that impaired
clearance of postapoptotic necrotic tumor cells increased the avail-
ability of DAB4 binding targets, we delivered a biotinylated F(ab)2
fragment of DAB4 24 h after chemotherapy but 24 h before its
detection with 111In-labeled streptavidin. A F(ab)2 fragment was
used to prevent Fc-mediated phagocytosis of bound tumor cells in
vivo. In Supplemental Figure 3, g-camera images 24 h after injec-
tion of 111In-streptavidin together with supporting biodistribution
data showed that significant accumulation of DAB4-F(ab)2 had been
detected in tumors after chemotherapy. Nevertheless, renal uptake
of DAB4-F(ab)2 was found to be high, especially at the 24-h time
point after chemotherapy. Consequently, DAB4 imaging of tumor
response to chemotherapy using a pretargeting technique requires
further optimization. The presence of biotin in the kidney confounds
detection by labeled streptavidin, and the reverse approach of pre-
targeting with an antibody–streptavidin conjugate followed by de-
tection with 111In-DOTA-biotin would be favored.
Tumor uptake of DAB4 was used to identify tumor cell death in

human tumor xenografts. Tissue-specific analyses of mice bearing the
human tumor PC-3 and Panc-1 xenografts demonstrated that DAB4
was taken up by tumor tissue and that chemotherapy resulted in
a significant increase in intratumoral DAB4 binding. Importantly,
chemotherapy did not alter the uptake of DAB4 in healthy tissues, nor
were any changes in the tumor accumulation of the isotype control
antibody Sal5 observed after chemotherapy in the PC-3 tumor model,
confirming selective tumor targeting of DAB4. Furthermore, autora-
diography directly demonstrated DAB4 accumulation in necrotic
regions of human tumor xenografts, which is similar to another mAb
that identifies necrotic regions of prostate cancer (39).
One of the features of this particular study was to examine the

extent of DAB4 binding to primary samples from cancer patients.
DAB4 was found to bind with high avidity to cells isolated from
the blood of an ALL patient when treated with chemotherapy in
vitro. DAB4 also bound to cells isolated from the blood of SCLC
patients who had received chemotherapy, while showing minimal
binding to the blood from healthy volunteers. Enrichment of
circulating tumor cells by EpCAM selection, which is expressed
by most tumor cells (40), revealed that DAB4 binding was specific
for circulating tumor cells and that chemotherapy further in-
creased DAB4 binding. Although the patient numbers were small,
these results indicate the potential application of DAB4 as a di-
agnostic test component for measuring chemotherapy responses in
vivo and warrant further investigation.

CONCLUSION

The selectivity of DAB4 for dead tumor cells appeared to be
related to relative differences in the efficiencies of apoptotic cell
clearance between normal and malignant tissues. When given after
chemotherapy, DAB4 accumulates where there is an excess of apoptotic
cells in tumors (18), but its lack of accumulation in normal tissues is
consistent with the known efficiency of physiologic apoptotic cell
clearance (35,36). Hence, this work provides further support for using
DAB4 mAb as a noninvasive, real-time, in vivo diagnostic marker of
tumor cell death resulting from DNA-damaging anticancer treatments.
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