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HER2 overexpression and amplification of the HER2/neu gene have been found in
approximately 25% of invasive breast carcinomas. They are associated with a poor prog-
nosis and resistance to therapy in breast cancer patients. Up to now, clinical evaluation of
human epidermal growth factor receptor 2 (HER2) expression is based on ex vivo meth-
ods (immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH) staining of
biopsied tissue). Our goal is to realize “image and treat” paradigm using targeted fluorescent
probes to evaluate expression levels of cell biomarkers responsible for cancer progression
and to monitor the efficacy of corresponding monoclonal antibody treatments. We used fluo-
rescent Affibody-based probes for in vivo analysis of HER2 receptors using near-infrared
optical imaging that do not interfere with binding of the therapeutic agents to these receptors.
We have analyzed two types of breast carcinoma xenografts with significant differences in
HER2 expression (3+ and 2+ according to classification) in the mouse model. Using our
kinetic model to analyze the temporal variations of the fluorescence intensity in the tumor
area after two subsequent injections allowed us to assess quantitatively the difference in
HER2 expression levels for two tumor types (BT-474 and MD-MBA-361). This result was
substantiated by ELISA ex vivo assays of HER2 expression in the same tumors.

Key words: Fluorescence imaging; Near-infrared optical imaging; Targeted fluorescent
probe; Affibody; Cancer treatment; Cancer diagnostics; Human epidermal growth factor
receptor.

Introduction

Advances in tumor biology led to development of therapies targeting specific
biomarkers of cancer cells. The well-known example of such approach is appli-
cation of a monoclonal antibody (mAb) trastuzumab for treatment of human
epidermal growth factor receptor 2 (HER2)-positive cancers (1-3). Elevated
HER? is associated with increased proliferation and survival of cancer cells and
thereby, contributes to poor therapy outcomes (4, 5). Given that the efficacy
of the therapeutic mAb depends on overexpression of its target on tumor cells,
development of techniques to assess the receptor expression is extremely impor-
tant for patient selection and monitoring the efficacy of therapy, allowing one to
optimize the treatment. Current clinical evaluation of HER2 expression is based
on immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH)

Abbreviations: IHC: Immunohistochemistry; FISH: Fluorescence in situ Hybridization; HER2:
Human Epidermal Growth Factor Receptor 2; ELISA: Enzyme-linked Immuno Sorbent Assay;
mADb: Monoclonal Antibody; ROI: Region of Interest; NRA: Normalized Rate of Accumulation.
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staining of biopsied tissue. Both methodologies are ex vivo
techniques and, due to tumor heterogeneity, may deliver
false-positive or -negative results (6) and can hardly be used
to sequentially monitor HER2 expression in the course of
therapy. On the other hand, molecular imaging using HER2-
specific probes, allows assessing the status of HER2 recep-
tors in vivo in real time before and during the treatment. In
this regard, PET imaging modality is mostly discussed in the
literature as a promising tool (7, 8). Applications of optical
imaging are also under consideration. Compared to PET, it is
a low cost modality that does not involve ionizing radiation.
Optical imaging is also easier to implement due to its mini-
mal invasiveness. Application of fluorescently-labeled cell
surface markers opens new venues for in vivo assessment of
biomarkers (9-11). Recently designed Affibody molecules
(Affibody AB, Solna, Sweden) with their high affinity to
HER?2 receptors were suggested as a basis for such HER2-
specific fluorescent probes (9). Affibody molecules are
highly water soluble and about 20-fold smaller than antibod-
ies. Due to their small size, they have shorter washout times
from the blood circulation. As usual, the washout time is
defined as the time that the free probe ligands concentration
decreases to 1/e of their initial (after injection) concentra-
tion in the circulation. In addition, it was shown (9) that this
molecule binds to a different epitope of the HER2 biomarker
than therapeutic mAbs (i.e., trastuzumab, pertuzumab, and
T-DM1) (10). The latter property makes Affibody conju-
gate a good candidate to realize “image and treat paradigm”,
because such imaging agent would not interfere with mAbs
therapy. Patient-friendly character of NIR optical imaging
allows one to collect multiple images of the tumor, monitor
the status of HER2 receptors during the treatment regimen
and, if needed, optimize it timely.

Temporal behavior of fluorescence after the injection of
specific probe reflects binding of the fluorescent molecules
to the tumor receptors and washout of the free fluorescent
ligands from the blood circulation. For this reason, analysis
of the time series of fluorescence images can provide quan-
titative information on the status of the targeted receptors in
the region of interest (ROI) (12-15). It should be noted that
fluorescence lifetime imaging, using HER2-specific probes
can also provide information on the status of HER?2 receptors
in the tumor. Our recent studies (3) showed that fluorescence
lifetime measurements can be used to assess the binding of
the probe to cancer cells qualitatively and, thereby, character-
ize corresponding HER2 expression.

In pre-clinical studies (small animal model) NIR imaging,
using biomarker-specific probes, can be used to test differ-
ent therapies/drugs to treat various cancers. To choose proper
clinical applications of the fluorescence imaging, penetration
depth of NIR photons into tissue should be taken into account
(currently, targets deeper than several cm are not accessible).
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In our previous papers (9, 12, 15) we accommodated com-
partmental ligand-receptor model to assess HER2 expres-
sion, using initial normalized rate of accumulation (NRA) of
the HER2-targeted fluorescent probe in the tumor area. Here
we discuss an alternative kinetic model approach to charac-
terize in vivo the expression of specific receptors, using anal-
ysis of fluorescence data after two subsequent injections of
the probe into the circulation, similar to what has been done
in PET studies (16, 19).

This approach is suitable for the fast-kinetic probes like
monomer Affibody.

Animal Model

Tumor cells (5-10 X 10¢ cells in 0.1 mL of 30% Matrigel
(BD Biosciences, Bedford, MA) of two breast carcinoma
cell lines, BT-474 and MD-MBA-361, expressing differ-
ent levels of HER2 (classified as 3+ and 2+, respectively)
were implanted into the right forelimbs of 6 to 8 weeks old
athymic nude mice as described before (8). Imaging studies
started, when the tumors grew approximately to 5-8mm in
diameter. We considered three mice in each tumor category.
After the experiment had been terminated, mice were eutha-
nized and tumors were extracted for the assessment of the
HER?2 expression by ELISA. All animal studies were con-
ducted in accordance with the principles and procedures out-
lined in the National Institutes of Health Guide for the Care
and Use of Animals.

Enzyme-linked Immuno Sorbent Assay (ELISA)

Ex vivo tumor tissue was homogenized in suspension
buffer supplemented with proteases inhibitor mix (Com-
plete stop Roche) and EDTA (5 mM), followed by HER2
extraction and centrifugation. HER2 ELISA assay was
performed in accordance with the protocol, provided by
manufacturer (Calbiochem, Gibbstown, NJ) using serial
dilution of recombinant HER2 protein as standards. The
measured ELISA results for all mice are presented in
Table I. HER2 concentration is expressed in ng of HER2
per mg of total protein.

Table I
Obtained ELISA values for all six mice.

Carcinoma Mouse ELISA (ng/mg protein)

#la 302.1636
BT-474 #2a 261.8253

#3a 270.1228

#1b 84.7655
MD-MBA-361 #2b 89.9211

#3b 82.6129
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In Vivo Near-infrared Optical Imaging

Fluorescence intensity measurements were performed by
a previously described NIR fluorescence small-animal
imager (18). Briefly, this time-resolved system is based on
an advanced time-correlated single-photon counting device,
used in combination with a high-speed repetition-rate tun-
able laser. A photomultiplier tube is used as a detector. The
scanning head (10 X 6 mm) incorporates multimode opti-
cal fibers, used to deliver light from an excitation source
and an emitted fluorescence signal to detector through the
optical switch. Laser source provides excitation photons
(X =750nm) and emission photons (A = 780nm) are fil-
tered before detection. The imager scans in a raster pattern
over the skin or other tissue surfaces at close distance of
1 to 2mm to produce a real-time, two-dimensional image of
the ROI. A cooled, charge-coupled device (CCD) camera is
used to guide the scan to the ROI, and to measure spatial dis-
tribution of the fluorescence intensity, which helps to locate
the tumor inside the tissue. The measurements with the
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small animal imager were performed in such a manner that
the source-detectors head is scanning only over a RO, i.e.,
tumor or corresponding contralateral area. A temperature-
controlled scanning stage with an electrocardiogram and
temperature monitoring device is used to hold small animals
during measurements.

To analyze the target-specific accumulation of the imaging
probes, mice were anesthetized by inhalation of isoflurane.
Two consequent intravenous injections of Affibody-DyLight
750 conjugate were performed with a time interval of 24 h.
Mice were imaged at several predetermined time points after
each injection. The dose of the probe was ~10pg in 100ml of
PBS. The mean and standard deviations of the fluorescence
signal were calculated by averaging the maximum pixel values
over the tumor area and corresponding contralateral site.

Characteristic dependencies of fluorescence intensities, mea-
sured for mice with BT-474 and MD-MBA-361, are presented
in Figures 1 and 2. The data were obtained by averaging over
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Figure 1:
(A) BT-474 and (B) MD-MBA-361.

Fluorescence intensities (tumor — contralateral side) over the observation period of 48 h, including two injection points at times 0 and 24 h:
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Figure 2: Fluorescence intensities (contralateral side) over the observation period of 48 h, including two injection points at times 0 and 24 h: (A) BT-474

and (B) MD-MBA-361.

6 pixels at the maximum intensity area of the tumor. In all
measurements, the photons (intensity) were counted over two
seconds integration time. Much higher fluorescence intensi-
ties from the tumor in the first case indicate higher expres-
sion of HER 2 in BT-474 than MD-MBA-361, as expected.
However, fluorescence intensities, increased considerably
further after the second injection, show that in both cases the
binding saturation (all HER2 receptors are bound with the
probe) is not achieved after the first injection. Comparison
of the data before and after the second probe injection within
kinetic model framework can be used to assess the HER2
expression level.

Kinetic Model

The compartmental ligand-receptor model has been used
initially for quantification of the specific receptor density

in the PET studies (19). In our previous papers (9, 12, 15)
we accommodated this model to assess HER2 expression,
using initial NRA of the specific fluorescent probe in the
tumor area. The non-equilibrium, non-linear model includes
3 compartments (free ligand in blood plasma, free ligand in
tissue, and specifically HER2-bound ligand with concentra-
tions C,,F", and B’, respectively). Binding of fluorescent
ligands (Affibodies) with HER2 is determined by kinetic
rate k,,. The total concentration of available HER2 in the
tumor, B, potentially limits the binding process. It should
be noted that without knowledge of k,, or F', only relative
values of B, for different tumor types can be found from
such kinetic model.

As has been shown in (12) for ABD-Affibody based probe,
asymptotic values of fluorescence intensities after normaliza-
tion on initial concentration of free ligands in the circulation
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Figure 3: Two examples of the model fitting procedure to evaluate parameters, required for assessment of HER2 expression in the case of carcinoma

xenografts of (A) BT-474 and (B) MD-MBA-361.

are proportional to average HER2 expression for different
types of breast carcinomas. However, for probes with much
faster kinetics, as those based on monomer Affibody, the rela-
tionship between concentration of available HER 2 receptors
(i.e. HER 2 expression) and asymptotic fluorescence intensi-
ties is not that straightforward: a large fraction of receptors
can be left unbound for the lack of free fluorescent ligands at
longer times t >> 7, where 7 is washout time.

If the dissociation rate constant is low enough to disregard the
ligands-receptor dissociation during the observation period
of 5-7h after injection, maximum fluorescence intensities
from the tumor depend on the probe doze and washout time.

At the first approximation, accumulation of the HER2-bound
fluorescent-labeled Affibody molecules in the tumor is
described by an equation:

d’if” — k. (Bl — B ()F (1)
B'(1)=B, [1]

similar to Equation 6A from the paper by Delforge et al. (19),
where ¢, is the time of injection, B, is the concentration of the
bound ligands just before the injection. B, is equal to O for the
first of two injections.
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Measurements of the fluorescence intensities from the contra-
lateral side show that concentration of free ligands in blood is
decreasing exponentially after the probe injection. For Affi-
body-DyLight 750 conjugate corresponding washout time is
rather short 7 ~1h (9). Assuming equilibrium between free
ligands in blood and tissue, we obtain:

F*(t)ZFoexp(—t_tl) (2]
T

Thus maximum intensities at the tumor site, reached after the
first injection, can be given by the formula:

%

B, =B, [1—exp(—k, F)| [3]

Similarly, the asymptotic value of B" after the second injec-
tion is:

B, = B;m|:1 +[B£f1 — l)exp(—km’yE)T):|, (4]

max
where 7 is the ratio of doses of both injections.

Combining Equations [3] and [4], one can obtain the final
relationship between the HER 2 expression level B, and
parameters that can be directly evaluated from experimen-
tal data, i.e. asymptotic intensities after each of the probe
injections (B and B,), measured intensity from the tumor just
before the second injection B, and the ratio of doses v =~1.
The latter parameter can be determined by the corresponding
intensities from the contralateral side, i.e., by calculating the
average ratio of these intensities from the contralateral side
after injections under assumption that circulation system does
not change during the observation period. Asymptotic values
B, and B, are determined by fitting the experimental time
dependencies of the fluorescence after each injection to an
exponential rise to maximum model y(r)=a[l —exp(—bt)|
(we have subtracted initial level B, from intensities after the

Table 11
Derived values of parameters for all six mice, required to solve numeri-
cally Equation [5].

Carcinoma Mouse 5 B, B, B,
#la 0.76 67500 97739 59540

BT-474 #2a 1.60 62750 125277 54544
#3a 1.05 54910 83698 40850
#1b 1.20 35380 55086 31000

MD-MBA-361 #2b 1.38 31434 47639 22700
#3b 1.01 25735 41112 24646

Ardeshirpour et al.

second injection before fitting and added B, to the found
asymptote ab to find B)). Figure 3A and 3B, illustrate
this fitting procedure for two mice with BT-474 and MD-
MBA-361 xenografts, respectively. In Table II, we present
obtained values of v, B}, B,, B, for all six mice.

To find an unknown B, one should solve numerically the
following equation that can be derived from the system of
Equations [3] and [4]:

* \V
* ’ / B _Br,nax
BZ_Bmax_(Bl_Bmax)(lB/—] :0 [5]

max

Since no analytical solution is available for Equation [5], we
have developed a simple program, using Matlab routine f,.,,
to realize this solving procedure. Our estimates of By, were
compared with ex vivo ELISA readings of the HER 2 expres-
sion (Table I), obtained for the same tumors after completion
of the tumor fluorescence imaging series.

Discussion

In a recent work (12) we have used a compartmental ligand-
receptor kinetic model to show that for HER2 specific ligands,
based on Albumin-binding domain—fused-(ZHER2:342)
2-Cys Affibody (so-called ABD-Affibody), both initial rate
accumulation and asymptotic values of fluorescence intensi-
ties in the tumor, are proportional to HER2 expression level
in different types of breast carcinomas (mouse model), if one
normalizes these parameters to take into account initial con-
centrations of the free probe ligands in blood.

Moreover, according to Hassan et al. (15), this NRA of
HER?2 specific contrast agent can be used as a quantitative
indicator of the total concentration of HER2 receptors in the
tumor. It was shown, in particular, that good linear correla-
tion is observed between the NRAs for individual tumors
(BT-474) and ELISA assay reading, obtained ex vivo for the
same tumor/mouse.

Our paper (15) was the first to demonstrate the potential
of fluorescence imaging to monitor the treatment of the
tumors with Hsp90 therapy (17-DMAG). Using this in vivo
method we have found ~30% decrease in the average level
of HER2 expression after the treatment. Corresponding
ELISA values confirmed this finding. In addition, our mea-
surements with Affibody-Alexa Fluor 750 probe at early
times after its injection imply significant anti-angiogenic
effect of 17-GMAG. We directly confirmed this effect by
fluorescence imaging with fluorescent blood pool imaging
agent AngioSense 750.
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Our initial studies involved ABD Affibody based probes
that have relatively slow kinetics in the circulation (washout
time in the mouse model + ~27h). Lately we moved to
probes with much faster kinetics, i.e., Affibody monomer
(Affibody-DyLight 750) based conjugates (r ~1h). Results
of our latest paper (9) confirm that our approach to character-
ize HER2 expression from initial rate of accumulation of this
new probe holds.

However, in the case of relatively fast washout of the dye
from the blood stream comparing to the binding rate to HER2
receptors, the relationship between asymptotic fluorescence
intensities and HER2 expression becomes more complicated
than in the case of slow kinetics, considered in (12), where at
longer times practically all HER2 receptors are bound to the
probe molecules.

In this study, we have shown that fluorescence imaging, based
on repeated injections of HER2-specific Affibody-DyLight
conjugates, can provide quantitative assessment on HER2
expression level in HER2-positive carcinoma xenografts.
This information is extracted from time series of fluores-
cent images, analyzed in the framework of developed kinetic
model that describes probe binding after each injection.
In our model we can expect linear relationship between these
parameters with corresponding linear regression line, pass-
ing through the origin. Figure 4 illustrates such comparison
both for individual mice and data, averaged over carcinoma
type subsamples. While noticeable deviations from the lin-
ear dependence (=21%) are observed for individual mice,
obtained average ratio of HER2 expression levels for BT-474
and MD-MBA-361 carcinomas 3.2 = 0.6, is close to the
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ratio of ex vivo ELISA readings of HER2 receptors for these
tumors (2.9 = 0.4). The latter observation substantiates pre-
sented approach to characterize HER2 expression level of
the tumors (in other words, concentration of HER?2 receptors
on the cell surface) by two injections analysis, presented in
this paper.

It should be noted that in recent papers (13, 14) an alterna-
tive method to quantify the cell receptors concentration has
been successfully applied. Unlike our approach, it uses more
complicated experimental setup with simultaneous injec-
tion of two reporters: receptor-specific and non-specific with
different emission/excitation wavelengths.

It is obvious that the information on HER2 expression can
become instrumental to optimize the regimen of cancer ther-
apy, especially if receptor specific monoclonal antibodies are
involved. We believe that optical imaging using HER2 mol-
ecules labeled with an NIR fluorescent target may provide
robust information about HER?2 status in pre-clinical models
in a reliable and cost-effective manner, avoiding exposure to
ionizing radiation. In the future, it might become a convenient,
complementary tool for selection of breast cancer patients for
HER2-targeted therapies if validated in clinical trials. Due to
its minimally-invasive character, this method can potentially
be also used for monitoring the response of individual tumors
to therapies. Currently, clinical applications of the fluorescence
imaging are limited by penetration depth of NIR photons into
tissue and require proper selection of targets not deeper than
several centimeters. Nevertheless, the method could provide
a unique tool for preclinical studies of targeted therapies and
their effect or dependence on receptor expression.
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