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Systemic combinatorial peptide selection
yields a non-canonical iron-mimicry
mechanism for targeting tumors in a
mouse model of human glioblastoma
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The management of CNS tumors is limited by the blood-brain barrier (BBB), a vascular interface that restricts
the passage of most molecules from the blood into the brain. Here we show that phage particles targeted
with certain ligand motifs selected in vivo from a combinatorial peptide library can cross the BBB under
normal and pathological conditions. Specifically, we demonstrated that phage clones displaying an iron-
mimic peptide were able to target a protein complex of transferrin and transferrin receptor (TfR) through a
non-canonical allosteric binding mechanism and that this functional protein complex mediated transport
of the corresponding viral particles into the normal mouse brain. We also showed that, in an orthotopic
mouse model of human glioblastoma, a combination of TfR overexpression plus extended vascular perme-
ability and ligand retention resulted in remarkable brain tumor targeting of chimeric adeno-associated virus/
phage particles displaying the iron-mimic peptide and carrying a gene of interest. As a proof of concept, we
delivered the HSV thymidine kinase gene for molecular-genetic imaging and targeted therapy of intracranial
xenografted tumors. Finally, we established that these experimental findings might be clinically relevant by
determining through human tissue microarrays that many primary astrocytic tumors strongly express TfR.
Together, our combinatorial selection system and results may provide a translational avenue for the targeted

detection and treatment of brain tumors.

Introduction

Historically, the blood-brain barrier (BBB) has been considered the
major impediment to the systemic treatment of CNS diseases (1, 2).
Access to the brain via its capillaries is obstructed by the neurovas-
cular unit formed by endothelial cells, associated astrocytic “end-
feet” processes, and their shared basement membrane, perivascular
neurons, and pericytes (3-6). Although all 4 cell types contribute to
the functioning of the brain microvasculature, only the capillary
endothelial cells are thought to control permeability (7). In contrast
to other organs, tight junctions formed between CNS endothelial
cells render the brain and spinal cord practically inaccessible to cit-
culating polar molecules, unless specific transport pathways at the
BBB transfer them.
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To gain insight into targeting the CNS, we used the combinato-
rial approach afforded by selection of phage display peptide librar-
ies in vivo. A few general mechanisms are known by which mol-
ecules in the bloodstream can gain access to brain interstitial fluid:
(a) the extracellular pathways (8), (b) peptide transporter systems
(9), () lipid-mediated transport of lipid-soluble small molecules
with molecular weights of less than 400 Da (3, 4), and (d) facili-
tated transport, including carrier-mediated transport for small
molecules, receptor-mediated transport (RMT) for large molecules
(3-5,10, 11), and absorptive endocytosis (12, 13).

Among the best established of such membrane transporters on
CNS capillary endothelial cells are receptors for transferrin (Tf), insu-
lin, leptin, and low-density lipoprotein (3-7, 10, 11, 14-19). Given that
the Tf receptor (TfR) has the highest gene expression ratio in human
glioblastoma compared with normal brain (Supplemental Table 1;
supplemental material available online with this article; doi:10.1172/
JCI44798DS1), we reasoned that an unbiased targeting of CNS would
likely yield ligands to this particular RMT. Indeed, analysis of our
selection in vivo uncovered candidate motifs targeting the Tf/TfR sys-
tem, along with what we believe to be a new molecular mechanism.
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Here we introduce, optimize, and validate this translational
approach for CNS delivery of agents and genes based on an endog-
enous BBB endothelial cell receptor, the engagement of which is
followed by endocytosis and release into the parenchyma of the
normal brain or brain tumors. We demonstrate that a targeted
phage displaying the cyclic peptide CRTIGPSVC crosses the intact
BBB. We identify the underlying molecular pathways under both
normal and pathological conditions. In vitro, we show that the
targeting peptide CRTIGPSVC selectively interacts with apo-
transferrin (apo-Tf) to induce allosteric conformational changes
that functionally “mimic” iron through a non-canonical ligand-
directed mechanism. In vivo, we present evidence for specific asso-
ciations that lead to binding, internalization, and transcytosis of
targeted phage particles into the normal mouse brain and even
more strongly into xenografts of human malignant glioma. Such
intrinsic properties were further explored for the development of
an integrated, targeted molecular-genetic imaging and treatment
(so called, “see and treat”) of intracranial tumors. We used a vector
with genomic cis-elements of adeno-associated virus (AAV) and of
M13-derived phage (termed AAV phage [AAVP]) (20-23) to display
the CRTIGPSVC peptide. We show that the CRTIGPSVC-targeted
AAVP-HSV-TK, when systemically delivered into brain tumor-bear-
ing mice (a) allows molecular imaging of a reporter transgene, (b)
enables serial noninvasive monitoring of intracranial tumors in a
preclinical setting, and (c) allows ligand-directed targeting and vas-
cular ablation of human malignant glioma xenografts through a
suicide gene approach. Finally, we confirm the clinical potential of
our results in a comprehensive panel of human malignant glioma
tissue microarray (TMA) samples. Taken together, we believe these
findings present a novel, readily accessible, and effective candidate
strategy for detection, treatment, and monitoring of human brain
tumors and possibly other CNS disorders.

Results
Receptor-mediated delivery of targeted phage particles across intact BBB.
We used a phage-displayed library of random CX,C peptides
(C, cysteine; X, any residues) (24-26) to enrich serially for motifs
that bind selectively to CNS endothelial cells and are then internal-
ized and transported across the intact BBB in vivo. We adminis-
tered the phage library i.v. into normal mice (26) and recovered the
enriched population of brain-homing phage after 3 rounds of selec-
tion. We used bioinformatics to identify candidate motifs and to
minimize or eliminate background for further evaluation (24, 25)
and applied a basic local alignment and search tool (BLAST) of
selected sequences online (National Center for Biotechnology
Information/PubMed; http://blast.ncbi.nlm.nih.gov/) to detail
protein alignment and to identify peptides with high similarity to
Tf. More than 30 nonredundant peptide sequences (~20% of the
total) showed similarity to Tf and were further analyzed. We identi-
fied 3 main clusters of candidate Tf-like motifs enclosed within the
N-lobe of Tf: clusters 1 and 3 matched to 2 distinct segments of
domain N1 (at the N and C termini), while cluster 2 was centered
within domain N2 (Figure 1A). 3D models of the iron-bound Tf
N-lobe (ref. 27 and Figure 1B; residues 1-331) and iron-bound Tf
complexed to TfR (ref. 28 and Figure 1C) positioned at cluster 2
around the iron atom, within the Tf iron-binding cleft. Clusters
1 and 3 were located on the exposed surface of Tf. We focused our
functional analysis on the cyclic targeting peptide CRTIGPSVC,
originally grouped in cluster 1. The remaining candidate peptides
were not functionally pursued here.
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To evaluate the targeting attributes of the selected peptide in
vivo, we administered the CRTIGPSVC-phage i.v. into normal mice
and first assessed homing by recovery from tissue homogenates,
followed by counting of transducing units (TU) (data not shown)
and quantitative real-time PCR (Figure 1D). Non-targeted (insert-
less) phage and homing to control organs (muscle is shown) served
as negative controls (Figure 1D and Supplemental Figure 1, A-C).
We administered phage i.v. into tail veins of mice; surgically col-
lected brains and control organs 10 minutes, 30 minutes, and
24 hours later; and amplified phage DNA. We detected approxi-
mately 100-fold more CRTIGPSVC-phage particles in the normal
brain after a 10-minute circulation compared with those of insert-
less phage. A similar result was obtained at 30 minutes, with a
reduction to approximately 40-fold difference detected at 24 hours
after administration (Figure 1D). Homing of targeted and insertless
phage to control organs (Supplemental Figure 1, A-C), including
bone marrow (Supplemental Figure 2), was at background levels.
Preclinical pharmacokinetic studies showed no significant differ-
ences in the half-lives of targeted and control phage in the blood
of normal mice (Supplemental Figure 3A), suggesting that supe-
rior uptake of targeted phage in the brain is mediated by specific
ligand-receptor interactions. Lastly, separation of brain microves-
sels from the brain parenchyma (14, 29, 30) confirmed the abil-
ity of the CRTIGPSVC-phage to cross the intact BBB (Figure 1E).
Normal mice were i.v. injected with targeted or control phage.
Brains were collected after 10 minutes, 30 minutes, and 24 hours
and homogenized and fractionated on a gradient of 30% dextran
solution (w/v). Quantitative real-time PCR demonstrated the pres-
ence of CRTIGPSVC-phage in both fractions (blood vessels and
blood vessel-depleted brain parenchyma). Insertless phage was not
detected in the parenchyma fraction (Figure 1E). Real-time PCR
confirmed partial purity of the isolated fractions using capillary-
and endothelial cell-specific genes (Supplemental Figure 3B).

The targeting peptide CRTIGPSVC binds to Tf/ TfR through an allosteric
mechanism. Having shown that targeted phage particles display-
ing the Tf-mimic CRTIGPSVC peptide crossed the intact BBB, we
next attempted to elucidate the molecular mechanism(s) mediat-
ing its transport from blood into brain. First, to establish whether
CRTIGPSVC is indeed a mimic of Tf, we evaluated the binding of
CRTIGPSVC-phage to cells overexpressing human TfR (ref. 31 and
Figure 1F). To determine binding specificity, we tested the effects of
apo-Tf (iron-free, open conformation) and holo-Tf (iron-contain-
ing, closed conformation) on the binding of phage to the cell sur-
face. Unexpectedly, we observed enhanced binding when apo-Tf was
added to the system (Student’s ¢ test, P < 0.05). Next, we analyzed
the binding of CRTIGPSVC-phage to TfR and to apo-Tfand holo-
Tfin a cell-free system. Insertless phage and BSA were used as neg-
ative controls. Consistently, we observed binding of CRTIGPSVC-
phage to apo-Tf but not to TfR or holo-Tf (Figure 1G).

Given that CRTIGPSVC-phage binds selectively to apo-Tf, we
hypothesized that the CRTIGPSVC peptide might functionally
mimic iron. If so, one can speculate that binding of CRTIGPSVC,
like binding of iron, would induce allosteric conformational
changes in apo-Tf, leading to endocytosis and ultimately to
release of peptide-targeted phage into the cytoplasm of TfR-posi-
tive cells. To test this hypothesis, we designed a series of phage
binding assays in vitro to apo-Tf and holo-Tf in the presence of
ferric iron (Fe*3) and EDTA (Figure 1, H and I). Iron abrogated
binding of CRTIGPSVC-phage to apo-Tf (Figure 1H), whereas no
major alterations were observed in the binding of targeted phage
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Figure 1

Targeting the specificity of phage displaying the peptide CRTIGPSVC in normal mouse brain. (A) Overall structure of the N-lobe half-molecule of
Tf. Domains N1 and N2 are indicated. The numbers represent the 6 consensus disulfide bonds, Cys10-Cys49, Cys20-Cys40, Cys119—Cys195,
Cys159—-Cys175, Cys162—Cys180, and Cys172—-Cys178, respectively. (B) Ribbon diagram showing the structural organization of iron-loaded
Tf and location of the peptide clusters. (C) Side view of the Tf/TfR molecular complex. N- and C-lobes are shown. (D) Homing specificity of
CRTIGPSVC-phage and insertless phage in normal brain compared with that in non-brain control organ (muscle is shown). CRTIGPSVC-phage
and insertless phage were administered i.v. into mice. Phage was allowed to circulate for 10 minutes, 30 minutes, and 24 hours, and tissues
were recovered and processed as described in Methods. (E) Fractionation of brain microvessels and parenchyma confirmed the ability of the
CRTIGPSVC-phage to cross the intact BBB. (F) Binding of phage to rat gliosarcoma 9L cells and 9L cells expressing human TfR (9L3.9) in the
presence of apo-Tf and holo-Tf. *P < 0.05. (G) Binding assays reveal that CRTIGPSVC-phage target human apo-Tf in vitro. Insertless phage
and BSA served as negative controls. (H and I) The effect of iron on the binding of phage to apo-Tf was reversed by EDTA, but no effect was
observed with holo-Tf. In vitro binding assays were performed in 96-well plates coated with either human apo-Tf (H) or with human holo-Tf (1),
in the presence of iron and increasing amounts of EDTA.
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Figure 2

CRTIGPSVC peptide binds to human apo-Tf and induces allosteric con-
formational changes. (A—C) Steady-state emission spectra of (A) apo-
Tfin presence of iron or (B) distinct concentrations of the CRTIGPSVC
peptide. (C) Four different peptide sequences were used as control
(control peptide 1, CGLPYSSVC; control peptide 2, CSGIGSGGC; con-
trol peptide 3, CRFESSGGC; and control peptide 4, CPQRGVTPC).
(D-F) Near-UV CD spectra of (D) apo-Tf in presence of iron or (E)
distinct concentrations of the CRTIGPSVC peptide. (F) Four dif-
ferent peptide sequences were used as control (control peptide 1,
CGLPYSSVC; control peptide 2, CSGIGSGGC; control peptide 3,
CRFESSGGC; and control peptide 4, CPQRGVTPC). Insets show the
CD spectral region between 230 and 250 nm.

to holo-Tf (Figure 1I). Consistently, the effect of iron on the bind-
ing of peptide-targeted phage particles to apo-Tf or holo-Tf was
reversed by the addition of EDTA (Figure 1, H and I), an indication
that CRTIGPSVC and iron have similar allosteric effects on apo-
Tf. The same results were obtained with the CRTIGPSVC synthetic
peptide, increasing concentrations of which abrogated binding of
targeted phage to apo-Tf (data not shown). These results suggest
that CRTIGPSVC-phage functionally mimics iron and binds to
apo-Tf. Moreover, these data are consistent with the hypothesis
that selective internalization of the Tf/TfR/CRTIGPSVC complex
into TfR-positive cells is mediated by conformational changes
induced by CRTIGPSVC binding to apo-Tf.

To evaluate this working hypothesis, we applied optical meth-
odologies, initially using analysis by steady-state fluorescence
(refs. 32-34 and Figure 2, A-C). First, we assigned changes in
fluorescence spectra to apo-Tf in the absence or presence of
Fe3* (Figure 2A). Next, we used increasing concentrations of the
CRTIGPSVC peptide to evaluate changes in apo-Tf conforma-
tion as indicated by changes in fluorescence spectra. We observed
a gradual shift of the apo-Tf fluorescence spectra in the presence
of increasing amounts of CRTIGPSVC (Figure 2B); under these
experimental conditions, the interaction reached saturation at
1:6 molar ratio (apo-Tf/CRTIGPSVC). Finally, a panel of unrelat-
ed control peptides served to demonstrate that the phenomenon
is specific to the interaction between apo-Tf and CRTIGPSVC
(Figure 2C). Consistent experimental results were also obtained
with another optical method, circular dichroism (CD) analysis
(Figure 2, D-F). As expected, adding Fe*3 to apo-Tf generated a
shift in the spectra, reflecting the known iron-induced conforma-
tion change from apo-Tf to holo-Tf (refs. 35-37 and Figure 2D).
The CRTIGPSVC peptide also mediated conformation changes
in apo-Tf (Figure 2E), with no such changes detected with the
addition of unrelated control peptides (Figure 2F). Together,
these data strongly suggest that the CRTIGPSVC peptide medi-
ates a protein conformational change in apo-Tf. One should note
that, unlike iron, the peptide does not appear to mediate a full
conformational change from apo-Tf to holo-Tf. Thus, further
studies will be required to understand the precise nature of this
peptide-protein interaction.

CRTIGPSVC-phage targets Tf/TfR in vivo. Because CRTIGPSVC-
phage binds to apo-Tf in vitro and the CRTIGPSVC peptide
changes the conformation of apo-Tfin a concentration-dependent
manner, we next asked whether the same mechanism would be
implicated in the homing and transport of phage particles across
the BBB in vivo. Because the overexpression of TfR has been dem-
onstrated in primary brain tumors (refs. 38-40 and Supplemental
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Table 1), we chose to study the targeting properties of CRTIGPSVC-
phage in an orthotopic model of human-derived glioblastoma
multiforme xenografts (ref. 41 and Figures 3 and 4).

First, we compared the expression of TfR in normal brainsand in a
model of human glioma xenografts (Supplemental Figure 4). CD31
(PECAM-1) was used as a standard vascular marker (Supplemental
Figure 4, A and D). While the expression of TfR was moderate and
restricted to blood vessels in the normal brain (Supplemental Figure 4,
A-C), we observed expression of TfR in both tumor blood vessels
(arrows) and tumor stroma (arrowheads) (Supplemental Figure 4,
D and F). The result establishes human-derived malignant glioma
xenografts as an appropriate experimental system for the study of
Tf/TfR/peptide-mediated phage targeting and delivery in vivo.

The binding capacity and targeting properties of the CRTIGPSVC-
phage were subsequently compared in normal tissue and tumor
(Figures 3 and 4). Tumor-bearing animals received phage i.v., and
tumor and contralateral brain hemisphere (normal tissue) were
collected after 10 minutes, 30 minutes, and 1 hour (Figure 3).
Phage DNA was isolated and amplified from a series of coronal
brain sections (each ~1-mm thick) (Figure 3A), and quantitative
real-time PCR was used to measure the levels of phage particles in
normal brain compared with those in tumor samples and control
organs (Supplemental Figure 5, A-C).

After 10 minutes of circulation, variable levels of the CRTIGPSVC-
phage were observed in normal brain slices, whereas control insert-
less phage was not detected. In contrast, comparable levels of both
targeted and insertless phage were obtained in tumor (Figure 3B);
however, after 30 minutes, the same amount of targeted phage was
detected in tumor, while the number of phage particles in nor-
mal brain slices was markedly reduced. Notably, insertless phage
was not observed in either tumor or normal organ (Figure 3C). At
1 hour after targeted phage administration, we detected approxi-
mately 1.6 x 10* TU/60 ng DNA in tumor (Figure 3D), whereas
normal brain tissue and insertless phage showed phage DNA only
at background levels. We observed phage accumulation in the
spleen and liver of mice at all time points (Supplemental Figure S,
A-C), a result of the long-established pattern of nonspecific par-
ticle clearance in the reticuloendothelial system (26, 42, 43). Simi-
lar experiments performed in mice bearing subcutaneous human
xenografts confirmed specific homing of CRTIGPSVC-phage after
systemic administration, compared with that of control phage
(Supplemental Figure 5D). The number of targeted phage parti-
cles recovered in subcutaneous tumors was approximately 10-fold
lower than that obtained in intracranial tumors; this result sug-
gests that potentially more than 1 targeting mechanism may be
involved in the setting of a compromised BBB.

Clearly, a distinct phage distribution profile is obtained in
brains with tumor, a result indicative that phage-targeting prop-
erties are largely dictated by receptor accessibility to the circulat-
ing ligand peptide (44). Additional established factors, such as
increased vascular permeability leading to increased retention
within tumors, a phenomenon known as enhanced permeability
and retention effect (45-47), and increased activity of tumor endo-
thelium (44), are likely to contribute to the observed enhanced
targeting by CRTIGPSVC-directed phage particles. Future stud-
ies will be required to elucidate the relative contribution of each
individual non-mutually exclusive mechanism(s) in the peptide-
mediated brain tumor selectivity.

Immunohistochemistry revealed specific homing of phage to
the tumor vasculature (Figure 4A). A strong immunostaining
Volume 121~ Number 1
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In vivo targeting of Tf/TfR. (A) Schematic representation of the brain slicing technique and quantitative real-time PCR used to demonstrate that
CRTIGPSVC-phage crosses the BBB. In step 1, phage was injected i.v. into tail veins of mice. In step 2, brain and control organs were collected.
Coronal brain slices, 1-mm thick, were obtained with the aid of a brain-slicer mold. H&E-stained sections illustrate prominent tissue components:
the lateral ventricle (LV; slice 2), hippocampus (Hip; slices 4 and 6), and cerebellum (primary fissure [prf]; slice 9). Insets show larger views; the
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plate for phage DNA amplification and quantification by quantitative real-time PCR. Original magnification, x10; x4 (insets). (B—D) Quantification
of phage homing to tumor and normal brain after (B) 10 minutes, (C) 30 minutes, and (D) 1 hour of systemic circulation.

of phage particles was also detected in the tumor parenchyma,
data demonstrating passage of CRTIGPSVC-phage from glioma-
associated blood vessels to tumor cells (Figure 4, B-E). Negative
controls included non-targeted phage (Figure 4F) and unrelated
regions of the brain, such as cerebral cortex (Figure 4G) and cau-
date/putamen (Figure 4H). Immunofluorescence staining of fro-
zen tissue sections confirmed a widespread and homogeneous
distribution of targeted phage to the tumor vasculature but not
to the blood vessels of normal tissue (Figure 4, I-K). No signal was
exhibited by insertless phage (Figure 4, L-N).

166 The Journal of Clinical Investigation

htep://www.jci.org

By confocal microscopy, we confirmed that the mechanism by
which the CRTIGPSVC peptide targets and translocates into the
tumor vasculature is indeed mediated by the Tf/TfR protein com-
plex. Thick sections of frozen brain from tumor-bearing animals sys-
temically receiving CRTIGPSVC-phage i.v. were immunostained for
CD31 (Figure 40), TfR (Figure 4P), and phage (Figure 4Q); TfR and
phage particles were found to coincide in blood vessels (Figure 4R).
There was also colocalization of CRTIGPSVC-phage and TfR in
tumor parenchymal cells (Figure 4, S and T, arrows), consistent
with our interpretation.
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CRTIGPSVC-phage targets human glioblastoma in vivo. (A—H) Immunohistochemistry of CRTIGPSVC-phage after systemic circulation into
human-derived glioblastoma xenograft-bearing mice. Staining of phage was observed in (A) tumor blood vessels and (B—E) glioma cells.
Arrows indicate positive phage staining in blood vessels. Arrowheads indicate positive phage staining in glioma cells. (F) Insertless phage was
used as a negative control. Other areas of the brain such as (G) cerebral cortex and (H) caudate/putamen showed only background staining.
(I-N) Immunofluorescence of phage (red) and CD31 (green) revealed accumulation of phage particles in (I-K) tumor blood vessels but not in
normal tissue. Dashed lines indicate the tumor circumference. (L-N) Insertless phage, used as a negative control, revealed little or no staining.
(O-T) Confocal microscopy showed colocalization of (0) CD31, (P) TfR, and (Q) phage in blood vessels. (R) Merge of images shown in O-Q.
Arrowheads point to protein colocalization. (S and T) Phage particles were also found in TfR-expressing cells in the tumor stroma (arrows). Scale

bars: 100 um (A-N); 20 um (O-T).

Targeted transgene delivery and molecular imaging of brain tumors. We
showed that CRTIGPSVC-phage preferentially targets TfR-express-
ing cells and demonstrated that transport of phage into normal
brain and brain tumor vasculature is mediated by the Tf/TfR molec-
ular complex. Next, to begin to examine the translational potential
of this discovery, we generated a CRTIGPSVC-targeted AAVP vector
(20-23) to merge gene delivery and molecular imaging in an ortho-
topic preclinical model of human glioma. A CRTIGPSVC-targeted
AAVP construct carrying the herpes simplex virus thymidine kinase
gene (HSV-TK) was engineered; the HSV-TK transgene can serve as
both a genetic suicide strategy when combined with drugs, such as
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ganciclovir (GCV), or as a reporter for molecular-genetic imaging
of tracers, such as ['8F]-FEAU. We delivered CRTIGPSVC-targeted
AAVP-HSV-TK or control insertless AAVP-HSV-TK to cohorts of
brain tumor-bearing mice (Figure 5). Animals treated with vehicle
were also used as controls (n = 10, each group). Both targeted and
untargeted groups were treated with GCV, and response to treat-
ment was assessed by measurement of tumor areas (Figure 5A) and
by histopathological examination (Figure 5, E and F). After GCV-
based therapy, the size of tumors in mice that received CRTIGPSVC
AAVP-HSV-TK was significantly smaller (Student’s ¢ test, P < 0.001)
than that in mice receiving non-targeted AAVP-HSV-TK or vehicle
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Figure 5

Targeted therapy and molecular-genetic imaging of intracranial brain tumors in an orthotopic model of human-derived glioblastoma xenograft.
(A) Tumor growth suppression by CRTIGPSVC AAVP-HSV-TK transduction plus treatment with GCV. Cohorts of immunodeficient nude mice
(n = 10) with established intracranial tumors received a single systemic administration of targeted CRTIGPSVC AAVP-HSV-TK (5 x 10'° TU) or
control AAVP-HSV-TK. Mice received GCV from day 7 after systemic i.v. AAVP administration until the end of the experiment (daily GCV dose
i.p. for 5 days). Untreated group received vehicle alone. The boxes represent the upper (25% of data greater than this value) and lower (25% of
data less than this value) quartiles. Medians are indicated by horizontal lines; whiskers represent the maximum and minimum values of the data
set. *P < 0.05; ***P < 0.001. (B) Temporal dynamics of HSV-TK gene expression as assessed by micro-PET imaging with ['8F]-FEAU. *P < 0.05.
(C and D) Combined PET/CT images of brain tumor-bearing animals, systemically administered with (C) targeted CRTIGPSVC AAVP-HSV-TK
or (D) control insertless AAVP-HSV-TK. Axial, coronal, and sagittal planes are shown. ['8F]-FEAU uptake was observed only in animals receiving
targeted AAVP. Arrows point to the tumor area. Dashed lines indicate the tumor circumference. R, right; L, left. (E) Detection of apoptotic cells
by TUNEL was performed on tumor tissue sections of animals treated with control insertless AAVP or with targeted AAVP. Untreated animals
received only vehicle. Nonimmune IgG was used as negative control. Insets of serial tumor sections show the area containing the larger views;
the boxes represent the area shown in high magnification in the larger images. (F) CD31 staining was performed on paraffin-embedded brain
tumor tissue sections of animals treated with targeted AAVP or control AAVP. Untreated animals received only vehicle. Arrows point to disrupted
blood vessels. Tumor tissue stained with IgG control isotype was used as negative control. Scale bar: 200 um.
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Figure 6

Evaluation of TfR expression in comprehensive human glioma TMA. (A and B) Glioma TMA maps and H&E-stained tissue sections. AA, anaplas-
tic astrocytoma; AO, anaplastic oligodendroglioma; AMOA, anaplastic mixed oligoastrocytoma; GM, glioblastoma multiforme; GS, gliosarcoma;
LGA, low-grade diffuse astrocytoma; MOA, mixed oligoastrocytoma; NB, normal brain; and OL, oligodendroglioma. (B) The inset represents
negative control. Arrows point to TfR-positive blood vessels. (C—F) TfR expression in (C) glioblastoma multiforme, (D) gliosarcoma, (E) anaplas-
tic astrocytoma, and (F) oligodendroglioma. Representative photomicrographs are shown. Pathology scores for tumor cells are as follows: 3+,
strong; 2+, moderate, 1+, weak. Arrows point to blood vessels. Scale bar: 100 um. ***P < 0.001 (tumor vs. normal brain).

alone (Figure 5A). Next, we tested the efficacy of clinically applica-
ble molecular-genetic PET imaging with ['8F]-FEAU combined with
CT scan imaging for noninvasive monitoring of temporal dynamics
and spatial heterogeneity of HSV-TK reporter gene expression in liv-
ing orthotopic glioma-bearing mice. PET imaging with [*F]-FEAU
was performed 7 and 10 days after vector administration to assess
localization and magnitude of HSV-TK expression. No specific
transgene expression was detected 7 days after AAVP administra-
tion i.v. (data not shown). In contrast, we observed significant
(Student’s ¢ test, P < 0.05) levels of HSV-TK expression (expressed
as relative tumor injected dose [g]/muscle injected dose [g]; i.e.,

The Journal of Clinical Investigation

http://www.jci.org

tumor/muscle ID/g) after 10 days in the tumors of animals
administered with CRTIGPSVC AAVP-HSV-TK compared with
those in the control group (Figure 5B). Combined micro-PET/CT
images in axial, coronal, and sagittal planes in tumor-bearing
mice revealed heterogeneous targeting of intracranial human
glioblastoma xenografts with little or no signal in the normal
brain tissue (Figure 5C), whereas control insertless AAVP yielded
negative results in both normal brain and tumor (Figure 5D).
Finally, TUNEL staining clearly demonstrated apoptosis of
endothelial and glioma cells heterogeneously distributed within
the tumor, but no apoptosis was observed in tumors from mice
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that received either non-targeted AAVP-HSV-TK or vehicle alone
(Figure SE). No apoptosis above background was detected in nor-
mal brain tissue (Supplemental Figure 6). Immunohistochemical
studies for CD31 expression demonstrated that systemic admin-
istration of CRTIGPSVC AAVP-HSV-TK followed by 5 daily i.p.
doses of GCV caused targeted destruction of capillary-like blood
vessels, characteristic of experimental models of glioblastoma
multiforme. This effect was not observed in control animals
(Figure 5F). Together, these results demonstrate that the level of
HSV-TK transgene expression in human glioblastoma xenografts
is sufficient for effective GCV activation.

In order to begin to assess the feasibility of this preclinical strat-
egy for potential clinical applications, we used high-throughput
glioma TMA samples to analyze the expression of TfR in a large
(n = 165) and comprehensive panel of primary human gliomas,
with well-annotated clinical and pathological features (Figure 6A).
Strong (3+) and moderate (2+) TfR staining was observed in tumor
cells in 85% of analyzed glioblastoma samples (Figure 6C). Posi-
tive staining was also detected in the majority of gliosarcomas and
anaplastic astrocytomas (Figure 6, D and E). In contrast, tumor
cells were negative within the limits of our immunohistochemical
procedures in low-grade oligodendrogliomas (Figure 6F), anaplas-
tic mixed oligoastrocytomas, mixed oligoastrocytomas, and ana-
plastic oligodendrogliomas (data not shown). Notably, the small
blood vessels were positive for TfR not only in tumor samples but
also in normal brain (Figure 6B, arrows). This patient-derived data
set indicates that TfR might indeed be a suitable candidate target
for translation into clinical applications.

Discussion
Development of effective treatments against tumors of the CNS
requires the identification of targets to enable access to this sanc-
tuary site. For many decades, the potential advantage of therapeu-
tically exploiting receptor-mediated transporters of the BBB has
been pursued, and the TfR has long been considered among the
most promising targets. However, while a large body of previous
work with monoclonal antibodies against the TfR demonstrated
preclinical efficacy in animal models, translation into clinical
applications met with far less effective results.

Here, we introduce a supervised combinatorial approach to
target receptor-mediated transporters of the BBB in vivo. This
peptide-based strategy provides an alternative platform capable of
breaching the BBB. In a model of human glioma, a combination
of TfR overexpression plus extended vascular permeability and
ligand retention results in effective targeting.

Differences in the delivery of CRTIGPSVC-targeted AAVP to nor-
mal mouse brain versus the grafted human brain tumors are likely
influenced not only by the higher TfR distribution and accessibil-
ity in the tumor vascular and parenchymal cells but also perhaps
by other parameters, such as circulation time, endothelial per-
meability, hydrostatic pressure, and receptor turnover rate. This
combination of multiple factors, along with the biodistribution
studies performed in vivo, support the observation that targeted
CRTIGPSVC-phage homes specifically to tumor sites relative to
normal organs. Analysis of human samples suggests a transla-
tional approach for the detection and treatment of gliomas. One
should also note that human and mouse Tf and TfR are more than
70% conserved (48); thus, species of origin (i.e., mouse vs. human)
is unlikely to influence the targeting properties of the CRTIGPSVC
peptide in this experimental system.
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The key evidence that CRTIGPSVC-phage crosses from brain
blood vessels into brain parenchyma is shown in Figure 1E. We dem-
onstrate that control phage is present only in the blood vessel frac-
tion but not in the brain parenchyma fraction, an indication that
the parenchyma fraction is not heavily contaminated by vessels. The
corresponding targeted phage distribution is dramatically different,
showing extensive passage of phage carrying the targeting peptide
across blood vessels and into brain parenchyma. However, this fun-
damental point requires future confirmation by independent meth-
ods. Further, we have not yet determined the full kinetics of binding
competition between the apo-Tf/CRTIGPSVC peptide complex and
holo-Tfin the bloodstream and whether there is significant passage
of AAVP or phage vectors from normal brain endothelial cells to
parenchymal cells in the first minute after administration. Future
x-ray crystallography studies might shed additional light into the
mechanism of binding of this protein complex.

Targeted delivery of agents from the circulation into intact CNS
or into brain tumors thus appears to have unequivocal transla-
tional relevance. The design and validation of a clinic-ready, AAVP-
based targeting trans-BBB approach may open the prospect of
visualizing brain tumor presence and exact location for diagnosis
and serially quantifying spatial changes in response to therapy in
real time. Moreover, one might predict that either genetic disor-
ders globally affecting the CNS (i.e., lysosomal storage and myelin
diseases) or degenerative diseases targeted on specific neuronal
populations may also benefit from the attributes of peptide
CRTIGPSVC, which, in principle, allows selective delivery of the
agents, without simultaneous opening of the BBB to potentially
harmful blood-derived molecules. Indeed, the very property of
selective opening of the BBB precludes assaying the efficiency of
targeted AAVP delivery by the standard methods of measuring
transfer of tracers from the blood into CNS parenchyma. Finally,
given our human TMA results, the translation of the functional
features of peptide-directed particles from animal models into
clinical applications may hold promise for the targeted molecular
imaging and therapy of brain tumors in cancer patients.

Methods
Animals. We used 8-week-old female nude (nu#/nu) mice and BALB/c mice
housed in the animal facilities of The University of Texas M.D. Anderson
Cancer Center or the Ludwig Institute for Cancer Research. All animal pro-
cedures were reviewed and approved by the Institutional Animal Care and
Use Committees of these institutions.

Reagents. The following antibodies were used: goat polyclonal anti-TfR IgG
(R&D Systems), mouse monoclonal anti-TfR IgG (Fisher Scientific), rabbit
polyclonal anti-bacteriophage (Sigma-Aldrich), rat monoclonal anti-CD31
(BD Pharmingen), and rabbit polyclonal anti-CD31 (AbCam). Secondary
HRP-conjugated anti-rabbit IgG, Cy-3-conjugated anti-rabbit IgG, Cy-5-
conjugated anti-hamster IgG, and FITC-conjugated anti-rat IgG were pur-
chased from Jackson ImmunoResearch Laboratories Inc. Human TfR (>95%
purity) and FragEL were purchased from Calbiochem, and human apo (>90%
purity) and holo-Tf (>90% purity) were purchased from R&D Systems. All
synthetic peptides were synthesized and cyclized according to our specifica-
tions by commercial vendors (AnaSpec or PolyPeptide Laboratories).

Cell culture. U87-MG human glioblastoma cells (ATCC), rat gliosarcoma
cells (9L) (31), and rat gliosarcoma cells expressing human TfR (9L 3.9) (31)
were maintained in DMEM supplemented with 10% FBS and antibiotics.

Phage display selection and phage homing in vivo. In vivo phage screening was
performed as described previously (26). Animals received 10'° TU phage
library i.v., and brains were collected after 24 hours of circulation. Bound
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phage were recovered by bacterial infection and were processed as described
previously (26). For homing of selected phage in vivo, animals (n = 5, each
group) were deeply anesthetized and received 10'° TU targeted phage or
insertless control phage i.v. After 10 minutes, 30 minutes, 6 hours, or 24 hours,
animals were perfused through the heart with 10 ml DMEM.

Isolation of brain blood vessels. Fractionation of brain blood vessels was per-
formed as described previously (29, 30). Mice aged 3-5 weeks were deeply
anesthetized and perfused through the heart with 10 ml PBS. Brain tissue
homogenate was diluted to a final volume of 5 ml, transferred to the top
of a 30% (w/v) dextran solution, and centrifuged for 25 minutes at 3,000 g
(4°C). The myelin layer and pellet containing blood vessels were carefully
collected. The final fractions were resuspended in an adequate volume and
used for DNA or RNA extraction.

DNA and RNA isolation from tissue and quantitative real-time PCR. Total DNA
was isolated according to manufacturer’s instructions (DNeasy Blood and
Tissue Kit, Qiagen). The amount of phage present in each tissue sample was
determined by quantitative PCR (7500 Fast Real-Time PCR System instru-
ment, Applied Biosystems), as described previously (49). Each point of the
curve, as well as each tissue sample of DNA, was determined in triplicate.
For gene expression studies, 2 sets of total RNA were independently iso-
lated from microvessel and parenchyma fractions with the RNeasy Mini
Kit (Qiagen). DNA synthesis was performed with the SuperScript III First-
Strand Synthesis System (Invitrogen). The following primer pairs were used:
slc2al (glut-1), 5" TTCTCTGTCGGCCTCTTTGT 3" and S’AGGCCAACAG-
GTTCATCATC 3'; VE-cadherin, 5" TCATCAAACCCACGAAGTCC 3’ and
S'TGTTTTTGCCTGAAGTGCTG 3'; Occludin: 5" CCTACTCCTCCAATG-
GCAAA 3' and 5' GGCACCAGAGGTGTTGACTT 3'.

High-density TMAs. The construction of the human glioma TMA was pre-
viously described (50). The TMA included primary human gliomas, with all
histologic subtypes and grades of diffuse gliomas as codified in the WHO
classification (51), including GBM, AA, AO, O, AMOA, MOA, and GS. Low-
grade astrocytomas were not analyzed here, because of their small sample
size (n = 4). Pathology scoring was performed by 2 independent observers
(F.I. Staquicini and G.N. Fuller).

Tmmunohistochemistry. Inmunohistochemistry on sections of fixed, paraf-
fin-embedded mouse tissue was performed with a labeled streptavidin biotin
(LSAB) plus peroxidase kit (DAKO). Slides were blocked for nonspecific pro-
tein binding, and a polyclonal rabbit anti-bacteriophage primary antibody
was added (1:500 dilution), followed by 1-hour incubation with a peroxidase-
conjugated anti-rabbit secondary antibody. Slides were developed with a spe-
cific substrate (chromogen DAB). Immunohistochemistry on glioma TMAs
and CD31 staining were performed on an automated immunohistochemical
autostainer (Lab Vision Corp.). Detection of apoptosis in paraffin-embedded
specimens was performed with the FragEL DNA Fragmentation Detection
Kit (Calbiochem). Hematoxylin was used for counterstaining.

Immunofluorescence. Immunofluorescence was performed on 1% PFA-fixed
cryostat sections (60- to 80-um thickness). Tissues were washed 3 times with
PBS and once with PBS containing 0.3% Triton X-100, followed by block-
ing for 1 hour in 5% appropriate normal serum diluted in PBS containing
0.3% Triton X-100. Tissue sections were incubated with specific antibodies
diluted in PBS containing 1% appropriate normal serum and 0.3% Triton
X-100 for 1 hour at room temperature. Sections were stained for 1 hour
with Cy3-conjugated and FITC-conjugated secondary antibodies. Confo-
cal images were acquired on a laser scanning confocal microscope (Zeiss
LSM510) equipped with krypton-argon and helium-neon lasers. Image
analysis was performed with the Zeiss LSM 3.2 software package.

In vitro phage binding assays. TR, apo-Tf, holo-Tf, and BSA were immo-
bilized on microtiter wells of 96-well plates overnight (ON) at 4°C. Wells
were blocked with PBS containing 3% BSA for 1 hour at room temperature
and incubated with 10° TU phage. Bound phage were recovered by infec-
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tion of host bacteria with 200 ul E. coli K91 Kan in log phase. To test phage
binding inhibition by free iron, we used an initial solution of 10 mM iron
(III) phosphate (FePO4) (Sigma-Aldrich) in double-distilled water. Final
concentrations of iron ranged from 0.01 mM to 0.5 mM.

Phage binding assays on cells. For cell-phage binding assays, 10° cells were
incubated with 10° TU phage for 2 hours on ice in the presence of either
apo- or holo-Tf (200 ug/ml) in 200 ul DMEM. Cells and phage were centri-
fuged through the organic phase, and the cell-bound phage were recovered
by bacterial infection of host E. coli as described previously (52).

Steady-state fluorescence spectroscopy. Steady-state tryptophan fluorescence
spectra were obtained on a Spectrofluorimeter LS 50B (Perkin-Elmer).
Increasing molar ratios of Fe*3, the targeted peptide CRTIGPSVC, or control
peptides (control peptide 1, CGLPYSSVC; control peptide 2, CSGIGSGGC;
control peptide 3, CRFESSGGC; and control peptide 4, CPQRGVTPC) were
incubated ON at room temperature with 2 uM apo-Tf in buffer containing
100 mM HEPES, 10 mM NH4COs, pH 7.4. Samples were excited at 295 nm,
and emission scans were collected from 305 to 400 nm, with an excitation
slit of 2.5 nm and an emission slit of 6 nm. All spectra were corrected for
background fluorescence by subtraction of the appropriate blanks.

CD. CD spectra were recorded on a Jasco J720 spectropolarimeter from 230
to 320 nm, with a bandwidth of 1 nm, and integrated for 1 second at 0.2-nm
intervals. Samples were measured at room temperature using cuvettes with
a 2-mm path length. Absorbance values of Fe*? and peptide alone were sub-
tracted from the results. Increasing concentrations of Fe*3, the targeted
peptide CRTIGPSVC, or control peptides (control peptide 1, CGLPYSSVC;
control peptide 2, CSGIGSGGC; control peptide 3, CRFESSGGC; and con-
trol peptide 4, CPQRGVTPC) were titrated in 100 uM apo-Tf in buffer con-
taining 100 mM HEPES, 10 mM NH4CO;, pH 7.4. The data were expressed
as mean residue ellipticity (6) in deg cm?/dmol, which was calculated from
(6) = (dx s x M)/(c x I), where d denotes observed ellipticity (the displacement
in cm from the baseline), s denotes sensitivity in mdeg/cm, M denotes the
mean residue weight, ¢ denotes protein concentration in mg/ml, and / denotes
cell path length. The concentrations of protein were kept at 8 mg/ml.

Orthotopic human glioblastoma xenografts. We used a guide-screw system to
implant human glioma cells into the mouse brain (41). Animals were kept
warm until their recovery from anesthesia and were allowed to move around
freely thereafter. In vivo homing experiments with targeted and control phage
were performed approximately 12-15 days after tumor implantation.

Subcutaneous human glioblastoma xenografts. A solution containing 3 x 10°
U87-MG cells was subcutaneously injected into the right flank of nude
mice (7 =5, each group). Tumor homing experiments were performed when
palpable subcutaneous tumor xenografts reached 6-8 mm in diameter.

Targeted therapy and molecular-genetic imaging. Orthotopic brain tumor-bear-
ing animals received a single dose (10'! TU i.v. per mouse) of CRTIGPSVC
AAVP-HSV-TK or control, approximately 7 days after tcumor implantation.
Treatment with GCV (80 mg/kg/d i.p.) was initiated 7 days after AAVP
administration i.v. To image HSV-TK expression, PET and CT scans were
performed 2 hours after i.v. administration of the radiolabeled nucleoside
analog ['®F]-FEAU. A microPET R4 (Concorde Microsystems), equipped
with a computer-controlled positioning bed in a 10.8-cm transaxial and
8-cm axial field of view with no septa and operating in 3D list mode, was
used. PET/CT imaging was performed with an Inveon micro-PET/CT scan-
ner (Siemens Preclinical Solution). Glioma-bearing mice were anesthetized
(with isoflurane 2% in 98% oxygen), and their temperature was kept at 38°C
with a heat lamp. The microCT imaging parameters were as follows: x-ray
voltage of 80 kVp, anode current of 500 uA, and exposure time of 300-350
milliseconds for each of the 360 rotational steps. Images were reconstruct-
ed by a 2D ordered subsets expectation maximization algorithm. PET and
CT image fusion and image analysis were performed with vendor software
ASIPro 5.2.4.0 (Siemens Preclinical Solution).
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Radiolabeled substrate synthesis. Radiolabeled [!8F]-FEAU was synthe-
sized to radiochemical purity of more than 99% by using 5-ethyluracil-
2,5-bis-trimethylsilyl ether as the pyrimidine base for condensation with
1-bromo-2-deoxy-2-[18F]|fluoro-3,5-di-O-benzoyl-a-D-arabinofuranose.
For quantification of ['®F]-FEAU radioactivity, regions of interest were
drawn on images, and the measured values were converted from nCi/mm?3
into percentage of injected dose per gram of tissue (% ID/g) (22, 53).

Statistics. All numerical data are expressed as mean + SEM. We analyzed
data sets for significance with Student’s ¢ test and 2-way ANOVA. We con-
sidered P values of less than 0.05 as statistically significant.
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