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Currently, an alteration in the gross volume of a tumor is used to
assess its response to trastuzumab; however, this approach
provides only a late indication of response. Tissue-sample ex
vivo assays are potentially valuable, but their procurement
through biopsies is invasive and might be biased by tumor
heterogeneity. We studied the feasibility of using PET to quantify
changes in ErbB2 (HER2/neu) expression and to predict the re-
sponse to trastuzumab in BT474 breast cancer xenografts withN-
[2-(4-18F-fluorobenzamido)ethyl]maleimide (18F-FBEM)-HER2:342

Affibody. Methods: Mice bearing BT474 tumors were given
trastuzumab (50 mg/kg loading dose, 25 mg/kg maintenance
dose, administered intraperitoneally twice a week) or saline
(control) for a total of 5 doses. Tumor size was monitored twice
a week. Animals were scanned before the treatment, at 48 h,
and 2 wk after the beginning of therapy. After the final scan, PET
results were correlated with tumor response and immunohisto-
chemical assessment of ErbB2 level, as well as with vasculature
in the treated tumors. Results: Analysis of PET images indi-
cated that tracer uptake was significantly reduced after 1 dose
of trastuzumab, compared with baseline, suggesting applicabil-
ity as an early indicator of changes in ErbB2 expression. After 5
doses of trastuzumab, the overall decrease in 18F-FBEM-HER2:342

Affibody uptake also correlated with tumor response and down-
regulation of ErbB2 expression by immunohistochemical assess-
ment. However, individual animals had different responses.
There was a correlation between bigger PET changes and
a higher vessel count in the tumors, suggesting that an increased
number of vessels could lead to better trastuzumab delivery. We
confirmed that the difference in average vessel count in the
tumors was not related to the size of the tumors and therefore
was not due to the selection of more vascular tumors. This find-
ing is consistent with previous findings demonstrating that the
number of vessels in a tumor could be a useful prognostic
marker for treatment response. Conclusion: Our data suggest

that Affibody-based PET can noninvasively provide specific in-
formation on changes in receptor expression and could be a valu-
able strategy for predicting tumor response to trastuzumab.
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The transmembrane receptor ErbB2 (HER2/neu) be-
longs to the epidermal growth factor receptor family of
tyrosine kinases. It induces signaling pathways that promote

a wide range of cellular processes, including proliferation,

differentiation, survival, angiogenesis, and antiapoptotic

functions (1). The amplification and overexpression of ErbB2

occur in 18%–25% of human breast cancers, depending on
the diagnostic technique used, and are predictive of more

aggressive disease and a poor clinical outcome (2,3). Numer-

ous efforts have taken place to develop ErbB2-targeted ther-

apies (4); however, the only one approved by the Food and
Drug Administration for primary treatment is trastuzumab

(Herceptin; Genentech, Inc.), a recombinant humanized

anti-ErbB2 monoclonal antibody that specifically binds to

the juxtamembrane portion of the extracellular domain of

ErbB2. Trastuzumab has been shown to downregulate ErbB2
receptors both in vitro and in vivo (5,6), although it does not

decrease ErbB2 phosphorylation (7). In animal models, the

activity of trastuzumab was found to depend on the engage-

ment of natural killer cells, identifying antibody-dependent
cellular cytotoxicity as the major mechanism of trastuzumab

action (8,9). Additional mechanisms of trastuzumab may in-

clude suppression of angiogenesis by modulating the effects

of different pro- and antiangiogenic factors (10).
In clinical studies, trastuzumab apparently improves

survival when given concomitantly or sequentially with
chemotherapy (11,12). Its efficacy as a single agent has not
met expectations (13), and less than 30% of patients with
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ErbB2-overexpressing metastatic breast cancer respond to
first-line trastuzumab therapy (14). Moreover, most of the
initial responders eventually acquired resistance to tras-
tuzumab (13,14). Because high levels of ErbB2 may predict
response to trastuzumab (15), the clinical efficacy of tras-
tuzumab as a molecularly targeted therapy may depend on
the precise assessment of ErbB2 status. Currently, the only
reliable method to evaluate the response to trastuzumab is
to assess tumor size through conventional radiologic mea-
surements of changes in gross tumor volume, which tend to
be a late indicator of response. It is possible, though, that
altering ErbB2 expression with trastuzumab might provide
an early indication of response. To assess ErbB2 status
before and after trastuzumab treatment, ex vivo methods
including immunohistochemical staining for protein over-
expression and probing for ErbB2 gene amplification by
fluorescence in situ hybridization are potentially valuable.
However, procuring tumor tissues through biopsies to eval-
uate drug action is invasive, and reliable results are limited
by sample bias stemming from tumor heterogeneity and
other confounding factors such as inflammation. Because
obtaining serial biopsy material to assess the effects of
therapy is clinically impractical, there is an urgent need
to effectively and accurately measure ErbB2 expression
level before and during the treatment, possibly using a non-
invasive molecular technique.
In vivo evaluation of ErbB2 expression level using PET

might provide a valuable strategy for predicting tumor
response to trastuzumab in real time. If verified, such
information could allow for dosing schedule optimization
for individual patients and identify nonresponders who could
be offered an alternative therapy, thereby improving the
treatment outcome and sparing unnecessary costs. Moreover,
such information could also help to prevent false-positive or
false-negative scores due to the heterogeneity of receptor
expression in biopsy probes. Although multiple phase I
clinical trials with radiolabeled trastuzumab are ongoing, the
intact antibodies, appropriate for therapeutic strategies, are
not optimal for imaging (16,17). Finally, using labeled tras-
tuzumab to monitor changes in ErbB2 levels after therapy
with the drug itself might introduce a systematic error due to
competition for binding to the receptor.
Therefore, in this work, we are taking advantage of the

fact that our tracer and trastuzumab bind to distinct epitopes
on the ErbB2 extracellular domain (18), by investigating the
effect of trastuzumab on ErbB2 expression in a preclinical
breast cancer xenograft model. We correlate PET results
with tumor response and immunohistochemical assessment
of ErbB2 level and with vasculature in the treated tumors.

MATERIALS AND METHODS

Cell Line and Reagents
Tumor breast carcinoma BT474 with highly overexpressing

ErbB2 (19) was obtained from the American Type Culture Collec-
tion. The cells were cultured in RPMI 1640 medium supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (Gibco) and

penicillin/streptomycin (a 100-U/mL concentration of each). Cells
were grown as a monolayer at 37�C in a humidified atmosphere
containing 5% CO2.

The ZHER2:342-Cys Affibody molecules were kindly provided by
our Cooperative Research and Development Agreement partner in
Sweden (Affibody AB). 18F-radionuclide was produced via the 18O
(p,n)18F nuclear reaction at the cyclotron facility of the Clinical Center
at the National Institutes of Health by irradiating 18O-enriched water.
N-[2-(4-18F-fluorobenzamido)ethyl]maleimide (18F-FBEM)-HER2:342

Affibody was prepared as previously described (20).

Animal Experiments
This study was approved by the Animal Care and Use

Committee of the National Institutes of Health and performed in
accordance with the Department of Health and Human Services’
Guide for the Care and Use of Laboratory Animals. Female athy-
mic nude mice were implanted with 0.72-mg 90-d-release 17b-
estradiol pellets (Innovative Research) 1 d before cell inoculation.
BT474 cells (6 · 106) in a 100-mL mixture of phosphate-buffered
saline and Matrigel (0.7:0.3 ratio; BD Bioscience) were injected
subcutaneously into the right back shoulder. The mean tumor
volume before treatment initiation for all animals was 100–200
mm3. The control and treatment groups consisted of 6–8 mice
each. In total at the end of the study, there were 18 control and
24 treated animals. Trastuzumab (50 mg/kg loading dose, 25 mg/
kg maintenance dose) was given intraperitoneally twice a week for
2 wk. At the same time, the control animals were injected with
a saline vehicle (0.2 mL, intraperitoneally). Using caliper mea-
surements (volume 5 length · width2/2), the tumor size was
monitored twice a week. Percentage change in tumor volume from
baseline was calculated according to the following formula:

%Dvolume 5 100 ·
Volt 5 x 2 Volt 5 0

Volt 5 0

PET
PET scans were obtained for each animal before treatment,

after the initial dose, and at the end of treatment using the National
Institutes of Health Advanced Technology Laboratory Animal
Scanner. The mice were anesthetized using isoflurane/O2 (1.5%–
2.0% v/v), placed prone in the center of the field of view of the
scanner, and given an injection of 18F-FBEM-HER2:342 Affibody
(3.7–6.7 MBq, 10–13 mg, 100 mL) via the lateral tail vein. A 10-
min emission scan (single field of view) was recorded 1 h after
injection with a 100- to 700-keVenergy window. The images were
reconstructed with a 2-dimensional ordered-subsets expectation
maximization algorithm. No correction was applied for attenua-
tion or scatter. For each scan, regions of interest were manually
drawn over the tumor and normal tissue. The maximum counts per
pixel within the tumor or normal tissues were obtained from mul-
tiple regions of interest (counts/s/cm3). The results were calculated
as percentage injected dose per gram using a calibration constant
obtained from scanning the 18F source, assuming a tissue density
of 1 g/mL, and dividing by the injected dose, which was decay-
corrected to the time of scanning.

Histopathology
Following the final PETacquisition after the single and fifth doses

of trastuzumab, randomly selected mice were sacrificed by cervical
dislocation. Histopathology was performed to confirm the presence
of neoplastic cells, determine the presence of ErbB2 receptors, and
analyze the tumor vasculature. Tumors were excised, frozen in

630 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 53 • No. 4 • April 2012



liquid nitrogen and stored at 280�C or fixed with 10% neutral
buffered formalin solution. Frozen or paraffin-embedded tissue
specimens from control and treated mice were sectioned, and 4-
mm-thick sections were stained with hematoxylin and eosin, as
well as rabbit anti-human ErbB2 (Cell Signaling) and rat anti-
murine CD31 (Dianova) antibodies. The specimens were freed
of wax and rehydrated before antigen retrieval was performed.
For ErbB2 staining, Tris/ethylenediamine tetraacetic acid, pH 9,
was used for antigen retrieval. Sections were incubated overnight
with primary antibodies at 4�C and the next day with a peroxidase-
coupled antirabbit secondary antibody (Vector Laboratories) for
half an hour at room temperature. A diaminobenzidine peroxidase
substrate (Vector Laboratories) was used to visualize staining. For
the combined ErbB2 and CD31 staining, citrate buffer, pH 6, was
used to retrieve the antigen. Sections were incubated with ErbB2
antibody for 1 h at room temperature. Next, a peroxidase-coupled
antirabbit secondary antibody was incubated with the sections for
half an hour. A diaminobenzidine peroxidase substrate was used to
visualize staining. The same section was then incubated with the
CD31 antibody for 1 h at room temperature. A peroxidase-coupled
antirat secondary antibody (Vector Laboratories) was incubated
for half an hour before a SG peroxidase substrate (Vector Labo-
ratories) was used according to the manufacturer’s instructions.
Sections were counterstained using nuclear fast red (DAKO) and
dehydrated before using a permanent mount (Vectamount) to
mount the sections. Sections were washed in phosphate-buffered
saline between all staining steps.

The slides were analyzed and scored for intensity (0, 1, 2, or 3),
as well as for the percentage of this intensity (0%–100%) that could
be found in the section. The intensity percentage score (IPS) was
then calculated by multiplying the percentage and intensity (e.g., 2
· 20%), and at the end, all intensities were added together (e.g., 1 ·
30% 1 2 · 20% 1 3 · 50% 5 220 IPS).

To determine the amount of vessels in a tumor sample, after
immunohistochemical costaining of ErbB2 and CD31, 10 random
views were selected from both the center and the periphery of the
tumor slide. The number of vessels in each view was counted and
averaged over the 10 views. We plotted the number of vessels
against PET tracer uptake and IPS scoring of ErbB2.

Western Immunoblot Analysis
Frozen tumor tissues collected from randomly selected animals

(3 controls, 6 treated) after a single dose of trastuzumab were
weighed and sliced into small pieces. Afterward, the specimens
were placed in a lysis buffer containing protease and phosphate
inhibitors and were homogenized on ice, using a Polytron
homogenizer. Cell debris was removed through centrifugation of
the suspensions at 13,000 rpm (4�C) for 15 min. The supernatants
were collected and stored at 280�C. Before use, the protein con-
centration was determined using the bicinchoninic acid protein kit
assay (Pierce) according to the manufacturer’s protocol. Total cel-
lular proteins (30–60 mg) were resolved on 4%–12% NuPAGE
Novex tris-acetate gel (Invitrogen) by electrophoresis and trans-
ferred to a nitrocellulose membrane, which was subsequently
blocked for 1 h at room temperature with 5% nonfat milk-blocking
buffer. All reagents for NuPAGE and Western blots were from
Invitrogen. Thereafter, proteins were immunoblotted with a poly-
clonal antibody against ErbB2 (Cell Signaling Technology) or
a loading control—the mouse monoclonal antibody anti-b-actin
(GenWay Biotech, Inc.)—at 4�C overnight. After extensive rins-
ing with a washing buffer (Tris-buffered saline, polysorbate),

membranes were incubated with the secondary antibodies—horse-
radish peroxidase-conjugated goat antirabbit and antimouse IgG1—
for 1 h at room temperature. After final washing, immunoblots were
visualized with a chemiluminescence detection system (Pierce) and
an LAS-4000 Luminescent Image Analyzer (Fujifilm). Data were
analyzed with Multi Gauge (version 3.0; Fujifilm) software.

Statistical Analysis
Tumor uptake of 18F-FBEM-HER2:342 Affibody was compared

between control and trastuzumab-treated mice using the nonpara-
metric, 2-tailed Mann–Whitney test. The same test was used to
evaluate the relationship between changes in tumor volume and 3
PET groups. The differences between groups were considered
statistically significant when the P values were less than 0.05.
Median and 95% confidence intervals were reported. Changes in
the PET signal versus tumor volume were tested for an association
using the Pearson correlation test, which takes advantage of the
continuous nature of the variables. All data were analyzed using
Prism5 (GraphPad Software).

RESULTS

We investigated the efficacy of trastuzumab (50 mg/kg
loading dose, followed by 4 additional doses of 25 mg/kg)
during the 2-wk treatment course in mice bearing BT474
tumor xenografts. Tumor-bearing mice were injected with
18F-FBEM-HER2:342 Affibody or saline and scanned by
small-animal PET 3 times: before the first dose, 48 h after
receiving the loading dose, and at the end of the trastuzu-
mab treatment. Each time, the tracer accumulation was
quantified and the results were normalized to baseline.

PET Analysis, but Not Immunohistochemical Staining
or Western Blot, Revealed Reduced Level of ErbB2
After Single Dose of Trastuzumab

Figure 1 shows representative PET coronal sections before
treatment, after the single dose, and after the final dose. The
images obtained after 1 dose of trastuzumab clearly indicate
a decrease in radiotracer uptake, compared with baseline,
most likely resulting from a decrease in the ErbB2 level.
We found a 20% statistically significant reduction of
18F-FBEM-HER2:342 Affibody uptake in the treated mice,
compared with the control (Fig. 2A, P , 0.0001). Treatment
with saline solution alone did not alter the tracer accumulation.

To confirm that the decrease in tracer uptake was due to
the decrease in the ErbB2 level, we performed ex vivo
analysis of randomly selected tissue samples (control, n 5
3; treated, n 5 6). The immunohistochemical staining of
ErbB2 membrane expression did show variability between
analyzed tissue samples. Stratifying the expression pattern
using discrete regions revealed a significant level of ErbB2
heterogeneity within the individual sections (Fig. 2B). Con-
sequently, some areas were assessed as 31 and 11 within
the tumor tissue sample. Some trastuzumab-treated tumors
showed clear ErbB2 downregulation (Fig. 2B, right panel),
whereas some showed only a minimal reduction in ErbB2
expression on the cell surface (Fig. 2B, left panel). Quan-
tification of the membrane staining using the IPS scoring
system (“Materials and Methods”) indicated no significant

PET PREDICTS TUMOR RESPONSE TO TRASTUZUMAB • Kramer-Marek et al. 631



difference between the control and treated groups (Fig. 2C).

This heterogeneity was probably the reason why the IPS

scoring did not correspond to PET analysis. Interestingly,

Western blot analysis of the ErbB2 expression level did not

detect those changes in tissue lysates from the same tumors

(Fig. 2D).

Five Doses of Trastuzumab Caused Overall
Reduction in Tracer Uptake and Tumor Growth
Inhibition Despite Heterogeneity

After 2 wk of treatment, we observed a rapid progression
of tumors within the control mice, which were receiving only

saline. The mean percentage increase in tumor volume from
baseline was 137% 6 21%, and in some cases the increase

was as high as 300% in 14 d (Fig. 3A). In the treated group,

trastuzumab significantly inhibited tumor growth, compared

with control (P 5 0.0004), resulting in a dramatic tumor

regression in 8 of 24 mice (Fig. 3A). In 2 mice, we observed

complete tumor remission; therefore, those animals were not

included in the final PET analysis.
Although we have shown that trastuzumab significantly

inhibited tumor growth, compared with control, analysis of

PET images after 5 doses of trastuzumab showed diver-

FIGURE 1. Representative coronal sec-
tions acquired 1 h after tracer injection in 3

mice bearing BT474 tumors. Images were

collected before treatment (top), after initial

single dose of trastuzumab (middle), and af-
ter additional 4 doses of trastuzumab (bot-

tom). There were significant changes in 18F-

FBEM-HER2:342 Affibody accumulation after

initial dose of trastuzumab, whereas after 2
wk of treatment some mice showed com-

plete remission (right mouse at bottom)

and some mice with nonresponsive tumors
did not show any decrease in tracer uptake

from baseline (middle).

FIGURE 2. Changes in ErbB2 expression

in mice bearing BT474 tumors and in
extracted tumor tissues 48 h after trastuzu-

mab treatment (single dose, 50 mg/kg). (A)

Quantified 18F-FBEM-HER2:342 Affibody up-

take in control and trastuzumab-treated
mice normalized to baseline (control vs.

trastuzumab P , 0.0001). (B) Representa-

tive tumor sections from formalin-fixed, par-

affin-embedded tumor tissues originated
from different animals. Cell surface of ErbB2

was detected with anti-ErbB2 monoclonal

antibody that does not cross-react with
trastuzumab. (C) IPS scoring, based on im-

munohistochemical staining for selective ani-

mals (control [n 5 3] vs. trastuzumab [n 5 6];

P 5 1). (D) Representative Western blots of
ErbB2 expression.
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gence in tumor response (Fig. 3B). Quantification of radio-

tracer uptake at the end of the trastuzumab treatment
showed that the signal decreased in only some of the
mice (Fig. 1, bottom right), whereas only a slight change
from baseline was seen in the other mice (Fig. 1, bottom
middle).
To account for this finding, the animals were arranged

into 3 groups based on the PET signal changes from
baseline according to the following cutoffs: $0.85, 0.55 #
0.85, and #0.55 (Fig. 3C). Analysis of regions of interest
drawn around the tumors in the control group indicated no
changes in tracer uptake. Also, no significant changes in
tracer accumulation were found in 9 of 24 treated tumors
(control vs. $0.85, P 5 0.445). In contrast to these data, in
9 of 24 tumors we observed a 55%–80% loss in 18F-FBEM-
HER2:342 Affibody uptake (control vs. 0.55 # 0.85, P 5
0.0001), and furthermore, in 6 of 24 mice, the tumor uptake
was less than 50% (control vs. #0.55, P 5 0.0003).
To address the question of whether PET might predict

tumor response, we also analyzed the relationship between
tracer uptake and changes in tumor volume (Fig. 3D). We
showed that PET response correlated positively with the
percentage of tumor volume (R2 5 0.30, P 5 0.0001).
Notably, we found that tumor response measured by tumor
size also correlated with PET signals according to the fol-

lowing PET cutoffs: $0.85, P 5 0.01; 0.55 # 0.85, P 5
0.006; #0.55, P 5 0.0011 (Fig. 3E).

To confirm those findings, selected tumors from each
group were analyzed by immunohistochemical staining to
assess ex vivo ErbB2 membrane level. In accordance with
the observations seen in PET images, we discovered much
heterogeneity in receptor expression between individual
samples (Fig. 4A). Even though we observed a drop in
ErbB2 membrane level in trastuzumab-treated samples ver-
sus controls (Fig. 4B), which validated PET in assessing
ErbB2 expression in breast tumors, there was also a large
overlap between the treated group and the controls.

Separating the treated samples according to the PET
cutoffs, we found, surprisingly, that the 50% decrease in
tracer uptake was not associated with a similar decrease in
ErbB2 level (Supplemental Fig. 1 [supplemental materials
are available online only at http://jnm.snmjournals.org]).
This finding was likely caused by the low numbers in each
PET cutoff group that was subjected to ex vivo analysis
(n 5 5 for ,0.55) and the fact that the IPS scoring was
not sensitive enough to detect changes in differences in
intensity for some tumors. There was also a correlation
between tumor size and IPS scoring (R2 5 0.35, P 5
0.0001, Fig. 4C), similar to the finding between PET and
tumor size (Fig. 3D, R2 5 0.30, P 5 0.0001).

FIGURE 3. Mice received 5 doses of drug:
1 loading dose (50 mg/kg) and 4 mainte-

nance doses (25 mg/kg). (A) Percentage

changes in tumor volume from baseline in

mice treated with control vehicle or with tras-
tuzumab (control [n 5 19] vs. trastuzumab

[n 5 24]; P 5 0.0004). (B) Quantified
18F-FBEM-HER2:342 Affibody uptake in con-

trol and trastuzumab-treated mice normal-
ized to baseline (control vs. trastuzumab;

P 5 0.0007). (C) Trastuzumab-treated mice

divided into 3 groups using PET signal
changes from baseline according to the fol-

lowing cutoffs: $0.85, 0.55 # 0.85, and

#0.55. Tracer accumulation showed statisti-

cally significant decrease compared with
control in 2 groups: control vs. 0.55 # 0.85,

P 5 0.0001; control vs. #0.55, P 5 0.0003.

For cutoff of $0.85, there were no significant

changes (control vs. $0.85, P 5 0.445
[Mann–Whitney test]). (D) Changes in PET

signal plotted against changes in tumor size.

(E) Relationship between changes in tumor

volume and 3 PET groups. We found that
tumor response and changes in PET signals

were positively related (control vs. $0.85, P 5
0.01; control vs. 0.55# 0.85, P5 0.006; control
vs. #0.55, P 5 0.0011 [Mann–Whitney test]).
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Comparison of early changes in Affibody uptake to later
tumor response (changes in volume) and changes in PET
signal did not provide conclusive results. Although there
was a clear trend, the correlation was not significant and
graphing it would not provide any additional information.

Samples with Lowest PET Signal Had Higher Average
Vessel Count

We want to stress that all the mice were from the same
strain and that the xenografts originated from the same cell
line and were treated the same way, even though the
response to trastuzumab treatment was highly diverse. In an
attempt to understand the mechanisms responsible for this
phenomenon, we hypothesized that tumors with more vessels
would show a better response to trastuzumab treatment
because of better drug delivery; therefore, we evaluated the
variations within the vasculature of the tumors. We stained
the vessels with an antibody against endothelial marker
CD31 (Fig. 5A) and counted the number of vessels in 10
randomly picked fields within 1 sample. Plotting the average
vessel count against the PET changes showed bigger PET
changes in samples with a higher vessel count (Fig. 5B).
Interestingly, separating the groups according to PET cutoffs
revealed a significantly higher average number of vessels in
the group of mice with more than 50% lower 18F-FBEM-
HER2:342 Affibody uptake (Fig. 5C; P 5 0.02). The non-
linear regression analysis also showed a downward trend
between the number of vessels and IPS scores of ErbB2—
a trend that was more marked in trastuzumab-treated sam-
ples (Fig. 5D, bottom) than in controls (Fig. 5D, top) (R2 5
0.12, P , 0.0001; Fig. 5D). To confirm that the difference in
average vessel count in our samples was not due to the size
of the tumor, we plotted the tumor volume and vessel count
against each other (Fig. 5E). The results showed that tumor
size was not related to average vessel count per field (R2 5
0.0007, P 5 0.9). Together, these data strongly suggest that

a decrease in the ErbB2 level observed in samples with
higher vessel counts most likely occurred because of better
trastuzumab delivery, in comparison to the rest of the treated
animals.

DISCUSSION

In current clinical practice, the assessment of therapeutic
efficacy in tumors is based on changes in tumor size;
however, even tumors that shrink may contain viable
malignancy. Conversely, an apparently unchanged residual
mass may represent a posttherapy response, such as
inflammation, fibrosis, or necrosis, but not viable cells.
Additionally, in some cases when tumor size increases, it is
important to know whether the lack of response is due to
therapeutic resistance or inadequate drug delivery. There-
fore, because molecular alterations precede volumetric
changes, PET of tumor biomarkers might provide a means
for a more sensitive and specific measure of tumor response.

In the era of targeted therapies, accurate assessment of
receptor status plays a pivotal role in the clinical manage-
ment of breast cancer patients. We have previously
demonstrated that PET using the avid binding of 18F-
FBEM-HER2:342 Affibody to ErbB2 may be applied to
quantify changes in ErbB2 expression in breast cancer xeno-
grafts treated with 17-DMAG, an Hsp90 inhibitor (19).

In this study, we investigated the defensibility of using
PET to monitor changes in ErbB2 expression and whether
these changes can be used to predict the response of BT474
xenografts in a 2-wk treatment with trastuzumab. To
demonstrate PET sensitivity and specificity, we correlated
the imaging results with an overall decrease in tumor size
and routinely used ex vivo methods such as immunohisto-
chemical staining and Western blots.

Our data clearly indicate that 18F-FBEM-HER2:342 Affi-
body uptake measured by region-of-interest analysis was

FIGURE 4. Immunohistochemical analysis

of ErbB2 level on tumor cell surface after
treatment with 5 doses of trastuzumab. (A)

Photos taken from xenograft samples

stained for ErbB2. Left panel shows control

xenograft samples, middle and right panels
are trastuzumab-treated samples. (B) Quan-

tification of ErbB2 membrane staining by

IPS (control, n 5 14; treated, n 5 16). (C)
Correlation between tumor size and IPS

scoring for control mice and mice treated

with trastuzumab (R2 5 0.35, P 5 0.0001,

n 5 24).
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significantly reduced (P 5 0.0001) after just 1 dose of
trastuzumab, compared with baseline, suggesting its appli-
cability as an early indicator of changes in ErbB2 expres-
sion. Surprisingly, this decrease in ErbB2 was not detected
by Western blot, most likely because this technique ana-
lyzes all the cellular compartments of tumor cells and is not
sensitive enough to pick up subtle differences in ErbB2
membrane levels. The overall immunohistochemical scor-
ing of neither the treated tumor samples nor the control
indicated a statistically significant reduction in ErbB2 ex-
pression, which might be attributed to tumor heterogeneity
and low sensitivity of the immunohistochemical scoring
system in detecting small differences in staining intensity
after 1 dose of trastuzumab. Also, the relatively small group
that was tested might have prevented the detection of these
changes.
These results demonstrate the superiority of PET over

immunohistochemical and Western blot in detecting early
changes in ErbB2 expression. Notably, the benefits gained
from imaging receptor changes at an early stage are likely
to be even more significant in patients, since tumors in
humans usually have a much slower initial growth rate.
After 5 doses of trastuzumab, there was an overall

decrease in 18F-FBEM-HER2:342 Affibody uptake, and this
change was correlated with tumor response. However, there
were differences in the responses to trastuzumab among the
mice. Tumors showing the greatest decrease in PET signal

shrank, whereas no significant reduction in PET tracer up-
take was observed in the nonresponding tumors. We are
aware that the arbitrary cutoff values we applied to the
analysis of PET images could have some bias, but our data
strongly support the statement that the changes in 18F-
FBEM-HER2:342 Affibody uptake in the range of #0.85
could be a good indicator of treatment outcome. These
arbitrary cutoff points could be further validated in future
studies. We also confirmed that downregulated ErbB2 ex-
pression shown by immunohistochemical staining corre-
lated with the changes in PET signal, thereby validating
the results obtained by PET. Our data are also in line with
the results reported by McLarty et al., who presented a dra-
matic decrease in ErbB2 level after 1 dose of trastuzumab
as measured by 111In-diethylenetriminepentaacetic acid–
pertuzumab uptake in mice bearing MDAMB-361 xenografts
Those changes, however, did not correlate with immunohis-
tochemical staining patterns, which showed no apparent alter-
ations in receptor expression. On the other hand, they
observed a significant decrease in ErbB2 level as detected
by immunohistochemical staining after chronic treatment (3
wk) with trastuzumab (21). Reddy et al. recently reported that
a 3-d treatment of SKOV-3 tumor–bearing mice with trastu-
zumab led to a 42% decrease in tumor uptake of 125I-C6.5
diabody, which was consistent with a dramatic change in
tumor PET signal of 124I-C6.5 diabody but was not associated
with ErbB2 downregulation (22). One possible explanation

FIGURE 5. Analysis of tumor vasculature
based on CD31 staining. After CD31 and

ErbB2 immunohistochemical costaining, 10

random views from center and periphery of
tumor slides were obtained. Number of ves-

sels was scored and averaged over 10

views. (A) Two representative examples of

tumor slides from trastuzumab-treated
mice: PET cutoffs of $0.85 (left panel) and

#0.55 (right panel). (B) Average vessel count

per field in a trastuzumab-treated xenograft

sample plotted against PET changes ob-
served for the same xenograft (n 5 14). (C)

Average number of vessels in control group

(n 5 6) and trastuzumab-treated group (n 5
14) with various PET cutoffs. (D) Correlation

between IPS scoring and number of vessels

in control group (n 5 6, 10 fields for each)

and trastuzumab-treated groups (n 5 14, 10
fields for each). (E) Tumor size plotted

against average vessel count per field (con-

trol, n 5 6; treated, n 5 14).
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for the differences between these groups’ observations re-
garding detection of ErbB2 downregulation by trastuzumab
using immunohistochemical staining might be related to the
different tumor models used by each group and to specific
physiologic parameters, such as vascular permeability and
hydrostatic pressure of interstitial fluid. It should also be
stressed that the subcutaneous tumor models do not mimic
the complex relationship between tumor cells and the stro-
mal microenvironment that is unique to each tissue. Addi-
tionally, the variability in detecting ErbB2 downregulation
might also be cell line–dependent or, at least in part, ham-
pered by the inability of immunohistochemical staining to
sensitively detect subtle changes in receptor expression. Fur-
thermore, it is well known that the antibodies used, as well as
the evaluation methods applied in immunohistochemical
staining, can produce variable results.
Finally, to understand why certain tumors responded better

to trastuzumab than to other treatments, we studied trastuzu-
mab distribution and the vasculature status by checking the
number of blood vessels. We found a correlation between
bigger PET changes and a higher vessel count, although an
elevated number of vessels was found only in the group of
animals showing a dramatic decrease in 18F-FBEM-HER2:342

Affibody uptake (PET cutoff of #0.55). We confirmed that
the tumor size was not related to the average vessel count per
field and, thus, that we did not simply select tumors that
responded to trastuzumab because of better vascularization.
Previous studies reported that the number of vessels in a tu-
mor is a useful prognostic marker for treatment response (23).
We presume that this increased number of vessels could lead
to better trastuzumab delivery, resulting in more sufficient
ErbB2 downregulation.

CONCLUSION

18F-FBEM-HER2:342 Affibody–based PET can noninva-
sively provide specific information about ErbB2 expression
and changes in this target receptor, providing a valuable
strategy for predicting tumor response to trastuzumab. If
verified, such information could allow for monitoring of
a patient’s immediate response to therapeutic interventions
and adjustment of dose and treatment schedules based on
the actual receptor status. Such information could also be
applied to assess the feasibility of using other ErbB2-tar-
geted therapies to treat tumors that did not respond or ac-
quired resistance to trastuzumab.
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