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Trastuzumab improves tumor perfusion and vascular delivery
of cytotoxic therapy in a murine model of HER2+ breast cancer:
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Abstract To employ in vivo imaging and histological
techniques to identify and quantify vascular changes early
in the course of treatment with trastuzumab in a murine
model of HER2+ breast cancer. Dynamic contrast-en-
hanced magnetic resonance imaging (DCE-MRI) was used
to quantitatively characterize vessel perfusion/permeability
(via the parameter K”“*) and the extravascular extracel-
lular volume fraction (v,) in the BT474 mouse model of
HER2+ breast cancer (N = 20) at baseline, day one, and
day four following trastuzumab treatment (10 mg/kg).
Additional cohorts of mice were used to quantify
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proliferation (Ki67), microvessel density (CD31), pericyte
coverage (0-SMA) by immunohistochemistry (N = 44),
and to quantify human VEGF-A expression (N = 29)
throughout the course of therapy. Longitudinal assessment
of combination doxorubicin =+ trastuzumab (N = 42) tes-
ted the hypothesis that prior treatment with trastuzumab
will increase the efficacy of subsequent doxorubicin ther-
apy. Compared to control tumors, trastuzumab-treated
tumors exhibited a significant K"
(P = 0.035) on day four, indicating increased perfusion
and/or vessel permeability and a simultaneous significant
increase in v, (P = 0.01), indicating increased cell death.
Immunohistochemical and ELISA analyses revealed that
by day four the trastuzumab-treated tumors had a signifi-
cant increase in vessel maturation index (i.e., the ratio of a-
SMA to CD31 staining) compared to controls (P < 0.001)
and a significant decrease in VEGF-A (P = 0.03). Addi-
tionally, trastuzumab dosing prior to doxorubicin improved
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the overall effectiveness of the therapies (P < 0.001). This
study identifies and validates improved perfusion charac-
teristics following trastuzumab therapy, resulting in an
improvement in trastuzumab-doxorubicin combination
therapy in a murine model of HER2+ breast cancer. This
data suggests properties of vessel maturation. In particular,
the use of DCE-MRI, a clinically available imaging
method, following treatment with trastuzumab may provide
an opportunity to optimize the scheduling and improve
delivery of subsequent cytotoxic therapy.

Keywords MRI - Immunohistochemistry -
Normalization - Angiogenesis - Herceptin - Adriamycin -
BT474

Abbreviations

a-SMA Alpha- smooth muscle actin

ANOVA  Analysis of variance

BCA Bicinchoninic

DCE-MRI Dynamic contrast-enhanced magnetic
resonance imaging

ELISA Enzyme-linked immunosorbent assay

Gd-DTPA  Gadolinium-diethylenetriaminepentaacetic
acid

HER2+ Human epidermal growth factor receptor 2
positive

H&E Hematoxylin and eosin stain

MAPK Mitogen-activated protein kinase

MVD Microvessel density

NEX Number of excitations

PI3K/ Phosphoinositide 3-kinase/protein kinase B

AKT

ROC Receiver operating characteristic

ROI Region-of-interest

TE Echo time

TR Repetition time

VEGF Vascular endothelial growth factor

VMI Vessel maturation index

Introduction

Of the 200,000 breast cancer cases diagnosed annually in
the United States, an estimated 25-30 % are human epi-
dermal growth factor receptor 2 positive (HER2+-), which
indicates an amplification of the HER2 protein [1-3].
Overexpression of HER?2 is indicative of a poorer prog-
nosis and greater chance of metastasis in comparison to the
majority of breast cancer subtypes [3]. Trastuzumab, a
targeted monoclonal antibody that interferes and blocks the
HER2/neu receptor was the first available targeted
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treatment for HER2+ breast cancers [4]. Trastuzumab
binds to domain IV of the extracellular segment of the
HER2/neu receptor, causing arrest in the G1 phase of the
cell cycle, and reducing proliferation [5]. Furthermore, this
inhibits the intracellular signaling of several pathways
including the mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase/protein kinase B (PI3K/
AKT) pathways leading to cell cycle arrest and suppression
of cell proliferation [6]. Trastuzumab also causes HER2
internalization and degradation through promotion of tyr-
osine kinase-ubiquitin ligase c-casitas B-lineage lymphoma
(c-Cbl) [7, 8]. A secondary mechanism of action is through
inhibition of angiogenic factors, creating an indirect anti-
angiogenic treatment. This is thought to be due to down-
regulation of vascular endothelial growth factor (VEGF)
expression induced by trastuzumab, although the exact
pathway has yet to be established [9-11]. Trastuzumab has
been established as an effective therapy in the treatment of
HER2+ breast cancers [12, 13], and is currently included
in the standard-of-care treatment for patients with this
disease.

Without the recruitment of new vasculature, a tumor
cannot grow beyond 1-2 mm in diameter [14]. Angio-
genesis is induced by activating biological signals for
endothelial cell receptors which are present in the pre-ex-
isting vessels. As malignant tumors develop, the blood
vessels become irregular, tortuous, chaotic in organization,
leaky with perivascular detachment, and dilated in com-
parison to normal vasculature. Anti-angiogenic agents have
been shown to transiently stabilize abnormal tumor vas-
culature through restoring the balance of the pro- and anti-
angiogenic factors [15, 16]. This process of vascular nor-
malization is when the irregular tumor vasculature is
“normalized” through improved architecture that reduces
vascular resistance and improves perfusion (including
reduction of vessel diameter and permeability), oxygen
delivery, and overall vascular reactivity. This in turn
induces a more functional tumor vasculature, providing
improved hemodynamic characteristics through a more
homogenous and efficient delivery of nutrients and oxygen.
It has been hypothesized [17, 18] that vascular normal-
ization leads to a transient window wherein vessels tem-
porarily become more mature with improved basement
membrane structure, endothelial cell quiescence, increased
blood flow and decreased interstitial fluid pressure, thereby
resulting in an opportunity for improved drug delivery.
Vascular normalization was formally introduced in 2001,
and since then investigators have utilized direct anti-vas-
cular agents to induce normalization in cancer [15, 19].
While trastuzumab-induced vascular normalization has
been previously proposed [10], there have not been any
subsequent studies in breast cancer. Additionally, a non-
invasive method that could quantitatively characterize
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vascular alterations after trastuzumab therapy would
greatly assist in the clinical translation of this opportunity
to enhance the efficacy of cytotoxic therapy.

One method that has been used to quantitatively assess
vascular status before and during therapy is dynamic con-
trast-enhanced magnetic resonance imaging, DCE-MRI
[20]. DCE-MRI utilizes the rapid acquisition of a series of
T,-weighted images prior to and after the injection of an
exogenous contrast agent. By analyzing the way in which
the contrast agent enters, distributes, and leaves the tumor, it
is possible to obtain quantitative information on vascular
permeability, perfusion/blood flow, and tissue volume frac-
tions. Pharmacokinetic parameters can quantitatively assess
the vascular changes within a tumor, and evidence is
mounting that these measures can predict tumor response to
therapy [21-25]. Furthermore, DCE-MRI has been demon-
strated to be a reliable method for longitudinally tracking
vascular changes in mouse models of breast cancer [26-28].

This study has three primary goals. The first was to use
DCE-MRI to identify vascular alterations resulting from
trastuzumab therapy in a murine model of HER2+ breast
cancer, and the second was to validate these findings via
quantitative histology and the enzyme-linked immunosor-
bent assay (ELISA). The third goal was to test the
hypothesis that trastuzumab-induced vascular alterations
have the potential to significantly improve intratumoral
delivery of doxorubicin. This was completed through
investigating overall treatment efficacy as a function of
order and timing of trastuzumab =+ doxorubicin.

Methods
Cell culture

BT474 breast cancer cells were originally purchased from
ATCC. BT474 breast cancer cells are HER2+4 with an
estimated 25-fold increase in HER2 expression relative to
normal mammary epithelial cells and have an established
positive response to trastuzumab treatment both in vitro and
in vivo [29-31]. Additionally, BT474 cells are ER" and
PR [32]. Cells were cultured in improved minimal essential
medium (IMEM, Invitrogen, Carlsbad, CA) supplemented
with 10 % FBS and 1 % insulin at 37 °C with 5 % CO,.
Trastuzumab was purchased from the Vanderbilt University
Hospital Pharmacy (Nashville, TN). Cells were cultured to
80-90 % confluency and cell counts were determined with a
hemocytometer and trypan blue dye exclusion.

Animal procedures and care

All animal procedures were approved by the Vanderbilt
University Institutional Animal Care and Use Committee.

(We note that animals (N = 20) utilized in the imaging
study (experiment one, described below) are a subset of
animals included in a previous study [33]). Nude athymic
female mice (N = 135) were subcutaneously implanted
with a 0.72 mg, 60-day release, 17B-estradiol pellet (In-
novative Research of America, Sarasota, FL). Approxi-
mately 24 h later, 107 BT474 breast cancer cells in serum-
free media with 20 % growth factor-reduced Matrigel were
injected subcutaneously into the flank of the mouse.
Tumors grew to an average volume = standard error of
228.79 + 20.31 mm’ before experiments began
(4-6 weeks after implantation).

Experiment 1: dynamic contrast-enhanced magnetic
resonance imaging

Mice (N = 20) were randomly sorted into two groups:
BT474 treated or control, and were imaged with DCE-MRI
on days zero (baseline), one (24 h after baseline), and four.
Two days prior to baseline imaging, an indwelling
26-gauge jugular catheter was surgically implanted for
delivery of an exogenous MRI contrast agent. Treated
animals received an intraperitoneal injection of trastuzu-
mab (10 mg/kg) on day zero (immediately following
imaging) and again on day three; controls received com-
parable saline injections. The dose of trastuzumab was
selected to closely match that used in the clinical setting for
HER2+ breast cancer patients (a typical clinical dose is
between 4 and 8 mg/kg) [12, 34, 35]. Tumor size was
tracked through MRI measurements. See Fig. 1 and Sup-
plemental Table 1 for details on animals and dosing
schedule.

DCE-MRI data were collected with a 7.0 T MRI scanner
(Agilent Technologies (formally Varian), Palo Alto, CA)
equipped with a 38 mm quadrature RF coil (Doty Scien-
tific, Columbia, SC). Animals were anesthetized and the
tumor was localized in the center of the coil. Respiratory
and body temperature were monitored and maintained in
the normal physiological range. The tumor region was
localized with 3D gradient echo scout images. Anatomical
T,-weighted images were acquired using a fast spin-echo
pulse sequence with the following parameters: repetition
time (TR)/echo time (TE) = 5500/35.6 ms, one mm slice
thickness, 15 total slices, and a field of view
(FOV) = 28 x 28 mm?. Acquisition of a pre-contrast T}
map was obtained via an inversion recovery fast low angle
shot gradient echo sequence with an adiabatic inversion
pulse with seven inversion times ranging from 250 to
10,000 ms. Dynamic 7T;-weighted images were acquired
using a spoiled gradient echo sequence at a temporal res-
olution of 12.8 s for 20 min with the following parameters:
TR/TE = 100 ms/2.1 ms, one mm slice thickness, 15 total
slices, a flip angle of 25° two excitations, and a
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Fig. 1 The temporal relationship between treatments, imaging, and
histological evaluation for trastuzumab are shown for experiments
one and two. Experiment one, a DCE-MRI study evaluated longitu-
dinal changes in vascularity between trastuzumab-treated and control
BT474 HER2+ breast cancer tumor-bearing mice until day four after

FOV = 28 x 28 mm?>. Pre-contrast images were acquired,
and then a bolus of Gadolinium-diethylenetriaminepen-
taacetic acid (Gd-DTPA) was administered using an auto-
mated syringe pump. Data were imported into MATLAB
and custom software was developed to return parametric
maps of K", v,, and k,, (=K""""/v,, the efflux constant)
[36-38] from the voxel-based DCE-MRI analysis. (See
Supplemental Information for more details on the DCE-
MRI experimental methods).

Experiment 2: immunohistochemistry analysis
of vascular and cellular alterations

Mice (N = 44) were separated into two groups: BT474
treated and control. Mice were longitudinally assessed for
10 days following initiation of treatment. Treatment
occurred on days zero (this is the baseline measurement
immediately prior to the first treatment), three, six, and
nine (see Fig. 1; Supplemental Table 2) as described in
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initiating treatment (day zero). Experiment two utilized this same
mouse model for an extended time through 10 days and evaluated
cellular and vascular changes with histological analysis to confirm
alterations observed in experiment one

experiment one. Tumor size was tracked over time with
caliper measurements. Mice were sacrificed and tumors
resected on days zero, one, three, four, seven, and 10 for
immunohistochemistry analysis; there were four treated
and control animals for each time point, except for day
zero, in which there were four animals total. Tumor sec-
tions were fixed in formalin and then embedded in paraffin.
A hematoxylin and eosin (H&E) stained section was
obtained from the tissue block. Following antigen retrieval
on the remaining sections, the tissue sections were stained
according to modified manufacturer’s protocols with anti-
CD31 (Abcam, Cambridge, MA), anti-Ki67 (Dako
Carpinteria, CA), or anti-o-smooth muscle actin (SMA)
(Abcam, Cambridge, MA). Immunostained slides were
digitally scanned and analyzed at high resolution (20x)
with a Leica (Leica Microsystems Inc, Ariol, Buffalo
Grove, IL) SCN400 Slide Scanner. (See Supplemental
Information for more detailed immunohistochemistry
experimental methods).



Breast Cancer Res Treat (2016) 155:273-284

271

H&E sections were utilized to identify viable regions-
of-interest within the tissue. The software program asso-
ciated with Leica SCN400 was trained (based on thresholds
of stain color, intensity, and shape) to automate quantifi-
cation of microvessel density, proliferation, endothelial cell
coverage, and nuclei density. Microvessel density (MVD)
was examined through analysis of CD31 staining and
quantified as the total microvessels per area in each ROI.
Utilizing the same ROI, coverage of o-SMA stained
endothelial cells was calculated. A “vessel maturation
index” (VMI) was calculated as the fraction of a-SMA
stained vessels compared to total CD31 stained vessels
[39]. Quantification of cell proliferation (Ki67 staining)
was calculated as the percentage of positive stained nuclei
per total nuclei detected within the viable tissue regions of
the tumor.

Experiment 3: VEGF ELISA

Mice (N = 29) were randomly assigned into trastuzumab
treated or control groups (N = 3—4 per group, described in
Fig. 1; Supplemental Table 3) and sacrificed on days zero,
one, three, four, and seven (treatment was given on days
one and four with 10 mg/kg as described above). Mice
were euthanized, and tissue was harvested immediately
thereafter and flash frozen in liquid nitrogen. Tumors were
lysed in 2x TNE lysis buffer with Tissue Lyser (Tis-
sueLyser II, Qiagen, United States, Boston, MA, USA).
Bicinchoninic (BCA) protein assay was completed to
quantify protein prior to assay. Human VEGF-A Enzyme-
linked immunosorbent assay (ELISA) for lysates was
performed to quantify protein expression following the
vendor’s established protocol (RayBiotech, Norcross, GA,
USA). Two samples were used for analysis.

Experiment 4: treatment with trastuzumab
and doxorubicin

Longitudinal response to trastuzumab and doxorubicin
was compared to evaluate the effects of order on treat-
ment response (N = 42; please refer to Table 1;

Supplemental Fig. 1 for details on groups, animal num-
bers, and dosing schedules). Doxorubicin was purchased
from Sigma-Aldrich (CAS number 25316-40-9). Animals
in the treated groups received an intraperitoneal injection
of trastuzumab (10 mg/kg, diluted to a total volume of
100 pL) on the days noted in Table 1, and/or doxorubicin
(1.5 mg/kg diluted to 100 pl) via a tail vein injection,
while controls received comparable saline (100 pl)
injections. Combination therapy groups received dox-
orubicin 24 h prior to trastuzumab, trastuzumab 24 h prior
to doxorubicin, or doxorubicin given simultaneously with
two doses of trastuzumab (day zero and day three). The
chosen dose of trastuzumab was designed to test the
synergistic relationship between combination therapy
dosing and timing of administration [29].

Tumor volumes were measured with calipers once per
week until initiation of therapy and then measured three
times per week. Comparisons were made on day 26 relative
to the start of therapy.

Statistical analysis

Using previously collected tumor volume measurements of
HER2+ tumors in response to trastuzumab [31], sample
sizes were selected to provide 80 % power to see a dif-
ference of 20 % at the P < 0.05 level. Statistical analysis
was completed with GraphPad Prism 6 (GraphPad Soft-
ware Inc, La Jolla, CA). Longitudinal DCE-MRI parame-
ters were compared within and between cohorts at each
time point using the nonparametric Wilcoxon rank sum
test. Receiver operating characteristic (ROC) analysis was
performed for absolute parameter values on baseline, day
one, and day four data to determine their sensitivity to
determine trastuzumab-treated (responsive) and untreated
(unresponsive) tumors. Histological and ELISA data were
compared between cohorts using a nonparametric Wil-
coxon rank sum test. Longitudinal tumor volume mea-
surements parameters were compared between cohorts at
times points using analysis of variance (ANOVA). All data
are presented as mean &+ standard error (SE) with
P < 0.05 was considered significant.

Table 1 Treatment schedule

for doxorubicin and Groups Treatments with dosing schedule (days)

trastuzumab to evaluate the Group number (N)  Dosing Doxorubicin ~ Trastuzumab  Saline

order of combination dosing:

Experiment 4 1WN=T7) Control - — 0,3, 4
2(N=T) Doxorubicin 4 - 0,3
3(N=T) Trastuzumab 0,3 4
4(N=T7) Doxorubicin 24 h prior to Trastuzumab 0 1,4 -
S(N=T7) Trastuzumab 24 h prior to Doxorubicin 4 0,3 -
6(N=T7) Trastuzumab + Doxorubicin 0,3 0,3 -
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Fig. 4 Trastuzumab-treated tumors present significantly decreased
tumor size compared to control tumors in experiment two (N = 4 per
group) (a). On day 10, there is a significant difference in tumor
volume (mm®) between the groups (P = 0.03), confirming response
to trastuzumab. Representative images of Ki67 histological staining
reveals qualitative differences in percentage of viable cells undergo-
ing proliferation on day seven (b). In addition, tumors from treated
animals exhibited a significantly lower percent of proliferation, as
stained by Ki67, compared to control (vehicle-treated) mice, on day
ten (P < 0.001) (¢). Important to note, on day zero, the control and
treated groups (a, ¢) are the same cohort of mice

Results

Experiment 1: dynamic contrast-enhanced magnetic
resonance imaging

Trastuzumab-treated HER24 tumors exhibited group
increases from baseline to day one in v, (P = 0.04) and
baseline to day four for both v, (P = 0.002) and K"
(P = 0.03), as seen in Figs. 2 and 3. In particular, com-
pared to control tumors on day four, the treated tumors
exhibited a twofold higher K" value (P = 0.03) (Fig. 2).
Additionally at day four, trastuzumab-treated tumors
exhibited a significantly higher v, (P = 0.01) when com-
pared to control tumors (Fig. 3). Analysis of k,, revealed
no significant changes on baseline and day one compared
to control groups (P = 0.52, P = 0.67, respectively), and a
73.6 % (though not significant) increase compared to
control tumors on day four (P = 0.20). There were also no
changes in longitudinal group increases in k,, from base-
line to day four (P = 0.36). Importantly, there were no
significant differences in tumor size (see Fig. 4) between
the groups on day one (P = 0.84) or on day four
(P = 0.11); thus, the significant changes in the functional

characteristics listed above preceded the temporally
downstream changes in tumor size.

ROC analysis was performed between treated and con-
trol tumors for days one and four for all the MRI param-
eters investigated. On day one, ROC analysis revealed area
under the curve values of 0.61 (P = 0.45), 0.70
(P =0.15), 0.60 (P =0.50), and 0.53 (P = 0.80) for
K™ v, kp, and tumor volume, respectively. On day four,
ROC analysis presented an overall accuracy for separating
groups with area under the curve values of 0.91
(P =0.02), 091 (P =0.02), 0.71 (P =0.22) and 0.74
(P = 0.15) for K", v,, k,, and tumor volume, respec-
tively. At the cutoff value with the highest likelihood ratio
to determine the area under the curve analysis, the sensi-
tivity and specificity for the values are as listed: K"
(sensitivity = 0.80, specificity = 0.86, cutoff = 0.15), v,
(sensitivity = 1.0, specificity = 0.86, cutoff = 0.37), k,,
(sensitivity = 0.80, specificity = 0.71, cutoff = 0.49), and
tumor volume (sensitivity = 0.83, specificity = 0.57, cut-
off = 140.9). Figures 2 (K"*") and 3 (v.,) show the
parameters for which quantitative DCE-MRI analysis
showed significant differences between groups.

Experiment 2: immunohistochemistry analysis
of vascular and cellular alterations

When evaluating tumor volume at each day of the mice
used for histology, the trastuzumab-treated tumors revealed
a significant difference in tumor volume (mm?) compared
to control tumors 10 days after the initiation of treatment
(N = 4 per group, P = 0.03, as seen in Fig. 4). Evaluation
of percent positive Ki67 staining showed a similar level of
proliferation in the control tumors during the course of the
study; however, treated tumors demonstrated significantly
decreased proliferation on days seven and 10 compared to
baseline (P < 0.0001), as seen in Fig. 4. Ki67 positive
staining on day 10 (19.78 % 3.58 %) was significantly less
than control tumors staining (33.41 £ 3.32 %), revealing a
significantly decreased proliferation in treated tumors
(P < 0.001).

Immunohistochemical staining for CD31 showed a
significant increase in microvessel density in trastuzu-
mab-treated tumors by on day one (P = 0.002) and again
on day four (P < 0.01). This trend continued on days
seven (P < 0.001) and day 10 (P < 0.0001). Addition-
ally, there was a simultaneous significant increase in o-
SMA staining (pericyte density) on day four
(P < 0.0001). Note that the a-SMA staining of the con-
trol tumors is generally 15 % or lower (Fig. 5d) resulting
in rather variable VMI values day-to-day for these tumors
(Fig. 5a), but that both a-SMA staining and VMI are
higher in the trastuzumab-treated tumors. Taken together,
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Fig. 5 Representative images of a-SMA and CD31 staining are
shown for treated and control tumors on day four (a). Corresponding
quantitative histological analysis revealed that trastuzumab-treated
tumors simultaneously show a significant increase in microvessel
density (CD31 staining, P < 0.01) (b) and an increase in a-SMA
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Fig. 6 Quantification of VEGF-A concentration (pg/mL) by ELISA
is shown for treated and control tumors over a seven-day period
following treatment. On day four, the ELISA assay reveals a
significant decrease in VEGEF in treated tumors compared to controls
(P =0.03)

these data indicate an overall increase in the VMI in
treated tumors compared to controls (P = 0.0009 at day
four), as seen in Fig. 5.
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(pericyte coverage, P < 0.0001) (c) on day four. d Presents the
overall increase in the “vessel maturation index” (ratio of a-SMA to
CD31 staining) that was seen in treated tumors compared to controls
(P = 0.0009). Important to note, on day zero, the control and treated
groups are the same cohort of mice (b, ¢, d)

Experiment 3: VEGF ELISA

As a follow-up study to investigate possible mechanisms of
action, an ELISA assay was completed to test how human
VEGEF levels are altered following trastuzumab treatment.
Trastuzumab-treated tumors revealed a significant differ-
ence in human VEGF-A protein on day four compared to
control tumors (P = 0.03), as seen in Fig. 6.

Experiment 4: treatment with trastuzumab
and doxorubicin

Figure 7 reveals the long-term effects of trastuzumab plus
doxorubicin. A single, low dose of doxorubicin alone
showed no significant differences compared to control
(P = 0.30). Trastuzumab dosing prior to chemotherapy
(doxorubicin) improves the overall effectiveness of the
combination therapy compared to the case when doxoru-
bicin is given prior to trastuzumab (P < 0.001). Therefore,
dosing doxorubicin decreases the therapeutic efficacy even



Breast Cancer Res Treat (2016) 155:273-284

A 15001 « Saline
= Doxorubicin
-+ Trastuzumab
- Doxorubicin 24 hrs prior to Trastuzumab
-+ Trastuzumab 24 hrs prior to Doxorubicin
— © Trastuzumab + Doxorubicin
£
£ 1000 -
[}
£
E
: 1
>
St
£
= 500 -
=
0 : - :
0 20 40 60
Time (days)
C 1500,
- Doxorubicin 24 hrs prior to Trastuzumab
-+ Trastuzumab 24 hrs prior to Doxorubicin
)
é 1000 A
]
E 1
=
=)
>
ot
£
5 500+
=
*x * ok .
0 T - T
0 20 40 60

Time (days)

Fig. 7 Tumor growth curves and response to treatment over 61 days.
Treatment was initiated on day 35 and mice were treated with either
saline, doxorubicin alone, trastuzumab alone, doxorubicin 24 h prior
to trastuzumab or trastuzumab 24 h prior to doxorubicin, or doxoru-
bicin given simultaneously with both doses of trastuzumab (doxoru-
bicin + trastuzumab). a Displays all groups, while (b—d) highlight
important comparisons within those groups. b Displays the control
group and single agent drug groups; trastuzumab significantly

though the total dose was identical in these two cases. This
data indicates that administering trastuzumab prior to one
dose of doxorubicin provides statistically identical treat-
ment efficacy (as measured by tumor volume changes) as
two doses of trastuzumab and doxorubicin given simulta-
neously (P = 0.84).

Discussion

In HER2+ breast cancer patients, trastuzumab is commonly
included in standard-of-care treatment in combination with
chemotherapies, other targeted agents, and radiation treat-
ment [40]. The concept of optimizing FDA approved

281
B 15004
- Saline
- Doxorubicin
-+ Trastuzumab
E 1000 4
[}
£
=
S
>
St
£ ‘ll
5 500 -
H
k% kk ¥
0 - . .
0 20 40 60
Time (days)
D 1500
- Trastuzumab 24 hrs prior to Doxorubicin
© Trastuzumab + Doxorubicin
=
é 1000
o
£
=
S
>
St
£ JI'
5 500
=
P=0284
0 T T :
0 20 40 60

Time (days)

decreases tumor volume compared to both saline and doxorubicin
alone (P < 0.0001). ¢ Reveals that the order of dosing (while keeping
the same total amount of drug given constant) plays a significant role
in tumor response to treatment (P < 0.0001). d Shows that
trastuzumab given prior to one dose of doxorubicin is not significantly
different than two doses of doxorubicin administered simultaneously
with trastuzumab (P = 0.84)

treatments allows for simplified modifications to drug regi-
mens currently employed in the clinical setting. Importantly,
the combination of doxorubicin and trastuzumab is clinically
relevant because these treatments are commonly adminis-
tered in the standard-of-care setting (e.g., a common regi-
men is doxorubicin + cytoxan followed by taxane +
trastuzumab). To the best of our knowledge, the orders of
these therapies have never been preclinically or clinically
investigated. Our study indicates that DCE-MRI reveals day
four as having the most potential to exploit the improved
vessel maturation to evaluate whether this would also lead to
improved drug efficiency.

Drug-induced vascular maturation provides an oppor-
tunity to improve efficiency of therapies without increasing
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patient dose. The initial DCE-MRI study revealed an
increase in K”“" which suggests properties of improved
vessel delivery (Fig. 2); this hypothesis is further supported
by an increase in the VMI during the same period (Fig. 5).
The ability to identify such a phenomenon with noninva-
sive imaging would lead to the tantalizing possibility of
improving delivery and, subsequently, efficacy of a cyto-
toxic therapy on an individual patient basis. This hypoth-
esis is supported by the results of experiment four which
indicates trastuzumab improves vascular delivery of dox-
orubicin leading to a significant improvement in overall
effectiveness of the combination therapy (Fig. 7).

Our study is further supported by investigators who have
shown components of improved vascular characteristics in
response to trastuzumab in HER24 cancer. Izumi et al.
evaluated HER24+ MDA-MB-361 murine model of brain
cancer with optical imaging and presented the evidence
that trastuzumab increased overall survival rate, while
initiating a more normal phenotype in tumor blood vessels
[10] through a significant reduction in vessel diameter and
vascular permeability. Additionally, Heyerdahl et al.
revealed that xenograft tumors treated with trastuzumab
labeled **'Th were well perfused and exhibited vascular
stability [41] when radiotherapy was expected to damage
vascular perfusion.

The imaging and histological data presented in our study
identified vascular changes amplified on day four; a phe-
nomenon that is supported by previous studies. For
example, McCormack et al. demonstrated that trastuzumab
significantly lowers VEGF compared to control BT474
tumors on day five post treatment, confirming vascular
alterations with hyperspectral imaging [42]. Le et al. also
revealed a decrease in VEGF in response to trastuzumab
[43]. These outcomes agree with our results of decreased in
human VEGF (Fig. 6), therefore it is hypothesized that the
inhibition of VEGF promotes vascular maturation, thereby
increasing the overall vascular function and systemic
delivery of nutrients and drugs within the tumors [39].

Limitations of our study include the short imaging time
frame; this is directly affected by the functional lifespan of
the indwelling jugular catheter which is limited to
approximately one week. The xenograft model, despite its
fundamental limitations, is still the natural system for a
response study such as the one presented here. As this
xenograft tumor responds to trastuzumab within 4-7 days,
the time frame of the tumor growth changes are in con-
cordance with the relative time frame of response to
treatment. Thus, we believe the time frame selected for the
studies is appropriate to regarding the administration of the
secondary treatment. Although there are limitations, the
BT474 tumors do show substantial and homogenous vessel
growth across the tumor (as seen by our relatively high
CD31 counts and low deviation at baseline measurements).

@ Springer

Additionally, both the tumor cells and vessels show alter-
ations (i.e., cell death, increased vessel maturation) in
response to trastuzumab treatment, indicating sufficient
drug delivery through a functioning vascular system. Fur-
thermore, to the best of our knowledge these data are the
first of its kind: that is, these studies show that noninvasive
imaging can identify temporal windows where vascular
delivery to a tumor is improved which can lead to
improved therapeutic control of the tumor. This provides
the preliminary data and motivation for further studies in
more complicated (i.e., biologically realistic) mouse mod-
els of HER2+ breast cancer.

Conclusions

Our results provide multiple lines of evidence that trastu-
zumab increases vascular delivery to BT474 tumors.
Additionally, trastuzumab dosing prior to chemotherapy
(doxorubicin) synergistically improved the overall effec-
tiveness of the therapies. Thus, this data indicates admin-
istration of trastuzumab prior to other chemotherapeutics
(the opposite of current standard-of-care practice) could
potentially improve effectiveness of anti-cancer treatments
in HER24 breast cancer. Furthermore, exploiting the
increased vascular delivery within the tumor’s vasculature
by treatment with trastuzumab has potential to enhance the
effectiveness of combination therapies, without increasing
drug dosing or systemic toxicity. The reduction of cyto-
toxic side effects and improvement of treatment efficiency
has the capability to improve breast cancer patient’s overall
health and quality of life. The ability to identify this tem-
poral window via a clinically relevant imaging modality
(i.e., DCE-MRI) would provide the opportunity to optimize
therapy on a patient-specific basis.
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