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Purpose: To use near-infrared (NIR) optical imaging to assess the
therapeutic susceptibility and drug dosing of orthotopic
human breast cancers implanted in mice treated with mo-
lecularly targeted therapy.

Materials and
Methods:

This study was approved by the institutional animal care
and use committee. Imaging probes were synthesized by
conjugating the human epidermal growth factor receptor
type 2 (HER2)-specific antibody trastuzumab with fluores-
cent dyes. In vitro probe binding was assessed with flow
cytometry. HER2-normal and HER2-overexpressing hu-
man breast cancer cells were orthotopically implanted in
nude mice. Intravital laser scanning fluorescence micros-
copy was used to evaluate the in vivo association of the
probe with the tumor cells. Mice bearing 3–5-mm-diame-
ter tumors were intravenously injected with 0.4 nmol of
HER2 probe before or after treatment. A total of 123 mice
were used for all in vivo tumor growth and imaging exper-
iments. Tumor fluorescence intensity was assessed, and
standard fluorescence values were determined. Statistical
significance was determined by performing standard anal-
ysis of variance across the imaging cohorts.

Results: HER2 probe enabled differentiation between HER2-nor-
mal and HER2-overexpressing human breast cancer cells
in vitro and in vivo, with binding levels correlating with
tumor trastuzumab susceptibility. Serial imaging before
and during trastuzumab therapy revealed a significant re-
duction (P � .05) in probe binding with treatment and thus
provided early evidence of successful HER2 inhibition days
before the overall reduction in tumor growth was appar-
ent.

Conclusion: NIR imaging with HER2-specific imaging probes enables
evaluation of the therapeutic susceptibility of human mam-
mary tumors and of drug dosing during HER2-targeted
therapy with trastuzumab. This approach, combined with
tomographic imaging techniques, has potential in the clin-
ical setting for determining patient eligibility for and ade-
quate drug dosing in molecularly targeted cancer thera-
pies.
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Noninvasive methods of measuring
tumor physiologic parameters on
the molecular level are being de-

veloped (1). Such molecular imaging
technology is becoming increasingly im-
portant as new cancer therapeutic
agents more specifically target tumor
cell signaling pathways, with the goal of
increasing tumor response while mini-
mizing systemic toxicity (2).

The introduction of these agents
into clinical practice is generating new
prognostic and diagnostic questions that
molecular imaging has the potential to
address. Pretherapy imaging, by en-
abling physicians to determine the tu-
mor expression profile of particular
molecules, could be used to identify pa-
tients who are likely to benefit from tar-
geted therapies. During the course of
treatment, imaging could also facilitate
early assessment of therapeutic target
inhibition before alterations in tumor
size become apparent. This would expe-
dite the dosing process by ensuring that
each patient received the optimal dose
that inhibits the molecular target while
minimizing side effects, and given the

tremendous expense associated with
these agents, this protocol would also
be of substantial financial benefit to pa-
tients (3,4). The ability to assess molec-
ular target inhibition independently of
tumor response is important for these
agents because molecular inhibition is
the primary endpoint of therapeutic ef-
ficacy, while control of tumor growth is
a secondary therapeutic consequence.
Such imaging ensures that the lack of
tumor response observed during treat-
ment represents true therapy failure
(ie, lack of tumor response despite ade-
quate target inhibition) and not inade-
quate drug delivery.

Among the different technologies
being used to image molecular events,
near-infrared (NIR) fluorescence opti-
cal imaging is particularly promising
(4). NIR light (650–900 nm) can pen-
etrate to a depth of up to 5–10 cm in
tissue owing to the low photon absorp-
tion by water and hemoglobin in this
spectral range (5,6); thus, it enables
imaging of tumors within tissue such
as breast tissue. This technology is
readily applicable to human breast tu-
mor evaluation because diffuse optical
tomography and spectroscopy with
NIR light are currently being evaluated
in clinical studies to distinguish benign
from malignant breast lesions and fol-
low tumor response to chemother-
apy (7–9).

We chose to investigate human
epidermal growth factor receptor type
2 (HER2)/neu-targeted therapy with
the monoclonal antibody trastuzumab
(Herceptin; Genentech, San Fran-
cisco, Calif) in human breast cancer.
HER2/neu is a tyrosine kinase recep-
tor that is overexpressed in 20%–25%
of invasive human breast cancers, and
tumor cell levels of HER2/neu expres-
sion are associated with increased bi-
ological aggressiveness and a worse
clinical prognosis (10,11). Trastuzumab is a
humanized monoclonal antibody target-
ing the HER2/neu extracellular domain
and has been approved for treatment of
patients with HER2/neu-overexpressing
breast cancers (12). The purpose of our
study was to use NIR fluorescence opti-
cal imaging to assess the therapeutic
susceptibility and drug dosing of ortho-

topic human breast cancers implanted
in mice treated with molecularly tar-
geted therapy.

Materials and Methods

This study was performed according to
a protocol approved by the institutional
animal care and use committee and was
compliant with National Institutes of
Health guidelines for the care of labora-
tory animals.

Optical Probe Generation
An optical imaging probe for detecting
HER2 was generated (F.R., L.J.) by
means of covalent modification of the
humanized anti-HER2/neu antibody
trastuzumab with the NIR dye cyanine
5.5 (Cy5.5; Invitrogen, Carlsbad,
Calif), followed by purification over a
Sephadex G50 column (Amersham,
Piscataway, NJ). Dye concentration
was measured spectrophotometri-
cally, whereas total probe concentra-
tion was determined by using the
bicinchoninic acid method (Bio-Rad,
Hercules, Calif). Multiple probes were
synthesized with molar ratios of fluo-
rochrome to antibody ranging from
0.5:1 to 2.0:1 and were tested for af-
finity for binding to HER2/neu-overex-
pressing SKBR-3 tumor cells. For se-
rial imaging of HER2 inhibition, a sec-
ond optical probe was generated by
combining trastuzumab with AF750
(Invitrogen), an NIR dye with an exci-
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Advances in Knowledge

� A synthesized near-infrared (NIR)
fluorescence imaging probe spe-
cific for human epidermal growth
factor receptor type 2 (HER2)/
neu was used to distinguish
HER2-normal from HER2-overex-
pressing human breast tumors
in vitro and in vivo. Probe-binding
levels were associated with sus-
ceptibility to molecular therapy
with the HER2/neu-targeted
monoclonal antibody trastu-
zumab.

� Serial imaging of HER2-overex-
pressing human breast tumors
before and after therapeutic ad-
ministration of trastuzumab re-
vealed a significant decrease (P �
.05) in HER2 probe binding after
treatment, reflecting therapeutic
HER2 inhibition. HER2 imaging
performed within the first 48
hours after therapy initiation can
be used to predict subsequent tu-
mor response to treatment.
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tation and emission spectrum distinct
from cyanine 5.5, to ensure that any
residual fluorescence from the cyanine
5.5 probe administered before treat-
ment would not contribute to the flu-
orescent signal at posttreatment imag-
ing. Compared with the cyanine 5.5-
labeled probe, the AF750-conjugated
HER2 probe demonstrated compara-
ble affinity for binding to HER2/neu
receptor (10 nmol/L) and comparable
in vivo half-life in blood (36 hours).

Determination of Probe Binding to
HER2/neu
Probe binding to HER2/neu was as-
sessed (M.S.G., R.U., and H.B.) by
using a modified version of a previ-
ously established flow cytometric
binding assay (13). Briefly, 106

SKBR-3 cells were incubated in sus-
pension with various concentrations of
cyanine 5.5– or AF750-conjugated trastu-
zumab for 15 minutes at 37°C in a
total volume of 150 �L and then
washed twice in Hanks balanced salt
solution. Fluorescence intensity was
assessed with flow cytometry (Facs-
Calibur; Becton Dickinson, Franklin
Lakes, NJ). For competitive inhibition
of probe binding, 5 nmol/L labeled
probe, along with different concentra-
tions (0 –500 nmol/L) of unlabeled
trastuzumab, was added to the
SKBR-3 cells by using the same incu-
bation and washing conditions; flow
cytometric analysis was then per-
formed. As a control for nonspecific
competition, purified whole human
immunoglobulin G (Jackson Immu-
noresearch, West Grove, Pa) was also
tested at equivalent molar concentra-
tions. Fluorescence microscopy (with an
Olympus microscope; Olympus, Center
Valley, Pa) of probe-stained tumor cells
was also performed for visual confirma-
tion of membrane localization. All ex-
periments were carried out in triplicate,
and the mean values calculated for the
three experiments were plotted to form
a saturation binding curve. The dissoci-
ation constant (KD) was determined
from the saturation binding plot by us-
ing computer software (GraphPad
Prism; GraphPad Software, San Diego,
Calif).

Cell Lines and Mice
We used human cancer cells with vary-
ing levels of HER2 expression, including
the 9L glioma line, which does not ex-
press HER2/neu; the MCF-7 breast can-
cer line, which expresses normal mam-
mary HER2/neu levels (single copy of
the HER2/neu locus); and the BT-474
and SKBR-3 breast cancer lines, which
overexpress HER2/neu (four- to eight-
fold gene amplification) (12,14,15). The
9L human glioma cell line was main-
tained in Dulbecco’s modified Eagle’s
medium–F12 medium supplemented with
10% fetal bovine serum and penicillin-
streptomycin (ie, complete Dulbecco’s
modified Eagle’s medium–F12 me-
dium). The BT-474 human mammary
carcinoma cell line was maintained in
complete Dulbecco’s modified Eagle’s
medium–F12 medium supplemented
with human insulin (3.6 � 10�3 mg/
mL). The MCF-7 and SKBR-3 human
mammary carcinoma cell lines were
maintained in complete McCoy me-
dium. For intravital laser scanning mi-
croscopy with dorsal window cham-
bers, the tumor cell lines were stably
transfected (R.U., H.B.) with an expres-
sion vector encoding green fluorescent
protein (pAcGFP-N1; Clontech, Moun-
tain View, Calif) by using a transfection
reagent (SuperFect; Qiagen, Valencia,
Calif) according to the manufacturer’s
protocol. Female C57BL/6 nude mice
were purchased from Jackson Labora-
tories (Bar Harbor, Me). The mice were
housed and maintained under aseptic
conditions according to guidelines set
by the institutional animal care and use
committee. A total of 123 mice were
used for all animal experiments.

Determination of HER2 Probe in Vivo
Plasma Half-life
The imaging dose (0.4 nmol) of AF750-
conjugated probe was intravenously ad-
ministered to the mice. Plasma samples
were obtained from the mice (H.B.,
R.U.) at multiple time points (6, 24, 48,
72, and 96 hours) after probe adminis-
tration. Whole blood samples were cen-
trifuged in capillary tubes. Plasma was
subsequently analyzed with an NIR fluo-
rimeter at 694 nm to measure cyanine
5.5 fluorescence or at 779 nm to measure

AF750 fluorescence. A total of eight
mice were used for these plasma half-
life measurements.

Multichannel Intravital Laser Scanning
Fluorescence Microscopy
Tumor cells were implanted in dorsal
skin fold window chambers by a sur-
geon (M.M.) according to a previously
described protocol (16). A custom-
made aluminum saddle was used to
bracket each chamber. For each cham-
ber, (2.5–5.0) � 106 tumor cells were
implanted in a total volume of 20 �L of
buffered saline. One chamber was im-
planted in each mouse. Seven to 10 days
after implantation, intravital laser scan-
ning fluorescence microscopy was per-
formed (H.B., R.U.) by using a minia-
turized four-laser scanning microscopy
system optimized for visible and NIR
imaging, as previously described (17).
Excitation laser and band-pass filter set-
tings were optimized for green fluores-
cent protein (excitation at 488 nm,
emission at 509 nm), cyanine 5.5 (exci-
tation at 675 nm, emission at 694 nm),
and AF750 (excitation at 752 nm, emis-
sion at 779 nm) excitation and emission.
HER2 probe was administered intrave-
nously and imaged according to the pro-
tocol described earlier for imaging or-
thotopic tumors. All image stacks were
acquired by using identical laser power,
window, and level settings. All images
were recorded and stored as propri-
etary multilayer 16-bit tagged image file
format files. Five window chambers
were imaged per tumor type (BT-474,
SKBR-3, MCF-7, and 9L) by using one
chamber per mouse (n � 20).

In Vivo Tumor Experiments
For tumor implantation, tumor cells in
culture were detached by using a pro-
tease-free phosphate-buffered saline–
edetic acid solution (Versene; Invitro-
gen). The tumor cells were mixed with
100 �L of a gelatinous protein mixture
secreted by mouse tumor cells (Matri-
gel; Becton Dickinson) and then im-
planted orthotopically into the mam-
mary glands of female C57BL/6 nude
mice (Jackson Laboratories) by a sur-
geon (M.M.). Totals of 10 � 106 BT-474,
SKBR-3, and MCF-7 cells and 106 9L
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cells were implanted in each tumor. For
the mice bearing BT-474 or MCF-7 tu-
mors, a 0.72-mg (60-day release) 17�-
estradiol pellet (Innovative Research,
Sarasota, Fla) was implanted subcuta-
neously at the time of tumor cell inocu-
lation (18). The tumors were measured
bidirectionally (M.S.G.) twice per week
by using calipers, and tumor size was
calculated by approximating the volume
of a spheroid (0.52 � W2 � L), where W2

is the square width and L is the length.
Five untreated and five trastuzumab-
treated tumors were measured in each
tumor group (forty mice total). Trastu-
zumab therapy consisted of intraperito-
neal administration of 100 mg of trastu-
zumab per kilogram of body weight di-
luted in sterile saline (2 mg [15 nmol]
per dose) every 7 days, starting when
the tumors reached 50–100 mm3. The
mice with untreated tumors received in-
traperitoneal injections of saline solu-
tion according to the same schedule.
Ten additional mice bearing BT-474 tu-
mors were also treated with an interme-
diate dose of trastuzumab (5 mg/kg).
The treated tumors were followed up
for 14 days after the initiation of trastu-
zumab therapy.

Whole-Animal NIR Fluorescence Imaging
HER2 imaging was performed 0, 6, 24,
and 48 hours (R.U. and H.B.) after the
intravenous administration of 0.4 nmol
of HER2 probe (five mice per tumor
type, 20 mice total). Peak probe uptake
in the HER2-overexpressing tumors oc-
curred 48 hours after injection, and this
time point was used for all subsequent
experiments. Whole-animal epifluores-
cence imaging was performed as de-
scribed previously (19) by using a mul-
tichannel whole-animal optical imaging
system (BonSAI; Siemens Medical Solu-
tions, Malvern, Pa) optimized for cya-
nine 5.5 and AF750 excitation and emis-
sion wavelengths. Imaging times were
0.3 second for all cyanine 5.5 imaging
examinations and 1.1 seconds for all
AF750 imaging examinations. Quantita-
tive measurements (R.U., H.B.) on the
acquired epifluorescent images were per-
formed by using a circular, roughly
2000-pixel region of interest placed
over each xenograft (approximately

0.25 mm2 covering most of the tumor)
and were reported by using image anal-
ysis software (Syngo; Siemens Medical
Solutions). For serial probe imaging be-
fore and after trastuzumab treatment,
the cyanine 5.5–conjugated probe was
used for pretreatment imaging while the
AF750-conjugated probe was injected
16 hours after trastuzumab injection
and was used for posttreatment imaging
(five mice per tumor type, 20 mice to-
tal). Standardized fluorescence values
were calculated by dividing the fluores-
cence within the tumor region of inter-
est by the fluorescence within an identi-
cal-size region of interest placed on the
skin of one of the hind legs. Five addi-
tional mice were used to image BT-474
tumors that were treated with an inter-
mediate (5 mg/kg) trastuzumab dose.

Statistical Analysis
Data are presented as means � stan-
dard errors of the mean. Statistical sig-
nificance was assessed (R.U.) by using
standard repeated-measures analysis of
variance to compare mean fluorescence
values of HER2 probe binding in vivo.
The Student t test was used to compare
the mean fluorescence intensities of
HER2 probe binding to cell lines with
flow cytometry in vitro. A statistical
software package (Octave Software,
Madison, Wis) was used for data analy-
sis. P � .05 was considered to indicate a
significant difference.

Results

Probe Binding to HER2/neu
The HER2 probe demonstrated high-af-
finity saturable HER2/neu binding, with
a KD of 12.4 nmol/L (Fig 1a). At compe-
tition receptor-binding assay, nonla-
beled trastuzumab competed specifi-
cally with the HER2 probe for binding to
the SKBR-3 cells, while nonspecific hu-
man immunoglobulin G did not (Fig 1b).
An initial molecular ratio of fluoro-
chrome to antibody of 1.1 was chosen
on the basis of findings in prior studies
of other fluorescently labeled proteins
(20). We synthesized other variations
of the probe with increased fluoro-
chrome-to-antibody ratios; however, these

probes were not used owing to de-
creased binding affinity (Fig 1c). A
probe containing a lower dye-to-anti-
body ratio (0.5) was also rejected, be-
cause although it maintained high bind-
ing affinity, it had reduced fluorescence
intensity (data not shown).

The HER2 probe demonstrated a
greater than 10-fold increase in binding
to BT-474 and SKBR-3 cells compared
with its binding to 9L cells, as measured
according to fluorescence intensity (P �
.005, Student t test) (Fig 1d, 1e), with
binding reaching a plateau at probe con-
centrations greater than 20 nmol/L.
Probe binding to the SKBR-3 and BT-
474 cells was 3.3 and 3.4 times higher,
respectively, than that to the HER2/
neu-normal MCF-7 cells, consistent
with the four- to eightfold gene amplifi-
cation exhibited by these cells. Probe
binding was competitively inhibited by
the addition of a 100-fold molar excess
of unlabeled trastuzumab (Fig 1e). Fluo-
rescence microscopy findings confirmed
the increased probe binding to HER2/
neu-overexpressing cell lines and dem-
onstrated probe localization to the cell
membrane (data not shown).

The probe intravenously adminis-
tered in microscopic tumors implanted
into the dorsal window chambers ini-
tially was confined to the blood pool
(Fig 2, D, J). In the HER2-overexpress-
ing tumors, serial imaging revealed a
gradual loss of probe signal in the circu-
lation accompanied by progressive
probe accumulation around the tumor
cells. By 48 hours, detectable probe was
localized exclusively around the tumor
cells (Fig 2, C, F). In contrast, the probe
injected into the mice with 9L tumors
left the circulation without marked tu-
mor cell localization or accumulation
(Fig 2, I, L). Serial quantitation of
plasma fluorochrome levels after probe
administration in the normal mice dem-
onstrated an in vivo plasma half-life of
37 hours.

Serial tumor imaging in vivo (Fig 3) re-
vealed progressive HER2 probe accumu-
lation in the BT-474 and SKBR-3 tumors,
which was maximal at 48 hours after
probe injection (Fig 3, C, F). The MCF-7
tumors exhibited an intermediate level of
probe binding, which was significantly
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lower (P � .05) than the binding exhib-
ited by the HER-2/neu-overexpressing tu-
mors (40% and 57% lower than binding
of SKBR-3 and BT-474 tumors, respec-
tively, at 48 hours [Fig 3, M]). The 9L
tumors did not demonstrate probe ac-
cumulation at any time point tested.
Thus, as in the in vitro experiments,
HER2 probe binding to tumors in vivo
was dependent on the level of tumor
cell HER2/neu expression, with mean
values of probe binding to BT-474 (90

fluorescence units) and SKBR-3 (62
fluorescence units) tumors at 48 hours
being significantly (P � .05, repeated-
measures analysis of variance) higher
than mean values for binding to MCF-7
tumors (39 fluorescence units).

Trastuzumab Treatment
Serial imaging after probe administra-
tion both before and 18 hours after the
initial trastuzumab dose enabled rapid
interval assessment of the initial recep-

tor level and adequate inhibition after
therapy initiation (Fig 4). Comparison
of pre- and posttreatment imaging find-
ings revealed that trastuzumab treat-
ment reduced the fluorescent signal
from the HER2 probe binding by 55% in
the SKBR-3 tumors and by 65% in the
BT-474 tumors (P � .05) (Fig 4, A–D,
G). Treatment with saline solution alone
did not alter probe binding (Fig 4, E, F).
There were no significant changes in tu-
mor sizes within the first 24 hours after

Figure 1

Figure 1: Graph characterizations of NIR fluorescence HER2 imaging probe. (a) Saturation probe receptor assay for cyanine 5.5–trastuzumab binding to HER2/neu-
overexpressing SKBR-3 cells. Inset illustrates Scatchard analysis of probe binding. Bmax � maximal bound probe concentration (in nanomolars), f(x) � linear relation-
ship of the Scatchard plot. (b) Competitive inhibition of cyanine 5.5–trastuzumab binding with increasing molar concentrations of nonlabeled trastuzumab (Herceptin) or
nonspecific human immunoglobulin G (Ig). (c) Probe-binding affinity as a function of fluorescent dye–to-protein ratio. (d) Representative flow cytometry histograms of
cultured SKBR-3 cells without (open red-outlined spectrum) and with (filled red-outlined spectrum) addition of 2.5 nmol/L cyanine 5.5– conjugated HER2 probe. To
demonstrate probe specificity, the histogram of 9L cells (green) treated with a fivefold higher (12.5 nmol/L) probe concentration is also shown. Max � maximum. (e)
Flow cytometry summary of HER2 probe binding. Mean fluorescence intensity, with standard error of mean, for tumor cells without and with 100 ng of HER2 probe are
shown. For competitive inhibition experiments, a 100-fold molar excess of unlabeled trastuzumab was added to the cells simultaneously with the probe. au � arbitrary
units, �� � significant difference (P � .01).
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trastuzumab treatment (mean tumor
volumes: 48 mm3 � 10 before vs 45
mm3 � 9 at 24 hours after treatment for
SKBR-3, 50 mm3 � 12 before vs 49
mm3 � 10 at 24 hours after treatment
for BT-474; P � .6 for both tumor
types).

Trastuzumab treatment did not sig-

nificantly affect the growth of HER2-
normal MCF-7 tumors, with mean tu-
mor volume from the trastuzumab-
treated group (209 mm3 � 32) similar
to that of the saline solution–treated
(control) group (240 mm3 � 30, P �
.05) after 14 days of treatment. In con-
trast, trastuzumab treatment of the

HER2-overexpressing BT-474 and
SKBR-3 tumors (Fig 5) led to a signifi-
cant reduction in tumor growth, with
mean posttreatment tumor volumes, re-
spectively, 70% (245 mm3 � 20 before
vs 68 mm3 � 15 after treatment, P �
.001) and 87% (170 mm3 � 18 before vs
33 mm3 � 11 after treatment, P � .001)
lower than those for the saline solution–
treated tumors after 14 days of therapy.

The BT-474 tumors treated with
an intermediate dose (5 mg/kg) of
trastuzumab, as compared with the
untreated tumors, demonstrated sig-
nificant (P � .05) partial blocking
of the fluorescent HER2 probe (Fig 6a).
The relative fluorescence intensities of
these tumors were lower than those of
the untreated tumor cohort but
greater than those of the tumor cohort
that received the full trastuzumab
dose. In addition, the mean tumor vol-
ume of mice that received the inter-
mediate drug dose (Fig 6b) was be-
tween that of the untreated and full-
dose treatment groups, consistent
with subtherapeutic effect.

Discussion

Imaging has the potential to noninva-
sively provide insight about the physio-
logic features of tumors, which can aid
in initial tumor characterization and de-
termination of therapy response. Our
study results demonstrate the ability of
NIR fluorescence optical imaging to en-
able reproducible noninvasive assess-
ment of tumor treatment susceptibility
and drug target inhibition. The ability to
assess the adequacy of drug target inhi-
bition is particularly important in the
examination of patients undergoing mo-
lecularly targeted cancer therapy, in
which the primary endpoint of efficacy
is tumor cell molecular inhibition, with
control of tumor growth being the sec-
ondary endpoint. In cases in which tu-
mor size does not decrease, it is impor-
tant to know whether the lack of re-
sponse is due to therapeutic resistance
or inadequate drug delivery. In addi-
tion, assessment of the kinetics and de-
gree of molecular target inhibition
would enable optimal therapy dosing
in individual patients for a maximized ther-

Figure 2

Figure 2: Intravital laser scanning fluorescence imaging of microscopic tumors after probe administration.
Serial images of A–F, BT-474 tumors, and, G–L, 9L tumors obtained 0, 8, and 48 hours after intravenous
HER2 probe (red) administration are shown. Overlaid images of both tumor cells and probe (D–F, J–L) are
included to demonstrate specificity of probe localization. Tumor cells are shown in green. GFP � green fluo-
rescent protein. Scale bar equals 1 mm.
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Figure 3

Figure 3: A–L, Time course of HER2 tumor imag-
ing in vivo: Mice bearing BT-474 (A–C), SKBR-3
(D–F), MCF-7 (G–I), or 9L (J–L) tumors were serially
imaged after administration of HER2 probe at various
time points. M, Graph shows mean tumor standard
fluorescence values measured 6, 24, and 48 hours
after HER2 probe administration. Error bars indicate
standard error of the mean A (five tumors for each
group). Significance of differences is shown: � �
P � .05, �� � P � .005. F.U. � fluorescence units.
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apeutic effect while minimizing drug tox-
icity. Heretofore, treatment effective-
ness has been determined according to
the decrease in overall tumor size or
changes in the architecture or cell mor-
phology of the tumor at histologic analy-
sis of excised tumor tissue (21). The
imaging methods used in our study pro-
vide multiple advantages, including the
ability to promptly demonstrate thera-
peutic efficacy (or the lack thereof) and
the opportunity for serial determination

of target dose levels in patients receiv-
ing increasing drug doses.

We investigated whether molecu-
lar imaging could be used to accurately
assess HER2/neu-targeted therapy of
human mammary carcinomas with
trastuzumab. This was the ideal ther-
apy model to study because of the
widespread clinical use of trastu-
zumab in the treatment of patients
with HER2/neu-overexpressing breast
cancers. An additional advantage was

the availability of human breast cancer
cell lines with known levels of HER2
expression that correlated with trastu-
zumab susceptibility. In fact, all three
cell lines used in our study have been
used as controls to standardize the im-
munohistochemical (IHC) assay for
HER2 expression in excised biopsy tis-
sue. The MCF-7 cell line, which exhib-
its normal mammary HER2/neu levels
(single copy of the HER2/neu locus),
corresponds to IHC grade 0, which

Figure 4

Figure 4: Fluorescence imaging of tumor target inhibi-
tion during trastuzumab therapy. A–F, Serial images of
representative HER2-overexpressing BT-474 and SKBR-3
tumors before (A and C) and 18 hours after (B and D) tras-
tuzumab treatment with cyanine 5.5– and AF750-conju-
gated HER2 probes according to the schedule outlined in
the timeline (top left), E, F, Images of vehicle (saline solu-
tion)-treated BT-474 tumor are shown for comparison. G,
Graph summarizes standard fluorescence values for
SKBR-3 and BT-474 tumors measured before and after
trastuzumab treatment. Error bars indicate standard errors
of mean. F. U. � fluorescence units, � � significant dif-
ference (P � .05).
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indicates no overexpression (22). BT-
474 and SKBR-3 cells, both of which
exhibit four- to eightfold HER2/neu
gene amplification, correspond to
grade 3	 IHC overexpression (22,23).

The imaging probe used in our study
was specific for the HER2/neu receptor
and consisted of trastuzumab conju-
gated with an NIR fluorochrome (either
cyanine 5.5 or AF750). Imaging agents
derived from antibodies directed against
HER2 have demonstrated binding to
HER2/neu-overexpressing tumors in
preclinical models (24,25). In our study,
comparative probe-binding experi-
ments involving the use of breast cancer
cell lines with varying degrees of HER2/
neu expression revealed that the de-
scribed NIR fluorescent HER2 probe
can be used to discriminate between
HER2-normal and HER2-overexpress-
ing tumors both in vitro and in vivo. The
distinction between HER2-normal and
HER2-overexpressing mammary carci-
nomas is clinically important both as an
independent marker of biological ag-
gressiveness and as the primary deter-
minant of trastuzumab susceptibility.
More recently, HER2 overexpression
has also been shown to indicate suscep-
tibility to anthracycline-based adjuvant
chemotherapy regimens (26).

It is interesting that although the
BT-474 and SKBR-3 cell lines demon-
strate comparable HER2 probe bind-
ing in vitro, BT-474 tumors exhibit
greater probe binding than do SKBR-3
tumors in vivo, despite comparable tu-
mor size. The explanation for this is
unclear, but it may be related to tu-
mor-specific differences in the physio-
logic parameters that affect probe de-
livery, such as vascular density, per-
meability, and interstitial pressure.
Another factor in the different binding
capacities of these tumors may be the
differences in tumor cell size. BT-474
cells are smaller than SKBR-3 cells, and
for a tumor of a given size, there are a
higher number of BT-474 cells, and, thus,
there is a higher surface area–to-
volume ratio. Regardless of these fac-
tors, the difference in probe binding
between these HER2/neu-overex-
pressing tumors is minor compared
with the difference between the probe

binding of these two tumor lines and
that of the HER2-normal MCF-7 tu-
mors, the former being significantly
higher (P � .05).

Serial imaging of HER2-overex-
pressing tumors before and after tras-

tuzumab treatment revealed signifi-
cantly reduced (P � .05) tumor HER2
probe binding 18 hours after the initi-
ation of therapy, showing that this
probe can be used as an early indica-
tor of successful therapeutic HER2 inhi-

Figure 5

Figure 5: Graph illustrates effects of trastuzumab treatment on tumor size. Mean (ie, average) volumes for
established trastuzumab-treated and control BT-474, SKBR-3, and MCF-7 tumors at days 3 and 14 of therapy
are shown. All in vivo imaging examinations were performed on day 2 of therapy. Error bars indicate standard
errors of mean.

Figure 6

Figure 6: Graphs illustrate imaging dose escalations with trastuzumab treatment. (a) Summary of standard
fluorescence values for three groups of BT-474 tumors, which were injected with an empty (saline solution)
vehicle, an intermediate dose of trastuzumab, or a full dose of trastuzumab. Fluorescent signal from the
AF750-conjugated HER2 probe was either partially or almost completely blocked by the two trastuzumab
doses compared with the signal from the probe in the untreated (control) tumor group. (b) Mean (ie, average)
volumes for tumors administered the (saline solution) vehicle, an intermediate dose of trastuzumab, or the full
dose of trastuzumab at days 3 and 14 of therapy are shown. All in vivo imaging examinations were performed
on day 2 of therapy. Error bars indicate standard errors of mean (five or more tumors in each group). Signifi-
cance of differences is illustrated: � � P � .05, �� � P � .005.
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bition. Decreased probe uptake was re-
producibly observed in the SKBR-3 and
BT-474 tumors days before differences
in the overall tumor size were apparent.
The benefit gained from early imaging of
HER2 inhibition is likely to be even
greater in patients because tumors aris-
ing in humans tend to have a slower
baseline growth rate and no control tu-
mors are available for growth rate com-
parisons.

The described HER2 imaging method
was shown to be dose sensitive: The
BT-474 tumors treated with an interme-
diate subtherapeutic dose of trastu-
zumab (5 mg/kg intraperitoneally) dem-
onstrated a lower degree of HER2
probe binding compared with the un-
treated tumor cohort but a greater de-
gree of probe binding compared with
the cohort that received the therapeutic
dose. This intermediate level of probe
binding helped to predict subsequent
partial tumor response to treatment, as
characterized by partial inhibition of tu-
mor growth. The ability to assess the
kinetics and degree of molecular target
inhibition has the potential to lead to
optimized cancer therapy dosing and
scheduling on an individual patient basis
for a maximized therapeutic effect while
minimizing drug toxicity. Our study re-
sults demonstrate that NIR fluorescence
imaging of the degree of HER2 inhibi-
tion can provide an early temporal win-
dow in which to modify trastuzumab
dosing before changes in tumor growth
become apparent.

One issue related to NIR fluores-
cence imaging was the quantitation and
comparison of fluorescence intensities.
To that end, we devised a method of
calculating the standard fluorescence
values for each tumor, with which the
fluorescence intensity in the tumor re-
gion of interest was normalized to der-
mal fluorescence at a site away from the
tumor. This method enabled us to com-
pare probe uptake among the different
tumors. Alternatively, quantitative NIR
fluorescence tomographic methods may
be used to make such assessments.

Potential limitations of our study in-
cluded the relatively long plasma half-
life of the HER2 probe that resulted
from our use of the intact trastuzumab

antibody for imaging probe synthesis.
We included the entire antibody to max-
imize HER2/neu binding affinity, which
for our probe (KD � 12.4 nmol/L) was
considerably higher than that of the in-
dium 111–labeled trastuzumab Fab frag-
ments used for nuclear imaging (27).
The strong binding affinity of our probe
was largely responsible for our ability to
distinguish between HER2-normal and
HER2-overexpressing tumors. The cir-
culating plasma half-life of the probe (37
hours) was comparable to that of the
native trastuzumab antibody (28). Se-
rial HER2 imaging before and after tras-
tuzumab therapy was possible owing to
the use of two HER2 probes with similar
HER2/neu binding activity but distinct
fluorescent spectra. Because the dose of
probe administered was so low (0.4
nmoL per 20 g per mouse), administra-
tion of the first probe was presumed not
to have affected the second probe’s
binding (similar to tracer concentra-
tions used in nuclear imaging tech-
niques). Future study investigators may
explore the use of NIR fluorescence im-
aging probes synthesized from antibody
fragments, which exhibit more rapid
clearance and may enable serial admin-
istration of a single wavelength probe
(29,30). However, the potential disad-
vantage of using such smaller probes is
reduced tumor binding owing to multi-
ple mechanisms, including rapid clear-
ance, renal trapping, and fluorophore
steric interference of target binding.

An additional limitation of NIR opti-
cal tomographic imaging in general is
that it is not yet approved for routine
clinical use. However, recent clinical
studies have revealed the ability to dis-
tinguish benign from malignant breast
lesions in humans with use of NIR opti-
cal spectroscopy, both alone and in
combination with magnetic resonance
imaging (8,9). It is hoped that the lack
of ionizing radiation and the ability to
assess multiple physiologic parameters
simultaneously will lead to more wide-
spread clinical application of NIR imag-
ing.

Practical applications of the NIR im-
aging protocol assessed in our study in-
clude the potential translation of these
concepts to the clinic, including nonin-

vasive in situ characterization of breast
tumors, individualized trastuzumab dos-
ing in patients with breast cancer, and
imaging of primary therapeutic efficacy
before changes in tumor growth are ap-
parent. Furthermore, this approach is
generalizable to other monoclonal anti-
body cancer therapies. It is hoped that
the use of a small tracer dose of labeled
antibody to assess the adequacy of ther-
apeutic dosing of the same antibody to
block the target receptor may be of clin-
ical benefit to patients with cancer in
the future.
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