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Abstarct

Background. Single-domain antibody fragments (akaV H, ~ 13 kDa) are promising delivery systems for brain tumor
theranostics; however, achieving efficient delivery of V;H to intracranial lesions remains challenging due to the
tumor-brain barrier. Here, we evaluate low-dose whole-brain irradiation as a strategy to increase the delivery of an
anti- human epidermal growth factor receptor type 2 (HER2) V| H to breast cancer-derived intracranial tumors in mice.
Methods. Mice with intracranial HER2-positive BT474BrM3 tumors received 10-Gy fractionated cranial irradiation
and were evaluated by noninvasive imaging. Anti-HER2 V;H 5F7 was labeled with '®F administered intravenously
to irradiated mice and controls, and PET/CT imaging was conducted periodically after irradiation. Tumor uptake of
'8F-labeled 5F7 in irradiated and control mice was compared by PET/CT image analysis and correlated with tumor
volumes. In addition, longitudinal dynamic contrast-enhanced MRI (DCE-MRI) was conducted to visualize and
quantify the potential effects of radiation on tumor perfusion and permeability.

Results. Increased '8F-labeled 5F7 intracranial tumor uptake was observed with PET in mice receiving cranial ir-
radiation, with maximum tumor accumulation seen approximately 12 days post initial radiation treatment. No
radiation-induced changes in HER2 expression were detected by Western blot, flow cytometry, or on tissue
sections. DCE-MRI imaging demonstrated transiently increased tumor perfusion and permeability after irradiation,
consistent with the higher tumor uptake of '8F-labeled anti-HER2 5F7 in irradiated mice.

Conclusion. Low-level brain irradiation induces dynamic changes in tumor vasculature that increase the intracra-
nial tumor delivery of an anti-HER2 V|H, which could facilitate the use of radiolabeled VH to detect, monitor, and
treat HER2-expressing brain metastases.

Key Points
* Low-level radiation enhances uptake of HER2-specific V| ,H in intracranial tumors.

e XRT + radiolabeled V. ,H shows promise as a treatment strategy for breast cancer brain
metastases.
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Importance of the Study

Improving the detection and treatment of brain
metastases (BM) that over-express human ep-
idermal growth factor receptor type 2 (HER2)
is an urgent medical need. Drug delivery to
BM is confounded by their tumor vascula-
ture, which is more restrictive than in glio-
blastoma multiforme (GBM). Single-domain
antibody fragments, about one-tenth the size
of antibodies, could be promising theranostic
vectors for BM provided sufficient BM uptake

Breast cancer affects approximately one in eight women
and is the second leading cause of cancer death in women in
the United States. While systemic treatment has increased
survival for metastatic breast cancer patients, the develop-
ment of central nervous system (CNS) metastases in breast
cancer patients is on the rise leading to a poor prognosis.?™®
HER2 over-expression is found in approximately 30% of all
breast cancer cases.®” In HER2-positive patients, the rate of
CNS metastases ranges from 30 to 50%,%'° making HER2
an attractive target for the detection and treatment of breast
cancer brain metastases (BCBM).

In patients with BCBM, the blood-tumor barrier (BTB)
hinders the delivery of clinically effective treatments.
Despite being physically and heterogeneously impaired to
a varying degree in almost all brain metastases, the BTB
still effectively prevents significant tumor penetration of
most chemotherapeutics and imaging agents in over 90%
of cases." The inability to reach the tumor tissue thus limits
both the therapeutic and diagnostic efficacy of drug/agent-
based approaches.

Whole-brain radiation therapy (WBRT) remains one of
the most widely utilized treatment strategies for BCBM be-
cause it circumvents the BTB by providing a therapeutic
effect without targeting tumor tissue via an exogenously
administered agent.’?>'3 WBRT, in conjunction with stere-
otactic radiosurgery, can provide a survival benefit, albeit
only when treating single brain metastasis. The WBRT pro-
tocol consisted of 2.5-3 Gy daily doses over 10-15 days
(30-37.5 Gy total dose), doses known to increase the per-
meability of the BBB in human patients diagnosed with
brain metastases.'*"®

The HER2-targeted monoclonal antibody (mAb)
trastuzumab has permitted PET imaging of BCBM in pa-
tients,'® however, generally only in those with significant
BBB disruption resultant from a relatively high dose of
WBRT or advanced tumors.

A promising strategy for circumventing this limita-
tion is the development of smaller HER2-targeted scaf-
folds for PET imaging and radiopharmaceutical therapy,
such as single-domain antibody fragments (aka V,H or
nanobodies). V,H are derived from Camelids, have a mo-
lecular weight of 12-15 kDa, have low immunogenicity,
and can have a sub-nanomolar affinity.’”'® Importantly,
studies in murine models with anti-HER2V H have demon-
strated considerably more rapid tumor penetration of V| ;H

could be achieved. Here, we utilized longi-
tudinal PET imaging to demonstrate that
low-dose whole-brain irradiation (WBRT) sig-
nificantly increased '8F-labeled HER2-specific
5F7 V,H uptake in intracranial HER2-positive
tumors in mice. Our results suggest that com-
bining low-dose WBRT with 5F7 V|H labeled
with therapeutic radionuclides could provide
an effective strategy for treating patients with
HER2-expressing BM.

compared with mAbs and the ability to localize in HER2-
positive intracranial xenografts.’® Moreover, the feasibility
of imaging a patient with brain metastases using an anti-
HER2V,H has been reported.?’

The current study utilizes the anti-HER2 V;H 5F72" to in-
vestigate the effects of low-level WBRT on its tumor uptake
in an orthotopic BCBM mouse model using a noninvasive
imaging approach. We hypothesize that by using WBRT
fractions below 3 Gy, V,;H-based imaging agents and thera-
peutics could be made more effective without the quality of
life impairments usually associated with higher radiation
doses.?? Importantly, the proposed strategy would enable
clinicians to track transient changes in tumor physiology,
including permeability, to identify optimal therapeutic and
diagnostic windows.™

Methods
Cell Culture

HER2-overexpressing BT474BrM3 cells?® (hereafter re-
ferred to as BT474Br) were originally obtained from Dr.
D. Yu (MD Anderson Cancer Center) and modified via
lentiviral transduction to express either firefly luciferase
(fluc) or both fluc and mCherry fluorescent protein.
Cells were maintained in DMEM media (Corning) sup-
plemented with 10% FBS (HyClone, UT) and penicillin/
streptomycin. BT474Br cells were tested for mouse
pathogens and mycoplasma before using them in an-
imal experiments.

Animal Studies

All animal studies were performed under protocols
approved by the Institutional Animal Care and Use
Committees at Northwestern University and Duke
University. Six to eight-week-old female athymic
nude mice were obtained from Jackson laboratories.
Intracranial xenografts were established by injecting
4 x 10% BT474Brfluc cells in the right frontal lobe using
a Hamilton syringe with a 26-gauge needle.?* Following
implantation, tumor growth was monitored by biolumi-
nescent imaging.
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Radiation Therapy

Mice with BT474Br intracranial xenografts were divided
into control and irradiated groups. Mice in the irradi-
ated group underwent WBRT for five consecutive daily
2-Gy doses using a GammacCell irradiator as previously
described.?®

Detailed procedures for radiolableling 5F7, analysis of
HER2 expression in tissue sections, and cells harvested
from tumors by Western Blot and flow cytometry can be
found in Supplementary Materials.

PET Imaging

PET/CT imaging was performed on a Siemens Inveon
micro-PET/CT system (Malvern, PA). Mice were imaged
30 min post-i.v. injection of 1.5 + 0.4 MBq (18.4 + 10.9 ng)
of '8F-5F7. Mice were anesthetized using 2-3% isoflurane in
oxygen and placed prone in the scanner gantry for a 5 min
static PET acquisition followed by a 5 min CT scan. List
mode PET data were histogram-processed, and images
were reconstructed using a standard OSEM3D/MAP algo-
rithm—2 OSEM3D iterations and 18 MAP iterations—with
a cutoff (Nyquist) of 0.5. Images were corrected for attenu-
ation (CT-based) and radioactive decay. Images were ana-
lyzed using Inveon Research Workplace software.

MRI and DCE-MRI Imaging

MRI was conducted on a 7T Bruker ClinScan. After placing
a tail vein catheter for delivery of gadolinium (Gd®*) con-
trast (average dose ~ 0.01 mmol/kg), each mouse was an-
esthetized using a mixture of 0,/100% and isoflurane and
then placed in the scanner. Brain MR images were acquired
using a dedicated brain 4-channel surface coil. Localization
and anatomical reference were achieved using T2 weighted
Turbo Spin Echo Sequences in all three geometrical orien-
tations (axial, coronal, longitudinal). The same acquisition
field-of-view (FOV) and geometric parameters, including
the number of slices to cover the whole-brain (10-11), the
slice thickness (0.5-1 mm), and the in-plane spatial resolu-
tion (~273 pm) were used for all 2D scans (including DCE-
MRI) to facilitate postacquisition processing. The following
sequences were used to obtain our MRI data: (1) gradient-
echo sequences (GRE) withTR = 100 ms and TE = 2 ms and
multiple flip-angles (FA =5, 10, 15, 30, 45, 70, 80, 90) to ac-
quire T1 maps of the brain before injection of contrast; (2)
a GRE sequence withTR = ~50 ms and TE = ~2 ms repeated
100 times with a temporal resolution of ~3.6 s to obtain the
DCE-MRI data. The injection of MR contrast was done as a
bolus through a tail vein catheter around the 10th volume
in order to follow the agent’s vascular kinetics; (3) a 3D GRE
sequence was then used to obtain images with 110 pm iso-
tropic resolution. Following the transfer of DICOM images,
postprocessing, extraction of T1 maps, and DCE-MRI proc-
essing were done using a built-in JIM 7.0 imaging software
(Xinapse Systems). DCE-MRI processing involved using
the T1 maps to obtain concentration from the MR image
sequence and then using an automated arterial input func-
tion algorithm to calibrate the signal from different regions

and tissues as described by Xinape Systems.?6 A model-
independent voxel-by-voxel parametric map was then
generated depicting the integrated area under the curve
(IAUC) at different times after injection. The IAUC at 30 s
and 120 s were selected to provide a semi-quantitative
nonspecific measure of perfusion and permeability.
Delineation of tumors in 2D and 3D MR images and par-
ametric maps extracted from the DCE-MRI sequence was
done using semi-automated threshold-based segmenta-
tion approaches included in ITK_SNAPsoftware. Tumor vol-
umes were then obtained and expressed in mm?.

Statistical Analysis

All statistical analyses were performed using Graphpad
Prism 8 (GraphPad, San Diego, CA) or R statistical soft-
ware version 4.0.2 along with extension package TOSTER
(v 0.4.1). The sample size for each group was >3, and data
were reported as mean + SEM.Z Multiple comparisons
were done using one-way ANOVA, Tukey’s multiple com-
parisons test. Comparisons between two groups were
done using the two-sample t-test. P values were usu-
ally considered statistically significant if <.05 unless a
Bonferroni Correction was applied to address multiple
testing issues, and labeled as *P < .05, ¥**P < .01, and ***P
< .001. The equivalence test?® with 10% margin of means
was performed for the HER2 expression data. Groups were
considered to be equivalent when both P-value of two
one-sided t-tests (TOST) were <.025, and not conclusive
when either of these two P-values > .05. A Kaplan-Meier
survival curve was generated to illustrate animal survival,
and a log-rank test was applied to compare survival be-
tween control and irradiated mice.

Results

5F7 Binding to HER2 Expressing BT474Br Cells In
Vitro and In Vivo

Staining of BT474Br cells in vitro with 5F7 and detection
using anti-alpaca-biotinylated antibody and streptavidin-
FITC revealed a positive signal compared to negative con-
trols (Figure 1A). Flow cytometry analysis of 5F7 binding
to live BT474Br cells incubated with and counter-stained
with anti-alpaca-biotin, and streptavidin-FITC indicated
that about 97% of cells were positive for HER2 expres-
sion (Figure 1B, C). The staining of BT474Br tumor tissue
sections from mouse brain for HER2 with 5F7 further val-
idated its binding to BT474Br cells ex vivo (Figure 1D, F,
G). No binding of 5F7 was detected in normal brain tissue
(Figure 1E, G), further validating the specificity of 5F7
binding to HER2-expressing BCBM.

18F-5F7 Uptake In Intracranial BT474Br
Xenografts

Radiochemical yields for the conjugation of ['8F]RL-II
to 5F7 were 46.3 + 7.7%; the molar activity of '8F-5F7
was 6.9 + 4.9 GBg/umol. The effects of irradiation on the



http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac135#supplementary-data

Procissi et al. XRT enhances V,;H uptake in HER2" brain tumor

>

DAPI FITC OVERLAY B

97.3%

Negative control

Negative control
Anti-HER2 VHH, 5F7

*kk ke

2100
N~ [0]
[T [&]
0 (0]
T 2
= 2 50
>
O
E
[T
® 0
S I
“g [To)
o &
>
’ o PO
) |
20 "
s

Figure 1.  5F7 binding to HER2-positive breast cancer brain metastasis cells. (A) Staining of BT474Br cells with 5F7 (4 ug/ml) and detection using
anti-alpaca-biotinylated antibody and streptavidin-FITC. The scale bar is 250 pm. (B) Flow cytometry analysis of 5F7 binding at 1 pg/ml to live
BT474BrM3 cells incubated with and counter-stained with anti-alpaca-biotin and streptavidin-FITC. (C) Quantitative analysis demonstrated that
94% of cells express HER2 (n =3 per group). Staining with secondary antibody served as a negative control. Data presented as mean + SEM, ****P
<.0001. Unpaired t-test (D) H&E staining of BT474BrM3 tumor tissue section from mouse brain for HER2 with 5F7 (10 pg/ml) and biotinylated anti-
alpaca antibody. Detection of secondary antibodies with streptavidin-peroxidase. The scale bar is 30 um (E) negative staining of normal brain tissue
from the frontal lobe. (F) 5F7 bound to tumor cells one hour after systemic delivery of 200 ug of 5F7 was detected using an anti-alpaca-biotinylated
antibody and streptavidin-peroxidase on frozen, ice-cold acetone-fixed tissue sections. Specific stain seen in tumor but not in normal brain. Scale
baris 2 mm. (G) A higher power magnification of region from image F. T-tumor, B-normal brain. The scale bar is 100 pm.
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uptake of '8F-5F7 were evaluated by longitudinal PET im-
aging in two cohorts of mice—the first imaged on days 3
and 8 postirradiation and the second on days 12 and 18
postirradiation. No significant difference in tumor uptake
between control and irradiated mice was observed until
day 12 (irradiated, 2.18 + 1.18 %ID/g; control. 0.00 + 0.00
%ID/g, **P < .01) (Figure 2A, B, D, E). On day 18, irradiated
mice also displayed a greater tumor uptake (2.54 + 1.53
%ID/g, *P < .05) than controls (0.26 + 0.58 %ID/g). Plotting
'8F-5F7 uptake versus tumor volume revealed a similar de-
viation from zero in slopes between control (P =.013) and
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Figure 2.

irradiated groups on day 8 (P = .051), with a significant
slope difference being observed in the irradiated group
(deviation from zero, P=.012) on day 18 (Figure 2C, F).

HER2 Expression in BT474Br Xenografts: Control
vs. Irradiated Mice

We next investigated whether differences in "8F-5F7 tumor
uptake between control and irradiated mice were asso-
ciated with altered HER2 expression. After the last PET
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MicroPET/CT imaging of '8F-5F7 distribution in mice with intracranial BT474Br xenografts. Cohort 1: days 3 and 8 postirradiation. (A)

MicroPET/CT scans of representative control (n = 5) and irradiated mice (n = 4). (B) '8F-5F7 uptake (% ID/g). (C) "®F-5F7 uptake vs. tumor size (de-
termined by morphometry on tissue sections). Cohort 2: days 12 and 18 postirradiation. (D) MicroPET/CT scans of representative control (n=5) and
irradiated mice (n = 4). (E) '8F-5F7 uptake (% ID/g). (F) ['®F]5F7 uptake vs. tumor volume. Data presented as mean + SEM, *P < .05; **P < .01. Two-

sample t-test.
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imaging session on day 18, tissue sections from paraffin-
embedded brains (n = 3 from both the irradiated and
control groups) were obtained and evaluated for HER2
expression. No qualitative or quantitative differences in
HER2 expression were observed between control and ir-
radiated BT474Br xenografts (Figure 3A). Western blot
analysis of cells from the brain tumors obtained 2 days
after irradiation (n = 4) and corresponding controls was
performed to confirm these results; no significant differ-
ence was detected in total HER2 expression in BT474Br
tissue between control and irradiated groups (P = .74,
two-sample t-test, whereas TOST upper P-value = .036
and TOST lower P-value = .086 with 10% margin of mean)
(Figure 3B). Similarly, flow cytometry showed no conclu-
sion in difference in HER2 expression on BT474Br cells har-
vested from the brains of control and irradiated mice per
both two-sample t-test and equivalance test (Figure 3C(a)).
There was an estimated small 7.4% difference in the mean
fluorescence intensity of bound antibodies (Figure 3C(b))
between BT474Br cells harvested from control and irradi-
ated animals (*P < .05, two-sample t-test). Taken together,
the data collected from tissue sections on day 18 suggest
that WBRT does not change HER2 expression in intracra-
nial BT474Br xenografts, whereas data collected from the
HER2 analysis by western blot and flow cytometry at an
earlier time point after WBRT were not conclusive.

MRI Evaluation of BT474Br Tumor Volume and
Vascular Status

MRI-based BT474Br tumor volumetric analysis was per-
formed to evaluate temporal changes in tumor volume in
response to WBRT. Figure 4A (a) shows a representative
slice of a mouse brain from the 3D MRI data set with the
tumor region depicted in red color. The corresponding ren-
dered 3D images (b, c) depict two views of the head/brain
outline and 3D tumor morphology, illustrating the ability to
visualize the location, size, and morphology of the tumor
lesion.The average tumor volume at 3, 7, and 17 days after
irradiation did not change significantly in the treated group;
however, there was a significant increase in size in the con-
trol group on day 17 (Figure 4B). Although MRI indicated a
difference in tumor volume between control and irradiated
mice on day 17, there was no difference in median survival
between these two groups (Figure 4C). Representative
control and irradiated mouse MR images with superim-
posed parametric IAUC maps extracted from the DCE-MRI
data are shown in Figure bA. The longitudinal parametric
changes in tumor perfusion/permeability compared to
normal brain consistently exhibited a markedly more het-
erogeneous and often larger increase in both IAUC30 (inte-
grated area under the curve at 30 s) and IAUC120 (IACUC at
120 s) in the irradiated group compared to the controls, es-
pecially at 7 days postirradiation (Figure 5B, C). Tumor IAUC
values were consistently higher than for normal brains in
both treated and control animals.The longitudinal changes
observed in the irradiated mice suggest more heteroge-
neous intra-tumoral micro-environment alterations than
in the control mice. The longitudinal changes observed in
tumor IAUC30 were statistically different between the two
cohorts (compared to the preradiation baseline value), but

the IAUC120 were not, although an increasing trend was
seen. Although the effect of radiation on tumor vasculature
parameters was consistently observed, a comparison of
average whole-tumor values fails to capture the complex
changes induced.This is illustrated in the 2D, and the corre-
sponding 3D Intra-tumor vascular variability maps (Figure
6), demonstrating more heterogeneous behavior in irradi-
ated mice, particularly in the 3D rendered images.

Discussion

Treatment of BM is challenging due to the need to spare
healthy normal brain tissue while achieving adequate drug
transport across the BTB to have sufficient therapeutic ef-
fect. HER2 targeting via V,H molecules offers a promising
approach for targeting radiation to HER2-positive can-
cers, as demonstrated by studies with 5F7 labeled with
both the therapeutic radionuclides "¥'12' and 2"At?® and
'8F for PET imaging." Likewise, radiolabeled V,;H tumor
targeting of therapeutic and PET radionuclides also has
been demonstrated with 2Rs15d, an anti-HER2 V;H, which
binds to a different epitope on the HER2 extracellular do-
main than 5F7'930 and has recently entered clinical inves-
tigation.3! Studies with radiolabeled 2Rs15d confirmed the
ability to target intracranial tumors in mice®2; however,
the therapeutic effect was modest even with 3 doses of
225A¢-2Rs15d, which emits 4 a-particles per decay.

In order to evaluate whether low-dose WBRT could
augment V|, H uptake in intracranial xenografts, we util-
ized the HER2-positive brain metastatic breast cancer
line, BT474Br.333* We first validated that 5F7 efficiently
binds to HER2 on BT474Br cells in vitro by immunocyto-
chemistry and flow cytometry. Positive and specific de-
tection of HER2-expressing BT474Br cells in xenografts
but not normal brain also was evident on tissue sections.
Furthermore, 5F7 accumulated in tumor tissue but not in
the normal brain after i.v. delivery, confirming that thisV ;H
is suitable for imaging HER2-positive BCBM.

We selected WBRT as a strategy for enhancing the poten-
tial utility of radiolabeled V;H for the detection and treat-
ment of BCBM. Patients undergoing WBRT for treatment of
brain metastases typically receive 2.5-3 Gy daily dose frac-
tions for a total of 30-37.5 Gy.%® In our experiments, mice
were subjected to a fractionated WBRT of 10 Gy (5 x 2 Gy
daily) regimen in order to evaluate a dose likely to avoid
neurotoxicity in patients, which occurs at higher doses of
WBRT in patients with BCBM.3637 |n addition, we employed
longitudinal PET imaging with "8F-5F7 to quantify tumor de-
livery noninvasively in the same animals at multiple time
points after irradiation. As expected, at this radiation dose,
WBRT did not improve the survival of the mice. However,
we observed a significant increase in '8F-5F7 V| |H uptake
beginning 12 days after WBRT completion compared to
nonirradiated mice. Furthermore, the enhanced uptake of
the 5F7 V,;H was more pronounced on day 18 after WBRT
motivating future studies to define the post-WBRT time
when uptake enhancement would occur.

Radiotherapy can change gene expression in several cell
types within a tumor and a normal brain.?83To ensure that
the increase in "8F-5F7 uptake was not due to WBRT-induced
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Figure 3. Analysis of HER2 expression in BCBM BT474Br model after WBRT by three complementary approaches—western blot, flow
cytometry, and immunohistochemistry. (A) H&E stain of a representative brain section from control (a) and irradiated mice (b) and corre-
sponding immunostaining for HER2 expression from control (c) and irradiated (d) mice. The scale bar is 100 um. (e) quantitative analysis of HER2
expression in stained tissue sections (3 animals per group). Data presented as mean + SEM. Significance level .05, equivalence test with 10%
margin of the mean. (B) HER2 expression in cells harvested from BT474Br tumors after 5 x 2 Gy daily WBRT and controls by western blot anal-
ysis. Densitometry of HER2 and GAPDH performed and calculated as a ratio show no significant difference between HER2 expression in control
and irradiated animals. (n = 4 per group; mean + SD, P = .74, Student's t-test). (C) HER2-expression analysis on BT474Br cells harvested from
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alterations in HER2 expression, we analyzed the HER2
levels in tumor tissue obtained immediately after comple-
tion of the PET experiment. H&E staining of tissue sections
confirmed tumor presence in both irradiated and con-
trol mice. The measurement of HER2 expression levels in
tissue sections revealed no difference between the groups,
confirming that the higher uptake of '8F-5F7 in the tumors
of irradiated mice is probably not due to changes in HER2
expression. Consistent with the well-known effects of radi-
ation on tumor vasculature,**#? it is likely that the higher
uptake of '8F-5F7 in irradiated tumors reflects their higher
permeability.

To gain further insights into the effects of WBRT on "8F-5F7
uptake inintracranial BT474Br xenograft, we utilized DCE-MRI
with Gd®* contrast to assess BTB permeability in irradiated
and control mice. MRI provided a volumetric comparison
of tumors, which demonstrated a significant increase in tu-
mors’ growth in control but not WBRT groups at day 17 but
not at earlier time points. In contrast, we observed greater
tumor perfusion and permeability of contrast agent in irradi-
ated tumors with DCE-MRI than in nonirradiated controls.

The difference in permeability between control and irradi-
ated animals was apparent about a week after treatment,
with more distinction on day 17 after WBRT. The changes in
the permeability of BT474Br BCBM after irradiation correl-
ated with a greater uptake of '8F-5F7, particularly at the latest
time points analyzed in our study. Our data are consistent
with a previous report where patients with brain metastases
had an increase in gefitinib uptake with increasing doses of
WBRT up to 30 Gy.* In addition, several studies in preclinical
mouse models have found that BCBM lesion volume does
not correlate with passive permeability."4445

The number of lesions in BCBM patients can vary sig-
nificantly from a single lesion to greater than 10, which is
a factor in determining a treatment regimen. WBRT, the
most prevalent treatment, is performed at different inter
vals to mitigate the associated neurocognitive decline.*® In
a 30-patient study, the permeability of metastatic brain le-
sions was found to be variable and could be increased to
varying degrees about 2-4 weeks after WBRT or stereotactic
radiosurgery.’® Although not investigated in depth in this
study, our DCE-MRI imaging revealed heterogeneity in the
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Figure 5. Tumor perfusion and permeability visualization, and IAUC30 and IAUC120 parameters from DCE-MRI data. (A) IAUC parametric color
maps of the brain and tumor of representative mice from irradiated and control groups superimposed on anatomical MRI for reference. Vascular
changes in tumors and normal brain due to WBRT are readily visualized. The average percent short (B; IAUC30) and long (C; IAUC120)-time uptake
and washout kinetics of contrast were determined in mice before (baseline) and at 7 and 17 days postirradiation. Data presented as data range with
a line showing the median. *P<.05; **P < .01; ***P<.001. One-way ANOVA, Tukey’s multiple comparisons test.

perfusion/vascular permeability alterations induced by the ir-
radiation of BT474Br tumors.

Nevertheless, by increasing the permeability of BCBM
and addressing the heterogeneous response of tumor vas-
culature to irradiation, we may unlock the potential for ad-
ministering more targeted therapies to these patients. This
could avoid the need for WBRT at doses causing unwanted
side effects that compromise the quality of life. Considering
the type of vehicle for tumor targeting, the permeability re-
quirements for VH should be favorable due to their consid-
erably smaller size compared to intact antibodies. Although
WBRT is known to enhance the permeability of the brain-
tumor-barrier in both animal models and patients, its ef-
fects have not yet been validated for use with small protein
molecules like V H. Studies in animal models have demon-
strated that the BTB in brain metastases is more restrictive
than in glioblastoma,*” making VH a relevant carrier system
for theranostic approaches for brain metastases. Future
work will explore these requirements as we look to define

the optimal XRT regimen for increasing permeability without
inflicting irreversible damage to the normal brain.
Overcoming the BTB would allow new diagnostic tools
to detect metastases that would otherwise remain undis-
covered with existing strategies. In addition, a greater
diagnostic toolbox would better inform the selection of
treatment regimens. In conclusion, 'F-5F7 V ;H exhib-
ited enhanced tumor accumulation in a HER2-expressing
BCBM model when preceded by low-dose WBRT, which
correlated with increased perfusion and permeability
and was not linked to changes in HER2 expression.
These studies suggest the potential utility of the V H
PET tracer, '8F-5F7, as an imaging tool for HER2-positive
BCBM. The novelty lies in the ability of 5F7 V| ,H to target
brain lesions and not normal brain after WBRT and the
added opportunity to use DCE-MRI to visualize and quan-
tify changes in vascular parameters in this context. The
knowledge we gained in this study could be optimized
for therapeutic intervention to increase the uptake of
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patterns of perfusion/permeability. The corresponding 3D renderings (b, irradiated; d, control) enable 3D visualization of radiation-induced
heterogeneities in the tumor microenvironment.

V,H carrier molecules labeled for imaging and poten-
tially therapeutic radionuclides.*® These results bring us
closer to understanding how BTB permeability can be in-
creased to deliver small proteins like V ,H to BCBM and
warrant further investigation.
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