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Abstract

We show the efficacy of a therapeutic strategy that combines
the potency of a DNA-binding photosensitizer, UVASens , with
the tumor-targeting potential of receptor-mediated endo-
cytosis. The photosensitizer is an iodinated bibenzimidazole,
which, when bound in the minor groove of DNA and excited by
UVA irradiation, induces cytotoxic lesions attributed to a
radical species resulting from photodehalogenation. Although
reminiscent of photochemotherapy using psoralens and UVA

irradiation, an established treatment modality in dermatology
particularly for the treatment of psoriasis and cutaneous
T-cell lymphoma, a critical difference is the extreme photo-
potency of the iodinated bibenzimidazole, f1,000-fold that of
psoralens. This feature prompted consideration of combina-
tion with the specificity of receptor-mediated targeting. Using
two in vitro model systems, we show the UVA cytotoxicity of
iodo ligand/protein conjugates, implying binding of the
conjugate to cell receptors, internalization, and degradation
of the conjugate-receptor complex, with release and translo-
cation of the ligand to nuclear DNA. For ligand-transferrin
conjugates, phototoxicity was inhibited by coincubation with
excess native transferrin. Receptor-mediated UVA-induced
cytotoxicity was also shown with the iodo ligand conjugate
of an anti-human epidermal growth factor receptor monoclo-
nal antibody, exemplifying the potential application of the
strategy to other cancer-specific targets to thus improve the
specificity of phototherapy of superficial lesions and for
extracorporeal treatments. (Cancer Res 2006; 66(21): 10548-52)

Introduction

The accumulation of examples of targeted cancer therapy
indicates that the long-heralded potential of antitumor antibodies
is finally being realized (1, 2). Although in some cases the biological
activity of the antibody itself can be useful, as for Herceptin (3)
usually the tumor-targeting feature needs to be combined with
some sort of cytotoxic mechanism. The classic example is the use
of radioactively labeled antibodies in radioimmunotherapy, which
is now an established treatment for lymphoma (1). In developing
nonradioactive cytotoxic moieties for conjugation with antibodies,
the finite number of receptors associated with tumor-targeting
systems imposes demanding requirements on cytotoxic potency.
After earlier exploration of potent bacterial toxins, the most

promising response to this challenge seems to be Mylotarg, which
exploits the cytotoxic potency of enediynes, in immunoconjugates
of an anti-CD33 monoclonal antibody with calicheamicin (4).

Unfortunately, the specificity of antitumor antibodies is not
absolute, and although continuing improvements can be expected,
there is an obvious attraction to strategies that augment tumor
targeting. For example, with the use of photosensitizers as the
cytotoxic moiety conjugated to tumor-targeting antibodies (5–7),
the ability to direct the light beam to the tumor provides an extra
dimension to tumor targeting; conjugate taken up by normal
tissues outside the illuminated area is not activated. However, the
photopotency of most photosensitizers relative to the numbers of
molecules that can be delivered by receptor-mediated endocytosis
seems likely to impose limitations. Accordingly, the photopotency
of the iodinated minor groove-binding bibenzimidazole, as well as
being of interest per se, is important in the context of targeted
therapy.

The development of iodinated DNA minor groove-binding
bibenzimidazoles as UVA sensitizers (8) was prompted by the
classic studies with DNA-incorporated halogenated DNA precur-
sors, photoactivation of which results in dissociation of the carbon-
halogen bond forming a uracilyl free radical, inducing DNA strand
breakage by abstraction of H atoms from deoxyribosyl carbons (9).
Previously, we investigated several iodinated bibenzimidazoles,
which induce DNA damage and cytotoxic lesions due to radical
species formed by UVA-mediated photodehalogenation (8, 10). The
DNA-binding ligand now denoted UVASens (Fig. 1A, 2) proved to be
outstanding with respect to photopotency compared with the other
isomers due in part to the very high quantum yield of photo-
deiodination (11, 12). When using 1 Am UVASens , the UVA fluence
required for 90% cell kill is f2 J/m2 (11), whereas for UVA/
psoralens [an established therapy for psoriasis (13) and cutaneous
T-cell lymphoma (14)] or visible light/porphyrin photosensitizers
[approved for therapy of certain cancers (15) and macular
degeneration (16)], the fluences required for comparable cell kill
are f3 orders of magnitude higher (17–20). Given the extreme
photopotency of UVASens , we developed conjugates to direct the
drug to specific target cells via receptor-mediated endocytosis, and
we establish proof of principle in vitro using two model systems
involving transferrin and epidermal growth factor receptor (EGFR)
internalization.

Materials and Methods

Cells, transferrin, antibodies, incubations, and UV irradiation.
Human chronic myelogenous leukemia K562 cells, which express f1.5 �
105 transferrin receptors per cell, were grown in suspension in RPMI 1640

supplemented with 20 mmol/L HEPES (pH 7.4), 10% (v/v) fetal bovine

serum (FBS; Commonwealth Serum Laboratories, Parkville, Victoria,
Australia), 2 mmol/L L-glutamine, and 80 Ag/mL gentamicin. Human

epidermoid carcinoma A431 cells, which express f2 � 106 EGFRs per cell,

and Chinese hamster ovary CHO-K1 cells were grown in a modified Eagle’s
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medium supplemented with 20 mmol/L HEPES (pH 7.4), 10% (v/v) FBS,

2 mmol/L L-glutamine, and 80 Ag/mL gentamicin.

Human serum apo-transferrin was purchased from the Sigma Chemical

Co. Ltd. (St. Louis, MO). To optimize the binding of transferrin to cell
surface transferrin receptors on K562 cells, human serum apo-transferrin

was fully saturated with iron to yield diferric transferrin as described

previously (21).

The hybridoma producing the murine A225 (IgG1) monoclonal antibody
(MoAB-225), which binds to human EGFRs, was obtained from the American

Type Culture Collection (Manassas, VA; HB-8508). Antibody was purified from

cell culture supernatants using HiTrap protein G affinity columns accord-
ing to the manufacturer’s protocols (Amersham Biosciences, Piscataway, NJ).

Transferrin and MoAB-225 was thiolated by adding the heterobifunc-

tional cross-linking reagent succinimidyl 3-(-2-pyridyldithio)-propionate

(SPDP) as detailed in the Supplementary Data (Pierce Chemical Co.,
Rockford, IL) in absolute ethanol to protein in 100 mmol/L sodium

phosphate buffer (pH 7.5) to give a 10-fold molar excess of SPDP to protein.

The reaction mixture was incubated for 1 hour at room temperature.

Excess unreacted SPDP was removed by gel filtration chromatography using
a NAP-5 column (Sephadex G-25, Phamacia Biotech, Inc., Piscataway, NJ)

that had been equilibrated with 100 mmol/L sodium acetate buffer (pH 4.5).

The dithiopyridyl protecting groups were then removed by reduction of

the disulfide bond by reaction with a 10-fold molar excess of DTT for
30 minutes at room temperature. Thiolated proteins were purified

immediately by gel filtration chromatography using a NAP-5 or NAP-10

column (Sephadex G-25) that had been equilibratedwith 100mmol/L sodium
phosphate buffer (pH 7.5).

Washed K562 cells were incubated with UVASens-transferrin conjugates

( final protein concentration, 200 nmol/L) in the presence and absence of a

50-fold molar excess of diferric transferrin in serum-free RPMI 1640 for

20 hours at 37jC, washed twice, and then irradiated with a series of UVA

fluences (15 W NEC black light fluorescent lamps; emission maximum at

360 nm, flux of 0.25-0.50 W/m2). After UVA irradiation, K562 cells were

isolated by centrifugation at 400 � g for 3 minutes and cloned in semisolid
(0.33%, w/v) noble agar in triplicate in six-well microtiter plates as described

previously (22). Colonies containing at least 50 cells were counted 14 days

after cloning. The control plating efficiency of untreated K562 cells was in

the range of 40% to 50%. Assay of clonogenic survival of A431 and CHO-K1
cells is described in the Supplementary Data (Supplementary Fig. S2). The

results (mean F SD of triplicate plating) from a single representative

experiment are shown. At least three independent experiments were done
for all cell lines, and each of the conjugates and the results between

experiments were consistent, typically differing by less than F10%.

Preparation of conjugates. The bibenzimidazole precursors for the

protein- UVASens conjugates were synthesized by methods described in
detail previously (23), except using piperazine instead of N-methylpiper-

azine, thus yielding 1 rather than 2. The carboxylic acid (Fig. 1A, 3) and

carbonyl (Fig. 1A, 4) analogues were prepared by reacting 1 with succinic

acid anhydride or the anhydride levulinic acid, respectively. The purified
compounds were characterized by proton 1H and carbon 13C nuclear

magnetic resonance and by electrospray mass spectrometry. High-

performance liquid chromatography, monitored for UV absorbance at

340 nm and for fluorescence (Waters Millipore 420-AC fluorescence
detector, Waters Millipore, Billerica, MA), confirmed >95% purity.

Conjugation of UVASens to transferrin and MoAB-225 via an amide bond

involved direct linkage to aliphatic amine groups (a-amino group of the
NH2-terminal amino acids and the e-amino group of lysine residues) on the

proteins, by reaction with the N-hydroxysuccinimidyl ester of the ligand

(Fig. 1A, 5), which exhibits higher selectivity toward aliphatic amines rather

than aromatic amines, alcohols, phenols, such as tyrosine, and histidine.

Figure 1. A, molecular structures of UVASens (2 ) and its
derivatives. B, structures of drug (D )-protein (P ) conjugates.
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Thus, reaction of 5 with aliphatic amines in transferrin and MoAB-225
yielded the amide-linked conjugates (Fig. 1B).

Preparation of the disulfide- and hydrazone-linked conjugates involved

reaction of modified ligand species with thiolated proteins, prepared by

reacting primary amine moieties of the protein with the heterobifunctional
cross-linking reagent SPDP and then reducing the disulfide bond with

excess DTT. For preparation of the disulfide-linked conjugates, the activated

ester 5 was reacted with ethylene diamine to produce the ligand amino

species (Fig. 1A, 6), which was reacted with SPDP to yield the SPDP
derivatized ligand (Fig. 1A, 7). Reaction of 6 with the free protein thiol

groups yields the disulfide-linked conjugates (Fig. 1B).

The hydrazone-linked conjugates were prepared by reaction of 4 with

the heterobifunctional cross-linking reagent 3-(-2-pyridyldithio)-propionyl
hydrazide, and the product was then reacted with the free protein thiol

groups, yielding the hydrazone-linked conjugates (Fig. 1B).

The conjugates were purified by gel filtration chromatography, and the
conjugation numbers (number of iodoHoechst molecules conjugated per

protein molecule) were calculated using absorbance spectrophotometry.

The conjugates used had conjugation numbers in the range of 1 to 2.5.

Further details are provided in the Supplementary Data (Supplementary
Methods).

Results and Discussion

Two experimental systems were used to establish in vitro proof
of principle of delivery of the halogenated ligand specifically to the
DNA of target cells via receptor-mediated endocytosis, involving
human erythroleukemic K562 cells and human epidermoid
carcinoma A431 cells, which overexpress transferrin and EGFRs,
respectively. Although transferrin receptors are expressed on a
variety of normal tissues, including maturing erythroid cells, the
basal layer of the skin, crypts of the intestinal villi, as well as in the
vascular endothelium of brain capillaries, it has been found that
the number of transferrin receptors increases several hundred-fold
in various tumor cell lines and cancerous tissues (24). Therefore,
the transferrin receptor has been considered as a possible cancer
cell target (25). However, we chose transferrin receptor–mediated
endocytosis in K562 cells as a model experimental system largely
because it is so well characterized [f150,000 per cell (26)] and the
ligand (human transferrin) is readily available.

The cell surface transferrin receptor binds the major serum iron
transport protein, transferrin, and mediates iron uptake into cells
by two distinct pathways. The monensin-resistant pathway via the
early acidic (pH f5) endosomal compartment (27) accounts for
approximately 85% to 95% of the internalized transferrin receptors
and involves recycling of the apo-transferrin-transferrin receptor
complex to the cell surface after release of iron in the endosome.
The alternative monensin-sensitive pathway involves transport of
approximately 5% to 15% of the cell surface transferrin receptors
through the trans-Golgi to the lysosomes, leading to degradation of
transferrin and transferrin receptors (28).

To show that the targeting system can be easily translated to
monoclonal antibodies, we investigated targeting to EGFR, which is
overexpressed in a wide range of malignancies, including cancer of
the bladder, prostate, lung, pancreas, breast, head and neck, and
ovaries (29). Numerous antibodies and small-molecule drugs, such
as gefitinib (Iressa, AstraZeneca Corp., Wilmington, DE), targeting
EGFRs are currently approved for the treatment of advanced
carcinomas or are in clinical trials (30). We used the murine mono-
clonal antibody A225 and the A431 cell line, which overexpresses
the EGFR [f2 million receptors per cell (31)], as a model system.

We developed three different conjugation chemistries to link
the phototoxic UVASens analogue to proteins so as to enable

intracellular cleavage under different conditions. The key linkage
moieties were an amide, cleavable by proteolytic enzymes, a
disulfide, cleavable in reducing conditions, and a hydrazone,
cleavable in acidic conditions. This approach required modification
of UVASens to incorporate a carboxylic acid functional group
(Fig. 1A, 3) for preparation of the amide- and disulfide-linked conju-
gates or a carbonyl functional group (Fig. 1A, 4) for preparation
of the hydrazone-linked conjugates (described in Materials and
Methods and in Supplementary Methods; Fig. 1B). Given the
importance of retention of receptor-binding activity, all conjugates
were assessed in competition binding assays using 125I-labeled
native ligands. The results (Supplementary Table S1) showed that
attachment of the iodinated bibenzimidazole moiety to either of the
protein ligands does not significantly compromise receptor binding.

Given the innate fluorescence of bibenzimidazole ligands, which
is enhanced on binding to DNA, we used quantitative fluorescence
microscopy for initial evaluation of the receptor-mediated delivery
of the UVASens moiety following incubation of the cells with the
conjugates. A significant increase in nuclear-associated fluores-
cence intensity following incubation with the hydrazone-linked
conjugate compared with autofluorescence levels of K562 cells was
found (Supplementary Fig. S1). The increase in nuclear fluores-
cence is inhibited by f3-fold when the cells are incubated with the
conjugate in the presence of 100-fold molar excess of unmodified
transferrin (Supplementary Fig. S1), confirming that a substantial
portion of the fluorescent ligand detected in cell nuclei was
delivered by transferrin receptor–mediated processes. However, for
cells incubated with disulfide or amide conjugates, the nuclear-
associated fluorescence intensity was not significantly different to
that observed in untreated K562 cells. Clearly, the acid lability of
the hydrazone conjugates was advantageous, consistent with the
characteristics of the major transferrin receptor endocytosis
pathway.

The results from clonogenic survival assays indicate an UVA

fluence-dependent increase in cytotoxicity of K562 cells following
incubation with the conjugates and subsequent UVA irradiation
(Fig. 2). The acid-labile hydrazone-linked conjugate is more
efficient than the disulfide-linked conjugate, and the amide-linked
conjugate was the least efficient at mediating UVA-induced photo-
toxicity. The results also show that the cytotoxicity associated with
the disulfide and hydrazone conjugates was largely inhibited by
incubation in the presence of 50-fold molar excess unmodified
transferrin, indicating that cell death is mediated by transferrin
receptors (Fig. 2).

For the EGFR experimental model, we used CHO-K1 cells, which
do not express human EGFR, as a control to show that the UVA

phototoxicity was mediated by EGFRs rather than incubating with
conjugates in the presence of a large excess of unmodified antibody
because MoAB-225 is intrinsically cytotoxic to A431 cells. Investi-
gation of the sensitivity of A431 and CHO-K1 cells to unconjugated
UVASens and UVA irradiation indicated that the sensitivity of the
two cell lines was similar (Supplementary Fig. S2). Incubation of
A431 cells with MoAB-225 conjugates and subsequent UVA

irradiation showed that the UVA fluence-dependent decrease in
survival of A431 cells was similar for all three conjugates (Fig. 3),
in contrast to the results obtained using the transferrin model
system. This is consistent with the characteristics of the EGFR
internalization pathway, which involves trafficking to lysosomes for
degradation (32). Importantly, the results also show that the
conjugates did not mediate UVA-induced cytotoxicity in CHO-K1
cells, which do not express human EGFR (Fig. 3).
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Our earlier studies with K562 cells established empirical
relationships between nuclear uptake of unconjugated UVASens ,
UVA fluence, and cell survival (11), and application of this type of
analysis to the survival data from the present studies with the
conjugates allows estimation of the extent of nuclear uptake of
UVASens (Supplementary Table S2). The results confirm that, for
the transferrin system, the hydrazone-linked conjugate is degraded
more efficiently than the disulfide and amide conjugates. Moreover,
the nuclear localization of UVASens following incubation with the
hydrazone and disulfide/transferrin conjugates is inhibited 10- and

2-fold, respectively, showing the specificity of targeting. These
findings are consistent with those from the fluorescence micros-
copy assays, in which nuclear fluorescence was observed only for
the hydrazone conjugate. By contrast, the nuclear uptake of
UVASens is similar for all three MoAB-225 conjugates, again
consistent with the nature of EGFR endocytosis, which involves
intralysosomal degradation of the receptor.

An interesting feature of the survival curves (Figs. 2 and 3) is
that there is little decrease in survival at UVA fluences larger than
f100 J/m2. We believe that two factors determine this shape of the

Figure 3. Clonogenic survival of A431 (.) and CHO-K1 (o) cells following incubation with amide (A ), disulfide (B ), and hydrazone (C ) UVASens -MoAB-225 conjugates
and UVA irradiation. Conjugation numbers, 1.9, 1.7, and 1.1 for the amide, disulfide, and hydrazone conjugates, respectively.

Figure 2. Clonogenic survival of K562 cells following incubation with UVASens -transferrin conjugates and UVA irradiation. Cells were incubated with amide (A ),
disulfide (B), and hydrazone (C ) conjugates (.) at 37jC for 20 hours before UVA irradiation. o, in parallel assays, the cells were incubated with the conjugates in the
presence of 50-fold molar excess unlabeled transferrin. Conjugation numbers 1.6, 2.5, and 1.5 for the amide, disulfide, and hydrazone conjugates, respectively.
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survival curves. Firstly, one should take into account that the
number of cytotoxic lesions in cells is not proportional to the UVA

fluence. Because these lesions result from dehalogenation of the
drug, this number saturates as soon as all drug molecules are
dehalogenated. We have shown in our previous study with
unconjugated photosensitizers (11) that the level at which the
survival curve reaches plateau decreases with increasing drug
uptake. Therefore, the range of the cell kill achieved with the use of
the conjugates reflects the level of the nuclear drug uptake, which is
less than can be achieved with the use of unconjugated drug.
Secondly, in contrast, for example, to the survival after ionizing
radiation for which an exponential model can be applied reflecting
the Poisson distribution of stochastic cytotoxic events, for the
UVA/photosensitizer system the numbers of lesions are so large that
no significant stochastic variations between cells are expected.
Therefore, application of the exponential model fails in this case
and we believe that variations between cells in biological variables,
such as drug uptake and response to a certain number of cytotoxic
lesions, determine the shape of the survival curve. Because the
range of these variations is not known, we applied an empirical
model to fit the survival curves, which is described in our previous
study (11) and in notes to Supplementary Table S2. Parenthetically,
in projection of our in vitro results to therapeutic scenarios, the
extent of cell kill observed (about one log) could prove to be a
limitation. However, this feature is likely to be target dependent.
Furthermore, it is known that with phototherapy the effect of initial
cell kill is amplified by a poorly understood immunomodulatory
(33) mechanism and it will be interesting to determine the extent to

which UVA/UVASens contributes to this phenomenon in appropri-
ate in vivo studies. Additionally, biological variations will be
investigated in future studies, particularly exploring other targets.

As for all forms of UV phototherapy, the potential mutagenic
activity is a concern, but the targeting feature may ameliorate that
concern. Nevertheless, it is important to establish the mutagenic
activity of UVA/UVASens treatment, and experiments are planned
to address this aspect, for subsequent publications.

In conclusion, we developed a novel strategy for UVA photo-
immunotherapy, combining two levels of targeting, and established
proof of principle in vitro . As well as directing a potent
photosensitizer to DNA, the specificity of receptor-mediated
endocytosis is used to target the DNA-binding photosensitizer to
tumor cells. In principle, the strategy could be considered as a
platform technology potentially adaptable to any cancer-specific
cell surface receptor that is internalized, although efficacy will vary
depending on the specific pathways of internalization and
intracellular degradation. Although the limited penetration of UVA

will confine applicability to superficial lesions and ex vivo purging,
the use of multiphotonic sources would extend the efficacy range.
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