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Radioimmunotherapy is considered to have great potential for
efficient and highly specific treatment of tumors. The aim of this
study was to determine the efficacy of radioimmunotherapy when
using 90Y-labeled cetuximab and to determine to what degree
induction and repair of DNA double-strand breaks (DSBs)
are decisive for this approach. Methods: This study was per-
formed with 9 cell lines of squamous cell carcinoma of the
head and neck (HNSCC) differing strongly in epidermal growth
factor receptor (EGFR) expression. The radionuclide 90Y was
coupled by the chelator trans-cyclohexyl-diethylene-triamine-
pentaacetic acid (CHX-A$-DTPA)/linker construct to the
EGFR-directed antibody cetuximab to yield 90Y-Y-CHX-A$-
DTPA-cetuximab with a specific activity of approximately 1.2
GBq/mg. EGFR expression was determined by immunofluo-
rescence and Western blotting, cetuximab binding by fluo-
rescence-activated cell sorter analysis, the number of DSBs
by immunofluorescence staining gH2AX/53BP1-positive repair
foci, and cell survival by colony formation. Results: For the 9
HNSCC cell lines, cetuximab binding correlated with the amount
of EGFR present in the cell membrane (r2 5 0.967, P , 0.001).
When cells were exposed to 90Y-Y-CHX-A$-DTPA-cetuximab,
the number of induced DSBs increased linearly with time (r2 5
0.968, P 5 0.016). This number was found to correlate with the
amount of membranous EGFR (r2 5 0.877, P 5 0.006). Most
DSBs were repaired during incubation at 37�C, but the small
number of remaining DSBs still correlated with the amount of
membranous EGFR (24 h: r2 5 0.977, P , 0.001; 48 h: r2 5
0.947, P , 0.001). Exposure to 90Y-Y-CHX-A$-DTPA-cetuximab
also resulted in efficient cell killing, whereby the extent of cell
killing correlated strongly with the respective number of remain-
ing DSBs (r2 5 0.989, P , 0.001) and with the amount of mem-
branous EGFR (r2 5 0.967, P , 0.001). No cell killing was

observed for UTSCC15 cells with low EGFR expression, in con-
trast to the strong reduction of 86%measured for UTSCC14 cells
showing a strong overexpression of EGFR. Conclusion: 90Y-Y-
CHX-A$-DTPA-cetuximab affected cell survival through the in-
duction of DSBs. This treatment was especially efficient for
HNSCC cells strongly overexpressing EGFR, whereas no ef-
fect was seen for cells with low levels of EGFR expression.
Therefore, EGFR-directed radioimmunotherapy using 90Y-Y-
CHX-A$-DTPA-cetuximab appears to be a powerful tool that
can be used to inactivate tumors with strong EGFR overex-
pression, which are often characterized by a pronounced
radioresistance.
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External-beam radiotherapy is a major pillar of cancer
treatment. Although significant progress has been made in
the planning and application of external-beam radiotherapy
in recent years, there is still a significant proportion of tumors
for which the dose that carries an acceptable risk of normal-
tissue damage is not high enough for local control. One con-
cept that might tackle this problem is to deliver an additional
dose by systemic approaches specifically to the tumor. Such
delivery can be achieved by radiolabeled monoclonal anti-
bodies (mAbs), provided that the epitope recognized by the
mAb will allow for the specific targeting of tumor cells.

In this context, the epidermal growth factor receptor
(EGFR) is of great interest. Its expression in normal tissue
is relatively low, compared with the high expression often
found in tumors, especially those of epidermal origin such
as squamous cell carcinoma of the head and neck (HNSCC)
(1,2). Beyond that, the overexpression of EGFR is also asso-
ciated with a more aggressive tumor phenotype featuring
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increased radio- and chemoresistance, resulting in a poor
prognosis (3). Consequently, there is great need to develop
new and more efficient therapies, especially for HNSCC
tumors overexpressing EGFR (4,5).
Current EGFR-targeting strategies aim primarily at radio-

sensitization through the blockade of EGFR-dependent signal-
ing pathways using either mAbs (e.g., cetuximab) or tyrosine
kinase inhibitors (e.g., gefitinib) (4). Bonner et al. (6) have
shown their clinical relevance for advanced HNSCC when
combined with radiotherapy. However, that study and pre-
clinical studies (7) have also revealed that only a subgroup
of HNSCC patients may actually benefit from this new
approach.
Alternatively, EGFR may also serve as a target for radio-

immunotherapy by using radiolabeled EGFR-directed mAbs.
Several preclinical studies using xenografts have already
demonstrated that such an EGFR-directed therapy can result
in efficient treatment (8–13). The outcome of this treatment
was shown to depend on the amount of radiolabeled mAb
ultimately concentrated in the tumor. This amount, in turn,
depends not only on the level of EGFR expression but also
on the vascular architecture of the specific tumor (8,9,11,14).
So far, the effect of radiolabeled EGFR-directed mAbs on

tumor growth has been attributed to their antiangiogenic effects
and to increased apoptosis (8). The aim of our study was to
determine the extent to which these effects may also depend on
the number of DNA double-strand breaks (DSB) induced by
the radiolabeled mAb bound to the cell. DSBs constitute the
most critical form of DNA damage induced by ionizing irra-
diation, with even a small fraction of residual DSBs having
a great impact on cell survival (15,16). This study, conducted
as part of a German consortium investigating the combina-
tion of external-beam radiotherapy with radioimmunother-
apy, was performed on 9 HNSCC cell lines differing strongly
in EGFR expression (2). Cells were exposed to cetuximab
labeled with 90Y via the chelator trans-cyclohexyl-diethylene-
triamine-pentaacetic acid (CHX-A$-DTPA) with a specific
activity of about 1.2 GBq/mg. Induction and repair of DSBs
were determined by immunostaining of gH2AX/53BP1-
positive repair foci and cell survival by colony assay.

MATERIALS AND METHODS

Preparation of Cetuximab Conjugates
Preparation of radiolabeled cetuximab conjugates will be de-

scribed in detail in another publication by our group. Briefly,
before protein conjugation, CHX-A$-DTPA was dissolved in
N-(2-hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid) buffer
(400 mL, 500 mM, pH 7.2) and added to the cetuximab solution
to achieve a molar ratio of 20:1 (CHX-A$-DTPA:cetuximab). The
mixture was allowed to react for 24 h at 25�C without stirring. Excess
CHX-A$-DTPA was removed by a Jumbosep 30-kDa molecular-
weight-cutoff concentrator (Pall Life Sciences). The buffer change
was performed with an NH4OAc solution (50 mM, pH 6.0) contain-
ing NaCl (150 mM).

For the radiolabeling of CHX-A$-DTPA-cetuximab with 90Y,
a solution of 90Y-YCl3 (Yttriga; Eckert and Ziegler Nuclitec
GmbH) in HCl (0.04 M, 120 MBq) was added to the antibody

conjugate (100 mg) plus MES buffer (100 mL, 200 mM, pH
6.1), immediately stirred with a vortex mixer, and incubated
for 30 min at 30�C without shaking. To quench the labeling
reaction and fix nonreacted radionuclides, free DTPA chelator
(32 mL, 0.1 mg/mL) was added to the reaction mixture. Radio-
chemical yield was determined by radio–instant thin-layer chro-
matography; a 10-cm silicic-acid strip (Varian GmbH) was used
as the stationary phase, and a 0.9% NaCl solution was used as the
mobile phase. The radiolabeled antibody was purified by spin fil-
tration using a 30-kDa Microcon device (Millipore). The obtained
90Y-Y-CHX-A$-DTPA-cetuximab was always synthesized to have
a specific activity of 1.2 GBq/mg.

Cell Cultures
Experiments were performed with head and neck squamous cell

carcinoma (HNSCC) cell lines Cal33, FaDuDD, HSC4, SAS, SAT,
XF354, UTSCC5, UTSCC14, and UTSCC15, as well as the epithelial
carcinoma cell line A431. All cell lines were grown in Dulbecco
modified Eagle medium (Gibco) containing 10% fetal bovine serum
(Biochrom AG) and 4 mM glutamine (Gibco) at 37�C, 10% CO2, and
100% humidification. Cells were routinely screened for Mycoplasma
infection.

X-Irradiation
Cells were irradiated at room temperature with 200-kV x-rays

(RS225 [Gulmay Medical Ltd.], 15 mA, 0.8-mm beryllium and
0.5-mm copper filtering, dose rate of 1.2 Gy/min).

Small Interfering RNA (siRNA) Transfection
EGFR was downregulated via siRNA. To this end, 1.2 · 106

cells were seeded in 10-cm plates 24 h before siRNA transfection;
20 nM anti-EGFR siRNA (59-GGCACGAGUAACAAGCUCAtt-39;
Ambion) or control siRNA (59-GCAGCUAUAUGAAUGUUGUtt-39;
MWG) was transfected using oligofectamine (Invitrogen) accord-
ing to the manufacturer’s instructions under serum-free condi-
tions for 8 h. After 48 h of knockdown, cells were treated with
90Y-Y-CHX-A$-DTPA-cetuximab or DTPA-cetuximab. Twenty-
four hours later, cells were fixed for further analysis. The effect
of knockdown was controlled by analysis of whole-cell lysates
48 h after transfection using Western blot.

Protein Isolation and Western Blot
Fractionated cell extracts were prepared as described previously

(2). Briefly, cells were detached by scraping and were lysed by
ultrasonic treatment, followed by ultracentrifugation (supernatant 5
cytoplasm). Pellets were resuspended in TritonX-100 buffer includ-
ing protease inhibitors (Roche). The membranous fraction was
achieved by centrifugation (supernatant). The remaining pellets
(nuclei) were washed with TritonX-100 buffer and were resus-
pended into sample buffer.

Proteins were detected by Western blot according to standard
protocols. The primary antibodies were anti-Calnexin (BD Pharmin-
gen, 610523), anti-Calpain-1/2 small subunit (Callbiochem, 208730),
anti-EGF receptor (Cell Signaling Technology, 2232), and anti-
Histone 2B (Imgenix, IMG-359). Secondary antibodies were
from GE Healthcare: antirabbit and antimouse HRP-conjugated
NA934V and NA931V. Signals were determined via chemilu-
minescence using ECLTM Western blotting detection reagents
(Amersham) and a light-sensitive camera system (Berthold).

Fluorescence-Activated Cell Sorter (FACS) Analysis
Cetuximab-binding capacity was determined according to the

method of Diaz et al. (17) using fluorescein isothiocyanate–conjugated
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antihuman IgG (H1L) (Dianova, 709-096-149). Briefly, individual
living cells were incubated at 4�C with phosphate-buffered saline
containing 30 nM cetuximab, washed, incubated with fluorescence-
labeled secondary antibody, washed again, and then used for
FACS analysis. FACS analysis was performed using the FACS
Canto System and FACS Diva software (BD Biosciences).

Immunofluorescence
Immunofluorescent staining was performed as described pre-

viously (18). Briefly, cells were fixed, permeabilized, blocked with
BSA, incubated with primary antibody, washed, and incubated with
secondary antibody. After 4,6-diamino-2-phenylindole (QBiogene)
staining and washing, cells were mounted in antifade mounting
solution (QBiogene) and analyzed using a fluorescence micro-
scope (Axioplan 2 [Zeiss], ·630 magnification).

Detection of Cetuximab Binding to EGFR. To determine the
binding of cetuximab to EGFR, 30 nM cetuximab was used as
the primary antibody and fluorescein isothiocyanate–conjugated
antihuman IgG (H1L) (Dianov, 709-096-149) as the secondary
antibody.

Detection of DNA Double-Strand Breaks. For costaining of
gH2AX and 53BP1, antiphospho-Histone 2A.x (Ser139; Milli-
pore, 05-636) and anti-53BP1 (Novus Biologicals, NB100-305)
were used as primary antibodies. Secondary antibodies included
antimouse ALEXA fluor594 (Molecular Probes, A11005) and
antirabbit Fluorescein (GE Healthcare, N1034). Two hundred ran-
domly chosen intact nuclei were analyzed per treatment group.
53BP1- and gH2AX-positive foci were counted visually using
the fluorescence microscope. For these experiments, cells were
plated on 12-well plates, with the number of cells seeded per plate
depending on time exposed to 90Y-Y-CHX-A$-DTPA-cetuximab
(,24 h, n 5 150,000; 24 h, n 5 100,000; 48 h, n 5 50,000). The
number of foci counted in cells treated with CHX-A$-DTPA-
cetuximab was subtracted from that determined in cells treated
with 90Y-Y-CHX-A$-DTPA-cetuximab and was normalized to
the DNA content of the respective cell line.

Cell Survival
Cells were treated with CHX-A$-DTPA-cetuximab/90Y-Y-CHX-

A$-DTPA-cetuximab as described above and incubated at 37�C for
48 h. Afterward, cells were trypsinized and seeded for colony for-
mation assay at a concentration adjusted to the specific cellular
plating efficiency. Culture flasks were fixed and stained 2 wk after
seeding or when the colonies had grown to at least 50 cells.

Statistics
Data analysis and statistical evaluation were performed using

Prism, version 4.03 (GraphPad Software). Values are expressed as
means 6 SEM. All experiments were repeated at least 3 times.
The unpaired Student t test was performed in the statistical analysis.
P values were calculated using 1-sided tests.

RESULTS

EGFR Heterogeneity and Cetuximab-Binding
Capacity

The aim of this study was to characterize the efficiency
and cellular mechanisms of radioimmunotherapy using 90Y-
labeled cetuximab.

The membranous EGFR expression varies remarkably
throughout the different HNSCC cell lines, as shown by
Western blot analysis of the fractionated cell extracts (Fig. 1A;
Supplemental Fig. 1 [supplemental materials are available
online only at http://jnm.snmjournals.org]). The binding of
cetuximab to tumor cells depends on the amount of this
EGFR fraction, as shown after 30 min of incubation by im-
munofluorescence (Fig. 1B). Quantifying the amount of
EGFR-bound cetuximab by flow cytometry, we were able
to show a strong linear correlation (r2 5 0.967, P , 0.001)
between the amount of cetuximab bound to the cell and the
amount of EGFR expressed in the membrane (Fig. 1C).

Using the number of EGFR molecules previously de-
termined for A431 cells by binding assay as a reference (19),
we estimated the respective number present in the cell mem-
brane of each cell line. These numbers varied from 2.4 · 105

molecules for UTSCC15 cells up to the 10-fold higher value
of 3.12 · 106 molecules for UTSCC14 cells, reflecting the
tremendous heterogeneity of EGFR expression observed in
HNSCC.

Kinetics of DSB Induction and Repair

We next analyzed the induction of DNA damage by
bound 90Y-Y-CHX-A$-DTPA-cetuximab. To quantify DNA
damage, we scored DSBs through the colocalization of
gH2AX and 53BP1 foci (Fig. 2A). Both UTSCC14 and
UTSCC15 cells were labeled with 90Y-Y-CHX-A$-DTPA-

FIGURE 1. EGFR expression and cetuxi-

mab binding in HNSCC cell lines. (A) Ex-
pression of EGFR in cytoplasmatic (c),

membranous (m), and nuclear (n) compart-

ments as determined by Western blot. Spe-

cific marker proteins are used for quality
control. (B) Detection of cetuximab bound

to EGFR after incubation with 30 nM

cetuximab for 30 min in UTSCC14, FaDu,
and UTSCC15 cells by immunofluorescence

staining. (C) Correlation between cetuximab

binding capacity and relative amount of

membranous EGFR. Amount of EGFR from
50,000 cells was quantified via Western

blot, and cetuximab binding was measured

by FACS analysis after incubation of living cells with 30 nM cetuximab at 4�C. Relative values are obtained after normalization to values

obtained for FaDu cells.
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cetuximab for 5 min, which was sufficient for complete
binding (Supplemental Fig. 2). Cells were then washed and
kept in drug-free medium at 4�C for up to 3 h, followed by
an incubation at 37�C for 20 min to allow formation of DSB
repair foci (Fig. 2A). For both cell lines, there was a linear
increase in the number of DSBs throughout the incubation at
4�C (Fig. 2B).
We also analyzed the repair kinetics of DSB induced by

bound 90Y-Y-CHX-A$-DTPA-cetuximab (Fig. 2C). SAS
cells were labeled with 90Y-Y-CHX-A$-DTPA-cetuximab
for 5 min, washed, and stored at 4�C for 3 h before being
incubated at 37�C for up to 120 min. The number of DSB
repair foci showed a peak after 20 min, followed by a con-
tinuous decline. These kinetics are similar to those mea-
sured after external x-irradiation with 1 Gy (Fig. 2C, open
triangles). However, the decline in repair foci was less
sharp after exposure to 90Y-Y-CHX-A$-DTPA-cetuximab,
because the number of repair foci measured there was deter-
mined both by repair and by induction of new foci resulting
from new DSBs induced by 90Y-Y-CHX-A$-DTPA-
cetuximab.

Variation of Initial and Accumulated DSBs

The amount of EGFR present in the membrane fraction
determined the number of DSBs induced when cells were

exposed to bound 90Y-Y-CHX-A$-DTPA-cetuximab at 4�C
for 3 h (Fig. 3A). For 6 HNSCC cell lines differing mark-

edly in EGFR surface expression, there was a linear corre-

lation between the number of DSBs induced and the respective

EGFR membrane fraction (r2 5 0.877, P5 0.005). The larger

the amount of membranous EGFR, the greater the number of

DSBs induced during this incubation. The lowest rate of in-

duction was measured for UTSCC15 cells, at 0.23 DSBs per

hour, and the highest for UTSCC14 cells, at 4.61 DSBs per

hour.
In Figure 3B, DSB induction by 90Y-Y-CHX-A$-DTPA-

cetuximab as measured for UTSCC15, FaDu, and UTSCC14
cells is compared with the induction of DSBs determined

after x-ray exposure with 1 Gy. For x-irradiation, there was
only a marginal variation in the number of DSBs induced,
with an average of 36 DSBs per gray. In contrast, on exposure
to 90Y-Y-CHX-A$-DTPA-cetuximab for 3 h, the number of
DSBs induced varied by a factor of almost 20. The number of
DSBs measured in UTSCC15 cells after being exposed to
90Y-Y-CHX-A$-DTPA-cetuximab for 3 h was equivalent
to an x-ray dose of 0.02 Gy. Equivalent x-ray doses for FaDu
and for UTSCC14 were 0.1 and 0.4 Gy, respectively. These
data demonstrate that treatment with 90Y-Y-CHX-A
$-DTPA-cetuximab allows for the selective targeting
of HNSCC cells with strong EGFR expression.

We also measured the number of DSBs remaining after
longer repair intervals, since this number is known to
essentially determine the extent of cell killing ultimately
achieved (16). For these experiments, HNSCC cell lines
were allowed to bind 90Y-Y-CHX-A$-DTPA-cetuximab
for 5 min before being incubated at 37�C for either 24
or 48 h. Figure 3C shows that after longer repair intervals,
there were still a small number of remaining DSB repair
foci, which correlated significantly with the amount of
membranous EGFR (24 h: r2 5 0.977, P , 0.001; 48 h:
r2 5 0.947, P 5 0.001). The number of DSB repair foci
present after 48 h was slightly lower than that after 24 h,
because on the one hand there was more time to repair
and on the other hand fewer DSBs were induced during
the second half of the exposure time, as 90Y decays with
a half-life of 2.6 d. Most notably, these data demonstrate
that even after longer repair periods, the number of
remaining DSB repair foci is primarily determined by
the amount of membranous EGFR, which in turn strictly
depends on the amount of bound 90Y-Y-CHX-A$-DTPA-
cetuximab.

For UTSCC14 cells, we also determined that the in-
duction of DSBs of 90Y-Y-CHX-A$-DTPA-cetuximab

specifically depends on EGFR. To this end, EGFR was

downregulated by siRNA (inset of Fig. 3D). When normal

UTSCC14 cells were exposed to bound 90Y-Y-CHX-A$-

FIGURE 2. Induction and repair of DNA

DSBs by 90Y-Y-CHX-A$-DTPA-cetuximab.
(A) Detection of DSBs by immunofluores-

cence staining of gH2AX/53BP1 foci. (B)

Induction of DSBs by 90Y-Y-CHX-A$-DTPA-
cetuximab. UTSCC15 and UTSCC14 cells
were incubated at 37�C for 5 min with 30

nM 90Y-Y-CHX-A$-DTPA-cetuximab before

being washed and incubated at 4�C for up

to 3 h, followed by incubation at 37�C for
20 min to allow for focus formation. Data were

fitted by linear regression. (C) Repair of DSBs.

SAS cells were incubated for 5 min at 37�C
with 30 nM 90Y-Y-CHX-A$-DTPA-cetuximab

before being washed and incubated at 4�C for 3 h (solid line), followed by incubation at 37�C for up to 120 min. Cells were irradiated with

1 Gy for sake of comparison. DSBs were detected via gH2AX/53BP1 focus formation. Number of DSBs detected was normalized to maximal

number of DSBs scored.
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DTPA-cetuximab at 37�C for 24 h, there was again a sub-
stantial number of remaining DSB repair foci (Fig. 3D, fifth
column). This number was slightly less than the number
plotted in Figure 3C, because for this experiment the spe-
cific activity of 90Y-Y-CHX-A$-DTPA-cetuximab was only
60% of that used previously. However, most important,
when EGFR was downregulated in UTSCC14 cells by
siRNA, the number of DSB repair foci remaining was iden-
tical to the number measured for nonlabeled cells (Fig. 3D,
fourth vs. seventh columns). It can also be seen that in-
cubation with bound nonradioactive DTPA-cetuximab did
not induce DSB repair foci (Fig. 3D, first and second
columns). The respective immunofluorescence images
are shown in Supplemental Figure 4. These results clearly
demonstrate that DSB repair foci measured when cells
were exposed to 90Y-Y-CHX-A$-DTPA-cetuximab were
due to its binding to EGFR.

Cell Killing

We next determined the effect of 90Y-Y-CHX-A$-DTPA-
cetuximab on cell killing. Similar to the method described
above, HNSCC cell lines were allowed to bind 90Y-Y-CHX-
A$-DTPA-cetuximab for 5 min, followed by incubation at
37�C for 48 h before being trypsinized and seeded for
colony assay. Survival was significantly correlated with
the number of DSB repair foci remaining after 48 h
(Fig. 4A; r2 5 0.989, P , 0.001). UTSCC14 cells with a
large number of remaining DSB repair foci also showed a
strong decrease in cell survival. In contrast, the survival

measured in UTSCC15 cells with nearly no remaining
DSBs after exposure to 90Y-Y-CHX-A$-DTPA-cetuximab
was identical to the value determined after treatment
with nonradioactive cetuximab.

When the surviving fraction was plotted against the
respective EGFR membrane fraction, a significant corre-
lation between these 2 parameters could also be observed

FIGURE 4. Effect of 90Y-Y-CHX-A$-DTPA-cetuximab on survival

of HNSCC cells differing in membranous EGFR expression. (A) Cor-

relation between cell survival and accumulated DSBs. Cells were

exposed to bound 90Y-Y-CHX-A$-DTPA-cetuximab at 37�C for 48 h
and then plated for cell survival. Numbers of accumulated DSBs

were taken from Figure 3C. (B) Correlation between cell survival and

membranous EGFR expression. EGFR expression was determined by
Western blot analysis. Cell survival was determined by colony-forming

assay, whereby nonlabeled CHX-A$-DTPA-cetuximab–treated cells

were used as control.

FIGURE 3. Variation in induction and accu-

mulation of DSBs in HNSCC cell lines differ-

ing in amount of membranous EGFR. DSBs
were detected by immunofluorescence stain-

ing of gH2AX/53BP1 foci. (A) Induction of

DSBs through exposure to 90Y-Y-CHX-A$-
DTPA-cetuximab. Cells were exposed to
bound 90Y-Y-CHX-A$-DTPA-cetuximab

for 3 h at 4�C, followed by incubation at

37�C for 20 min to allow for focus forma-

tion. Number of DSBs scored was corre-
lated with expression of membranous EGFR

as determined by Western blot analysis. (B)

Induction of DSBs by 1 Gy of x-irradiation.
After irradiation, cells were incubated at

37�C for 20 min to allow for focus formation.

Data were taken from A for comparison with
90Y-Y-CHX-A$-DTPA-cetuximab. (C) Accumu-
lation of DSBs. Cells were exposed to bound
90Y-Y-CHX-A$-DTPA-cetuximab at 37�C for

24 or 48 h, followed by detection of DSB repair

foci. (D) Effect of EGFR knockdown on DSB
accumulation in UTSCC14 cells. Cells were

treated with siRNA for 48 h as indicated. West-

ern blot using anti-EGFR and antiactin anti-
body as loading control appears in the inset.

Thereafter, cells were treated with 90Y-Y-CHX-

A$-DTPA-cetuximab at 37�C for 24 h before

analysis of DSB. Data from A and C were an-
alyzed by linear regression.
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(Fig. 4B; r2 5 0.967, P , 0.001). This finding was ex-
pected, as the data in Figure 3C demonstrate that the
number of remaining DSBs strongly depended on the
amount of membranous EGFR. Overall, these data clearly
indicate that efficient cell killing can be achieved by 90Y-
Y-CHX-A$-DTPA-cetuximab and that the extent of cell
killing depends primarily on the amount of membranous
EGFR, representing the binding sites for 90Y-Y-CHX-A$-
DTPA-cetuximab.

DISCUSSION

The aim of this study was to determine the extent to
which radioimmunotherapy of HNSCC cells using 90Y-
labeled cetuximab depends on the induction and repair
of DNA DSBs.
We observed that the amount of nonlabeled cetuximab

that bound to the cells correlated strongly with the amount
of EGFR present in the cell membrane (Fig. 1). A similar
correlation and identical binding capacity are expected for
labeled cetuximab, since there is no difference in binding
affinity between cetuximab and DTPA-cetuximab at the
oversaturated concentration applied here (Supplemental
Fig. 3).
The exposure of UTSCC14 and UTSCC15 cells to bound

90Y-Y-CHX-A$-DTPA-cetuximab clearly induced DSBs
(Figs. 2A and 2B). These DSBs were induced by the b-par-
ticles (maximal energy 5 2.28 MeV) emitted by the 90Y-Y-
CHX-A$-DTPA-cetuximab bound either to this cell or to one
of the surrounding cells, since the mean range of these b-rays
in tissue/water is about 4 mm. For the first 3 h of exposure,
DSB induction occurred at a constant rate of 4.6 DSBs per
hour (Fig. 2B). However, for longer exposure intervals, the
rate of DSB induction is expected to decline exponentially
with the known half-life of 90Y (64 h) (20).
The initial rate of DSB induction strictly depended on the

amount of membranous EGFR (Fig. 3A). That the induced
DNA damage in fact specifically resulted from binding of
90Y-Y-CHX-A$-DTPA-cetuximab to EGFR was demon-
strated via siRNA downregulation of EGFR (Fig. 3D).
Overall, the rate of DSB induction varied by a factor
of 20. This finding strongly indicates that exposure
to 90Y-Y-CHX-A$-DTPA-cetuximab facilitates the dif-
ferential targeting of HNSCC cells depending on their
expression of EGFR (Fig. 3A). So far, such a differentia-
tion has not been possible with conventional external
radiotherapy.
We also measured the number of DSBs accumulated in

HNSCC cells after being exposed to bound 90Y-Y-CHX-A$-
DTPA-cetuximab for 24 or 48 h at 37�C (Fig. 3C). These
numbers represent both nonrepairable DSBs and DSBs that
were recently induced but could still be rejoined. The num-
ber of DSBs measured after incubation at 37�C for 48 h was
slightly less than that measured after 24 h, mostly because
90Y activity decreases as the decay of 90Y continues. Thus,
during the first 24 h of exposure, more DSBs are induced
than during the later 24-h incubation.

For the 6 HNSCC cell lines, the numbers of DSBs that
had accumulated after either 24 or 48 h strictly depended on
the amount of membranous EGFR and, with it, the amount
of bound 90Y-Y-CHX-A$-DTPA-cetuximab (Fig. 3C).
These HNSCC cell lines are characterized by clear differ-
ences in DSB repair capacity (Supplemental Fig. 5). How-
ever, on exposure to bound 90Y-Y-CHX-A$-DTPA-cetuximab
at 37�C for 24 or 48 h, these differences in DSB repair
capacity appear to have no impact on the number of ac-
cumulated DSBs. This number is determined primarily by
the amount of bound 90Y-Y-CHX-A$-DTPA-cetuximab
and, with it, by the number of DSBs induced.

It has been previously demonstrated that blockade of
EGFR by cetuximab can inhibit the repair of x-ray–induced
DSBs (18,21). Such an inhibition is also expected when
EGFR is blocked by radiolabeled cetuximab. However,
the data presented here do not allow a definitive conclu-
sion on the extent of this effect, because the numbers of
DSBs that have accumulated after 24 or 48 h are deter-
mined primarily by the number of DSBs induced, whereas
differences in DSB repair capacity appear to have only
a minor or even negligible effect.

Exposure to bound 90Y-Y-CHX-A$-DTPA-cetuximab
had a clear effect on cell survival, whereby the extent of
cell killing strongly correlated with the number of DSBs
that had accumulated after 48 h and, with it, the amount of
membranous EGFR (Figs. 4A and B). There was no cell
killing in cells with low EGFR expression, but there was
substantial inactivation when EGFR was strongly overex-
pressed. This correlation suggests that cell killing results
predominantly from the DSBs induced by the 2.28-MeV
b-rays emitted from bound 90Y-Y-CHX-A$-DTPA-cetux-
imab. The greater the amount of membranous EGFR per
cell, the greater is the concentration of bound 90Y-Y-CHX-
A$-DTPA-cetuximab and the number of DSBs induced.
As a consequence, a greater number of DSBs accumu-
lates, causing more cell inactivation. Such a straight cor-
relation between cell survival and accumulated DSB repair
foci was also seen by Cai et al. (22) when breast cancer
cells were targeted by the radiolabeled ligand EGF using
111In.

Only a few cells showed pan-nuclear staining of gH2AX
for incubation at 37�C for both 24 and 48 h (Supplemental
Fig. 6). Such staining is generally taken as an indication of
apoptosis (23). There was also no sign of apoptosis when
poly(adenosine diphosphate ribose)polymerase cleavage
was used as an indicator of apoptosis (Supplemental Fig. 7).
Therefore, we can conclude that apoptosis appears to be of
minor importance for the inactivation seen here in cell cul-
tures exposed to 90Y-Y-CHX-A$-DTPA-cetuximab. In con-
trast, the impact of apoptosis was clearly evident when
xenografts were exposed to 90Y-labeled EGFR-directed
mAb (8).

The prospect that radioimmunotherapy based on 90Y-Y-
CHX-A$-DTPA-cetuximab will be applied in clinics for the
treatment of tumors ultimately depends on its ability to fulfill
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2 main criteria: having an efficient and quantifiable effect on
cell killing in tumors and having no or only modest effects on
the surrounding normal tissue. The data presented here
indicate that both goals appear to be achieved when 90Y-
Y-CHX-A$-DTPA-cetuximab is used for radioimmuno-
therapy. Even for cell lines with moderately enhanced
EGFR expression such as Cal33, SAS, or FaDu, a sub-
stantial reduction in cell survival could be observed after
exposure to bound 90Y-Y-CHX-A$-DTPA-cetuximab
(Fig. 4A). In contrast, for cells with a low level of EGFR
such as UTSCC15—a level similar to that seen for nor-
mal fibroblasts (2)—no cell killing was seen on exposure
to 90Y-Y-CHX-A$-DTPA-cetuximab.
The data presented here for cell cultures demonstrate

that the effect of 90Y-Y-CHX-A$-DTPA-cetuximab on cell
killing depends primarily on the amount of membranous
EGFR and, as a consequence, can be quantified when this
parameter is known. Therefore, when this approach is ap-
plied in the clinic, all efforts should be put toward achiev-
ing a maximal concentration of bound 90Y-Y-CHX-A$-
DTPA-cetuximab in the tumor. Data available so far in-
dicate that this concentration depends on the level of
tumor EGFR expression, as found here for cell cultures,
but in tumors also on the specific vascularization and the
chelator used (8–10,13,14). Therefore, the clinical appli-
cation of EGFR-directed radioimmunotherapy demands
a specific parameter or technique allowing monitoring
of the actual concentration of the labeled mAb within
the tumor.
There are several studies suggesting that PET might be

the optimal tool (9,10,24). This technique, however, entails
the combined application of a pair of isotopes such as the
diagnostic b1-emitting radionuclide 86Y and the therapeu-
tic b2-emitting radionuclide 90Y, both immobilized by the
same mAb to be performed in 2 consecutive procedures:
a diagnostic investigation with PET before the actual
treatment.
Other noninvasive techniques can likely be developed

for this purpose. If one knows the actual concentration of
EGFR in the tumor, the expected treatment effect can
easily be quantified. In contrast to external-beam ra-
diotherapy, such quantification does not depend on indi-
vidual DSB repair capacity, the most critical parameter
for cellular radiosensitivity in external radiotherapy
(15,16).
When tumor cells with low levels of EGFR expression

were exposed to bound 90Y-Y-CHX-A$-DTPA-cetuximab,
there was only a modest induction of DSBs, with no DSB
accumulation after 48 h and hence no cell killing (Figs. 3
and 4). These data demonstrate that treatment with 90Y-Y-
CHX-A$-DTPA-cetuximab may theoretically also allow
the optimal protection of normal tissues, since they are
generally characterized by low EGFR expression (2). How-
ever, because 90Y has a mean range of 4.3 mm, substantial
cell killing would also occur on the edges of normal tissues
directly adjacent to the targeted tumor cells. Therefore,

other radionuclides such as 177Lu with a shorter mean range
of 0.28 mm (20) need to be tested with respect to normal-
tissue protection, particularly for EGFR-directed radioim-
munotherapy used to treat metastases with a diameter of
1 mm or less.

CONCLUSION

For HNSCC cells, 90Y-Y-CHX-A$-DTPA-cetuximab can
be used for efficient and highly specific radioimmunother-
apy in vitro. This treatment brings about cell killing pri-
marily through the induction of DNA DSBs: the higher the
level of EGFR expression, the greater is the amount of 90Y-
Y-CHX-A$-DTPA-cetuximab bound to the cell, the number
of DSBs induced, and—as a consequence—the number of
cells inactivated. Further investigations are ongoing to
translate these findings into in vivo models that can explore
the added value that would be gained through integration
of the radioimmunotherapy approach into the current stan-
dard of treatment for these tumors, that is, radiotherapy or
radiochemotherapy.
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