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Engineered knottin peptide enables noninvasive
optical imaging of intracranial medulloblastoma
Sarah J. Moorea,b,c,1, Melanie G. Hayden Gepharta,b,c,d,e,1, Jamie M. Bergena,b,c, YouRong S. Sua,e,f,g,
Helen Rayburna,b,e,f,g, Matthew P. Scotta,b,c,e,f,g,2, and Jennifer R. Cochrana,b,c,h,2
Departments of aBioengineering, dNeurosurgery, eDevelopmental Biology, fGenetics, and hChemical Engineering, bCenter for Children’s Brain Tumors,
c
Stanford Cancer Institute, and gHoward Hughes Medical Institute, Stanford University, Stanford, CA 94305
Contributed by Matthew P. Scott, June 17, 2013 (sent for review February 25, 2013)

Central nervous system tumors carry grave clinical prognoses due
to limited effectiveness of surgical resection, radiation, and chemotherapy. Thus, improved strategies for brain tumor visualization and targeted treatment are critically needed. We demonstrate
that mouse cerebellar medulloblastoma (MB) can be targeted and
illuminated with a ﬂuorescent, engineered cystine knot (knottin)
peptide that binds with high afﬁnity to αvβ3, αvβ5, and α5β1 integrin receptors. This integrin-binding knottin peptide, denoted EETI
2.5F, was evaluated as a molecular imaging probe in both orthotopic and genetic models of MB. Following tail vein injection, ﬂuorescence arising from dye-conjugated EETI 2.5F was localized to
the tumor compared with the normal surrounding brain tissue,
as measured by optical imaging. The imaging signal intensity correlated with tumor volume. Due to its unique ability to bind to
α5β1 integrin, EETI 2.5F showed superior in vivo and ex vivo brain
tumor imaging contrast compared with other engineered integrinbinding knottin peptides and with c(RGDfK), a well-studied integrin-binding peptidomimetic. Next, EETI 2.5F was fused to an antibody fragment crystallizable (Fc) domain (EETI 2.5F–Fc) to
determine if a larger integrin-binding protein could also target
intracranial brain tumors. EETI 2.5F–Fc, conjugated to a ﬂuorescent
dye, illuminated MB following i.v. injection and was able to distribute throughout the tumor parenchyma. In contrast, brain tumor imaging signals were not detected in mice injected with EETI
2.5F proteins containing a scrambled integrin-binding sequence,
demonstrating the importance of target speciﬁcity. These results
highlight the potential of using EETI 2.5F and EETI 2.5–Fc as targeted molecular probes for brain tumor imaging.
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espite signiﬁcant advances in cancer therapy and improved
understanding of brain tumor biology (1, 2), the quality of life
and overall life expectancy for patients diagnosed with malignant
brain tumors have shown marginal improvements (3, 4). Children
diagnosed with medulloblastoma (MB), the most common
childhood brain tumor, require aggressive chemotherapy and radiation due to the tumor’s marked propensity to recur and metastasize (5, 6). Although MB can be surgically resected, the extent
of diseased tissue removal has been shown to correlate with
overall survival rates (7–9). Improvements in intraoperative tumor visualization would allow for more reﬁned surgical resection
and minimize removal of healthy brain tissue. Thus, there is
a critical need for molecular imaging agents that bind speciﬁcally
and with high afﬁnity to tumor-associated receptors, are cleared
rapidly from nontarget tissues, localize to intracranial tumors
following distal venous injection, and can be conjugated to
ﬂuorescent dyes for optical imaging.
The elevated level of cell surface integrins on tumors and their
vasculature has spurred great interest in using these receptors as
targets for cancer therapy (10) and molecular imaging (11). Speciﬁcally, αvβ3, αvβ5, and α5β1 integrins have been shown to play
critical roles in tumor survival, invasion, metastasis, and angiogenesis (12–17) and are present at high levels in a variety of cancers
(reviewed in ref. 18). A variety of small molecules, peptides,
14598–14603 | PNAS | September 3, 2013 | vol. 110 | no. 36

peptidomimetics, and proteins have been developed that target
tumor-associated integrin receptors, and several have advanced to
human trials for therapeutic and diagnostic applications (11, 19).
As an example, Cilengitide, which is currently in clinical trials for
glioblastoma therapy, is a cyclic pentapeptide containing an ArgGly-Asp (RGD) motif that binds to αvβ3 and αvβ5 integrins (20).
Chemically modiﬁed variants of cyclic RGD-containing peptides,
developed as noninvasive molecular imaging probes, have been
limited due to relatively weak integrin binding afﬁnities or
suboptimal pharmacokinetics and tissue distribution, requiring
physicochemical modiﬁcations to increase tumor contrast (21).
Although there are numerous small molecules and peptides that
bind αvβ3 and αvβ5 integrins, examples of high-afﬁnity α5β1 integrintargeting agents have been limited to monoclonal antibodies.
Molecular imaging agents with broad speciﬁcity toward multiple
tumor-associated integrins could potentially target malignant
tissue with higher sensitivity and selectivity compared with probes
that bind a more limited range of receptor targets (22).
We engineered a small (∼3.5 kDa), conformationally constrained cystine knot peptide, termed EETI 2.5F, that binds with
high afﬁnity and unique speciﬁcity to αvβ3, αvβ5, and α5β1 integrins (23). The cystine knot structural family, also known as
knottins, consists of small polypeptides (30–50 amino acids)
linked by at least three interwoven disulﬁde bonds, creating
a rigid molecular “knot” that confers high chemical, thermal, and
proteolytic stability (24). EETI 2.5F, which is based on the
Ecballium elaterium trypsin inhibitor-II (EETI-II, Fig. 1 A and
B), was identiﬁed via high-throughput screening of yeast-displayed knottin libraries (23). Radiolabeled versions of EETI 2.5F
and other engineered integrin-binding knottin peptides were
previously shown to be promising molecular probes for PET
imaging in s.c. mouse xenograft models due to their high tumor
contrast and low imaging signals in nondiseased tissue, including
the liver and kidneys (25, 26).
In the current study we show that EETI 2.5F, conjugated to
a near-infrared imaging dye, can speciﬁcally target and illuminate brain tumor tissue in mouse models of MB that faithfully
recapitulate human disease. In addition, we compared optical
imaging signals from integrin-targeting agents of different molecular sizes and binding speciﬁcities to provide insight into the
mechanism of brain tumor targeting. Our results illustrate some
potential limitations of alternative integrin-targeting agents for
MB detection and demonstrate the promise of developing
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Fig. 1. Overview of knottins and mouse medulloblastoma models. (A)
Structure of wild-type EETI-II (PDB 2IT7). Blue star indicates location of Nterminal AF680 dye in our studies; red indicates native trypsin-binding loop,
which has been replaced by an engineered integrin-binding loop in EETI
2.5F. (B) Sequence and disulﬁde bond connectivity for EETI 2.5F. Engineered
integrin-binding loop sequence shown in red. (C) Ptch+/−;Math1-GFP mice
spontaneously develop MBs, which express GFP. (D) Med1-MB cells derived
from Ptch+/−;LacZ mice form MBs when surgically implanted into the cerebella of nude mice. White arrowhead indicates a tumor.

knottins as molecular probes for image-guided surgical resection
of brain tumors.
Results
Knottin Peptide EETI 2.5F Binds to Integrins Present on Ptch+/−
Medulloblastoma Cells. Ptch+/− mice with or without a Math1-GFP

transgene (27) were used as sources of genetically derived MBs for
our experiments. In these mouse models, MBs develop due to a
mutation in the tumor suppressor Ptch gene, which normally restrains expression of target genes regulated by the Hedgehog (Hh)
signaling pathway (28, 29). In humans, similar mutations in the Hh
pathway account for about a quarter of MBs (30, 31). When the
Math1-GFP transgene is present, aberrantly dividing tumor cells
will produce GFP, which is detectable with ﬂuorescent microscopy
(Fig. 1C). Because only 10–15% of mice with the Ptch+/− genotype
develop MB, we also used a cell transplant tumor model. Cultured
Ptch+/−;LacZ MB (Med1-MB) cells were implanted into the cerebella of nude mice to generate a more abundant and predictable
source of mice with MB tumors (Fig. 1D).
We used ﬂow cytometry to measure the ability of EETI 2.5F,
conjugated to an optical imaging probe, to bind to integrins
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evaluated as an optical imaging probe in Ptch+/− mice that had
become symptomatic from genetically acquired MB and in nude
mice with MB arising from orthotopic cerebellar implantation of
Med1-MB tumor cells (Fig. 2). Control mice for the genetic
model consisted of littermates of the same genetic background
that did not develop tumors. In the orthotopic model, control
mice underwent the same surgical procedure, with stereotactic
injection of saline into the cerebellum instead of tumor cells.
These sham surgery mice controlled for the effects of craniotomy, wound healing, and brain penetration. In addition, each
mouse contained an intrinsic control of normal cerebellum and
other brain parenchyma.
AF680–EETI 2.5F, administered by tail vein injection, traversed through the bloodstream and reached intracranial tumor
tissue with sufﬁcient afﬁnity and quantity for detection by nearinfrared ﬂuorescence imaging through the intact skull and skin
(Fig. 2 and Fig. S2). Transcranial imaging signals generated by
AF680–EETI 2.5F were conﬁrmed by ex vivo ﬂuorescence imaging of intact brains. The ﬂuorescent signal was emitted speciﬁcally by the tumor and not by normal brain tissue from the
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produced on Med1-MB tumor cells. The near-infrared dye Alexa
Fluor 680 (AF680) was coupled to the knottin N terminus using
succinimide ester chemistry (Fig. S1 A–C). Binding of AF680labeled EETI 2.5F knottin (AF680–EETI 2.5F) to integrins on
Med1-MB tumor cells was tested and compared with unlabeled
EETI 2.5F using a competition binding assay (Fig. S1D). Agoutirelated protein (AgRP) 7A, an alternative engineered knottin
peptide that binds speciﬁcally to αvβ3 integrin (32), was used as
the competitor. AgRP 7A has an N-terminal FLAG epitope tag,
which allowed detection of its binding by ﬂow cytometry using
a ﬂuorescent anti-FLAG antibody. Unlabeled EETI 2.5F and
labeled AF680–EETI 2.5F had similar half-maximal inhibitory
(IC50) values of 7 ± 2 and 4.4 ± 0.3 nM, respectively (Fig. S1D).
AF680–EETI RDG, a knottin peptide containing a scrambled
integrin-targeting sequence (23), did not bind to Med1-MB tumor cells. Thus, EETI 2.5F binds to Med1-MB tumor cells with
high afﬁnity, and AF680 dye conjugation had negligible effects
on integrin-binding interactions.
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Fig. 2. AF680–EETI 2.5F illuminates mouse medulloblastoma in vivo and ex vivo. (A) Ptch+/− mouse with a tumor (Left) and mouse with no tumor (Right)
imaged 2 h after tail vein injection of AF680–EETI 2.5F. (B) Knottin peptide bound speciﬁcally to tumor tissue in orthotopic Med1-MB or Ptch+/− genetic
models as conﬁrmed by ex vivo imaging of excised brain tissue. (C) Ptch+/−; Math1-GFP mouse, which produces GFP-labeled tumor cells, showed colocalization
of GFP signal and knottin AF680 signal. Quantiﬁcation of in vivo and ex vivo total ﬂuorescent signal 2 h postinjection discriminated between tumor-bearing
and non–tumor-bearing mice for implanted Med1-MB (D) and Ptch+/− (E) tumors. AF680–EETI RDG [(-) cont., negative control] generated low imaging signals
(D), conﬁrming the integrin-targeting speciﬁcity of AF680–EETI 2.5F. Values are reported as the mean ± SE (**P < 0.01; ***P < 0.001). (F and G) Plots of in vivo
transcranial AF680 signals for individual mice. Deﬁned signal thresholds (dashed lines) clearly delineate mice with tumors from mice without tumors for
orthotopic Med1-MB (F) and genetic Ptch+/− (G) models.
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α5β1 Integrin-Binding Speciﬁcity Is Critical for Imaging MB with
AF680–EETI 2.5F. Previous studies of integrin-targeting agents un-

der development as diagnostic agents have provided limited
evaluation of the effects of integrin-binding speciﬁcity on tumor
imaging contrast. To examine the mechanism by which AF680–
EETI 2.5F targets intracranial tumors, we performed MB imaging with three additional peptides, each with distinct speciﬁcity
for various integrins (Fig. 3). As previously described, EETI 2.5F
binds with high afﬁnity to αvβ3, αvβ5, and α5β1 integrins. EETI
2.5D is a related engineered knottin peptide that binds to αvβ3
and αvβ5 with high afﬁnity but does not bind α5β1 integrin (23).
AgRP 7C, an engineered knottin peptide derived from human
14600 | www.pnas.org/cgi/doi/10.1073/pnas.1311333110
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same mouse, and negligible imaging signals were observed in
control mice without tumors (Fig. 2 and Fig. S2). In orthotopically implanted Med1-MB tumors, AF680 ﬂuorescence colocalized with the grossly discernible MBs as visualized under
white light (Fig. 2B). For MBs in Ptch+/−;Math1-GFP mice,
AF680 ﬂuorescence colocalized with the tumor-speciﬁc GFP
signal (Fig. 2C). In all experiments, mice with MBs had signiﬁcantly greater in vivo and ex vivo tumor signals (measured as the
total radiant efﬁciency) compared with non–tumor-bearing
controls (Fig. 2 D and E). Stronger ex vivo imaging signals correlated with larger tumor volume (Fig. S3). In the genetic model,
we included mice with white, agouti, and black coat colors in the
experimental groups and were able to accurately detect the
presence of MB regardless of coat color. In mice with or without
tumors, rapid renal clearance was observed, resulting in low
background levels of ﬂuorescence in nontarget organs (Fig. S2 C
and D). Negligible imaging signals were observed with the
scrambled control knottin AF680–EETI RDG (Fig. 2D), demonstrating that tumor illumination by AF680–EETI 2.5F was
mediated by integrin-binding events rather than nonspeciﬁc
probe binding or accumulation.
Assessment of transcranial imaging data allowed us to deﬁne
in vivo tumor detection thresholds in each model that completely
distinguished tumor-bearing from non–tumor-bearing mice. The
assigned thresholds were as follows: total radiant efﬁciency > 1.2 ×
109 for the orthotopic Med1-MB model (Fig. 2F) and total
radiant efﬁciency > 3.0 × 108 for the Ptch+/− genetic model (Fig.
2G). To further validate the deﬁned tumor detection threshold
in the orthotopic Med1-MB model, we used optical imaging to
prospectively follow tumor development. Nude mice were imaged with AF680–EETI 2.5F starting 10 days after implantation
of Med1-MB cells and approximately weekly thereafter (Fig. S4).
A separate dose of AF680–EETI 2.5F was injected 2 h before
each imaging experiment. To demonstrate that imaging signals
resulted from tumor formation rather than prolonged knottin
accumulation over time, we showed that the AF680 signal was no
longer detectable in vivo 24 h after knottin injection (Fig. S2).
Upon exhibiting MB-related symptoms, mice were immediately
euthanized after in vivo imaging, and ex vivo imaging of the
resected brain conﬁrmed the presence of a tumor. In sham
surgery control mice, minimal imaging signals resulting from
localization of AF680–EETI 2.5F at the surgical site decreased
twofold over 4 weeks in serial imaging experiments (Fig. S4). For
all mice with MB, strong transcranial AF680–EETI 2.5F imaging
signals were detected upon the onset of tumor-related symptoms
(Fig. S4); in three out of ﬁve mice tested, brain tumor imaging
signals were present before the presentation of clinical symptoms. The AF680–EETI 2.5F imaging signals were consistently
above the deﬁned tumor detection threshold (Fig. 2F and Fig.
S4), whereas none of the sham surgery control mice reached this
threshold. Collectively, these results demonstrate that signal
thresholds can be deﬁned that distinguish between tumorbearing and non–tumor-bearing mice, providing a useful
metric for noninvasive tumor detection and monitoring in
animal models.
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Fig. 3. AF680–EETI 2.5F generates superior in vivo and ex vivo imaging
signals compared with other integrin-binding peptides. Mice with tumors
arising from cerebellar implantation of Med1-MB cells were imaged with
AF680-labeled peptides. Representative in vivo (A) and ex vivo (B) images
with similarly sized tumors shown for a panel of integrin-binding peptides
with varying speciﬁcities. “No tumor” indicates control mice with sham
surgeries. The color scale used to illustrate weaker tumor signals in B artiﬁcially increases the EETI 2.5F signal beyond the tumor margins. Quantiﬁcation of in vivo (C) and ex vivo (D) imaging data. Solid bars show mice with
tumors, diagonal stripes show control mice with sham surgeries but no tumor implantation. •P < 0.1; *P < 0.05; **P < 0.01. Number of mice used is as
follows: EETI 2.5F tumor (13), sham (5); EETI 2.5D tumor (6), sham (3); AgRP
7C tumor (7), sham (3); c(RGDfK) tumor (7), sham (3); and EETI RDG tumor (4).
All images and data were acquired 2 h postinjection.

AgRP, binds to αvβ3 integrin with high afﬁnity but does not bind
to αvβ5 or α5β1 integrins (32). c(RGDfK), a variant of the integrin
antagonist Cilengitide, binds speciﬁcally to αvβ3 and αvβ5 integrins
(33). c(RGDfK) was chosen for comparison because cyclic peptides containing an RGD motif have been evaluated as molecular
imaging agents in numerous preclinical and clinical studies, including studies of human brain tumors (34). As with EETI 2.5F,
these three peptides were labeled with AF680 such that one dye
molecule was attached per peptide. The relative binding afﬁnities
of AF680-labeled peptides to αvβ3 integrin on Med1-MB tumor
cells were measured, with AF680–c(RGDfK) showing the weakest afﬁnity (IC50 = 550 ± 60 nM) and EETI 2.5F showing the
highest afﬁnity (IC50 = 4.4 ± 0.3 nM) (Fig. S5 and Table 1).
We compared in vivo and ex vivo imaging signals generated by
these four integrin-targeting peptides and the nonbinding EETI
RDG control in the orthotopic Med1-MB model. AF680–EETI
2.5F was a superior brain tumor imaging probe compared with
all other integrin-targeting agents tested (Fig. 3 and Table 1). In
vivo tumor signals generated from AF680–EETI 2.5D were low,
similar to those seen with the AF680–EETI RDG control (Fig. 3
A and C). In comparison, in vivo imaging signals observed for
AF680–AgRP 7C and AF680–c(RGDfK) were equivalent to
those found in control mice with sham surgeries, indicating
nonspeciﬁc tissue distribution (Fig. 3 A and C). Only AF680–
EETI 2.5F was able to effectively differentiate between mice
with or without brain tumors using transcranial imaging, with
greater than sixfold higher tumor contrast (Fig. 3 A and C and
Table 1). EETI 2.5F was the only peptide tested that binds to
α5β1 integrin, suggesting the importance of this receptor for MB
localization and detection.
AF680–EETI 2.5F also gave the highest total signal and
greatest tumor contrast in ex vivo imaging experiments (Fig. 3 B
and D and Table 1). Ex vivo tumor contrast for AF680–EETI
2.5F was 6.5 ± 0.6 (mean ± SE), at least twice what was
Moore et al.

Table 1. Afﬁnity, speciﬁcity, and imaging contrast of ﬂuorescent integrin-binding peptides
AF680 peptide

IC50, nM

Integrin speciﬁcity

EETI 2.5F
EETI 2.5D
AgRP 7C
c(RGDfK)
EETI RDG

4.4
38
15
550

±
±
±
±
—

αvβ3, αvβ5, α5β1
αvβ3, αvβ5
αvβ3
αvβ3, αvβ5
No binding (- cont.)

0.3
1
9
60

Ex vivo contrast

In vivo contrast

±
±
±
±
±

6.5 ± 1.5
0.9 ± 0.2
1.2 ± 0.1
0.9 ± 0.2
n.d.

6.5
2.7
3.2
3.3
1.6

0.6
0.3
0.4
0.4
0.2

An EETI 2.5F–Fc Fusion Illuminates Intracranial MB and Distributes
Throughout Brain Tumor Tissue. Recent theoretical and experi-
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mental studies have examined the relationship between molecular size and afﬁnity needed for effective tumor targeting (35,
36). In particular, small proteins have been shown to accumulate
rapidly in tumors, provided that they bind their targets with high
afﬁnities (i.e., in the pM to nM range) (37, 38). To study the
effects of molecular size on brain tumor targeting and illumination in MB, we fused EETI 2.5F to the fragment crystallizable
(Fc) region of mouse IgG2a. The resulting construct, EETI 2.5F–
Fc, is a larger, bivalent version of EETI 2.5F (60 kDa versus 3.5
kDa). AF680–EETI 2.5F–Fc exhibited robust targeting of intracranial MB in the orthotopic Med1-MB model, as measured
by in vivo and ex vivo optical imaging 2 h postinjection (Fig. 4 A
and B). The control construct AF680–EETI RDG–Fc, which
contains a scrambled integrin-binding sequence, failed to illuminate intracranial MB, indicating that the tumor-targeting ability
of AF680–EETI 2.5F–Fc relies on speciﬁc integrin-binding interactions. Postmortem confocal imaging revealed extensive
dissemination of AF680–EETI 2.5F–Fc throughout the tumor
tissue (Fig. 4C, Left). Costaining for CD31 in the same tissue
section conﬁrmed that AF680–EETI 2.5F–Fc was located in
both blood vessels and the tumor parenchyma. In contrast, there
was minimal distribution of the control protein AF680–EETI
RDG–Fc within tumor tissue (Fig. 4C, Center), indicating that
tumor localization of AF680–EETI 2.5F–Fc depended upon its
integrin-binding properties. Additionally, AF680–EETI 2.5F–Fc
staining was not observed in healthy cerebellar tissue adjacent to
the tumor (Fig. 4C, Right). These results indicate that small and
large integrin-targeting proteins can illuminate MB in vivo and
that AF680–EETI 2.5F–Fc can access and bind speciﬁcally to
brain tumor cells through integrin-mediated interactions.
Discussion
Due to their critical role in mediating tumor survival and progression, integrins have been identiﬁed as potential targets for
therapeutic intervention and molecular imaging applications
(reviewed in refs. 18 and 39). Numerous integrin-binding agents
have been developed (11, 20), but their ability to speciﬁcally
Moore et al.

target intracranial brain tumors has been limited. Unlike previously developed molecules which bind only αvβ3, or in some
cases αvβ3 and αvβ5, EETI 2.5F is a ﬁrst-in-class peptide that
binds with high afﬁnity (single-digit nM) and speciﬁcity to
three tumor-associated integrins: αvβ3, αvβ5, and α5β1. Peripheral
injection of EETI 2.5F, conjugated to a near-infrared ﬂuorescent
dye, illuminated intracranial tumors with signiﬁcantly higher
imaging contrast compared with other integrin-targeting agents.
Given its high tumor speciﬁcity and unique ability to bind to α5β1
integrins, EETI 2.5F has great potential for brain tumor targeting in applications such as ﬂuorescence-guided surgical resection or tumor-speciﬁc pharmacotherapy.
Numerous peptides and peptidomimetics containing an RGD
integrin-binding motif have been developed and used as molecular imaging agents. Many of these probes have limitations such
as weak target-binding afﬁnity, suboptimal imaging contrast, and
undesirable pharmacokinetics or tissue distribution, particularly
for the difﬁcult challenge of targeting brain tumors. For example,
an RGD-containing cyclic peptide [c(RGDyK)], conjugated

A
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B
Radiant efficiency (x108)

measured for any other peptide (Table 1). Total ex vivo tumor
signal for AF680–EETI 2.5D was above the background level
of the AF680–EETI RDG control peptide but was fourfold
less than that measured for AF680–EETI 2.5F (Fig. 3 B and D
and Table 1). In comparison, AF680–AgRP 7C and AF680–c
(RGDfK) exhibited ex vivo imaging signals that were roughly
half those measured with AF680–EETI 2.5F. Although α5β1
integrin-binding speciﬁcity appeared to be responsible for in
vivo MB imaging signals observed with AF680–EETI 2.5F, the
ability of other integrin-binding peptides to generate low levels
of speciﬁc ex vivo MB imaging signals suggests that αvβ3 (and
perhaps αvβ5) integrin might also contribute to tumor targeting.
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Fig. 4. AF680–EETI 2.5F–Fc illuminates MB tumors in vivo and distributes
throughout the tumor tissue. Representative in vivo (A) and ex vivo (B) images of
signal from tumor-bearing mice injected with AF680–EETI 2.5F–Fc and AF680–
EETI RDG–Fc. Images were taken 2 h after probe injection. (C) Brain tissue was
processed for histology 2 h postinjection. AF680–EETI 2.5F–Fc was detected with
an anti-Fc antibody (red) in tumor tissue costained with the vasculature marker
CD31 (green), revealing widespread distribution within the tumor (Left) that
was absent in the adjacent normal cerebellum (Right). In contrast, the AF680–
EETI RDG–Fc control showed minimal distribution in tumor tissue (Center).
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Relative binding afﬁnities of AF680-labeled peptides to Med1-MB cells as measured by competition binding
assays. Integrin-binding speciﬁcities were determined in previous studies (20, 23, 32, 33). Ex vivo contrast is
measured as the ratio of tumor signal to normal cerebellum signal in the same mouse. In vivo contrast is
measured as the ratio of signal in mice with tumors to signal in mice without tumors (sham surgery controls).
IC50 values are reported as mean ± SD. Imaging contrast values are reported as mean ± SE. n.d., not determined;
(- cont.), negative control.

Downloaded by guest on May 7, 2021

to a near-infrared dye, could detect αvβ3 integrin in s.c. mouse
xenograft models (40–42), but attempts to image glioblastoma
cells injected into the mouse forebrain were unsuccessful (40).
Removal of the skull before imaging revealed only minimal
contrast between tumor cells and normal brain (43). Several
factors appear to have contributed to the enhanced tumor imaging contrast observed with EETI 2.5F compared with other
integrin-targeting agents. First, the high integrin-binding afﬁnity
of EETI 2.5F generated increased imaging signals compared
with molecules with relatively weak integrin-binding afﬁnities,
such as RGD-containing cyclic pentapeptides. Additionally,
EETI 2.5F binds to a broad range of tumor-associated integrin
receptors, including α5β1 integrin, which appears to be a critical
factor for MB targeting. Brain tumors other than MB also display
αvβ3, αvβ5, or α5β1 integrins; for example, recent evidence suggests
that α5β1 integrin plays an important role in drug-resistant and
aggressive glioblastoma (13, 16). High levels of at least one of
these three integrin subtypes have also been found in a variety of
tumors including melanoma; glioma; non–small-cell lung cancer;
ovarian cancer; and tumors of the prostate, pancreas, cervix, and
breast (18). Thus, EETI 2.5F has potentially wide-reaching
applications for tumor targeting beyond MB.
Another beneﬁt of EETI 2.5F is the ability to conjugate a variety of imaging probes directly to the knottin N terminus without disrupting integrin binding (26, 44). In comparison, modiﬁcations to some RGD-containing molecules to make them
suitable for imaging applications have had limited success. For
example, derivatives of Cilengitide containing lysine or cysteine
substitutions as chemical handles for prerequisite probe attachment have signiﬁcantly weaker integrin-binding afﬁnities [ref. 45
and c(RGDfK) in Table 1]. Many RGD-containing molecules
have required multimerization and the attachment of carbohydrates or synthetic polymers to improve tumor targeting, pharmacokinetic proﬁles, and tissue distribution (42, 45). Although such
modiﬁcations could potentially further enhance the tumor imaging
contrast observed with EETI 2.5F, they make manufacturing and
clinical development more expensive and challenging. Thus, a signiﬁcant advantage of EETI 2.5F compared with other integrintargeted imaging agents is its high tumor-targeting efﬁciency, rapid
blood clearance, and lack of accumulation in nontarget organs
and tissue (i.e., kidneys, liver, and normal brain), without the
need for additional modiﬁcations. In addition to EETI 2.5F,
an imaging agent based on chlorotoxin, a naturally occurring
knottin peptide derived from the venom of the deathstalker
scorpion, has also shown promise for MB detection (46, 47). In
future studies, a side-by-side comparison of these two knottin
peptides as brain tumor imaging agents would be instructive.
One potential translational application of EETI 2.5F is intraoperative guidance for improved surgical resection of brain
tumors. The extent of resection in many primary and metastatic
brain tumors has been correlated with survival (7–9, 48) because
incomplete removal of tumors can lead to treatment-resistant
recurrences. To help demarcate tumor from normal tissue,
ﬂuorescent EETI 2.5F could allow a surgeon to more clearly
visualize remaining tumor tissue after removal of obvious bulk
tumor. Various integrin subtypes have been associated with inﬂammatory responses (49, 50), raising potential concerns for
nonspeciﬁc probe binding; however, αvβ3, αvβ5, and α5β1 integrins
have not been reported to be present at high levels in inﬂamed
brain tissue. In Europe, 5-aminolevulinic acid (5-ALA) has been
used for ﬂuorescence-guided resection of glioblastoma, leading
to more complete tumor resection (51). Limitations of 5-ALA
imaging include rapid photobleaching, difﬁcult timing and methodology of dosing, and reliance upon nonspeciﬁc heme metabolism for probe uptake in tumors. Integrin-targeted imaging
of brain tumors with EETI 2.5F could potentially improve upon
5-ALA imaging in three ways: (i) EETI 2.5F binding is not
dependent on tumor metabolism; (ii) EETI 2.5F could be
14602 | www.pnas.org/cgi/doi/10.1073/pnas.1311333110

readministered as needed throughout a surgical procedure; and
(iii) EETI 2.5F could be conjugated to a variety of ﬂuorophores
to obtain desired spectroscopic properties and compatibility with
different surgical instruments and detection systems while 5-ALA
can only be visualized within a limited spectral range.
The blood–brain barrier is considered a major obstacle for
efﬁcient drug delivery to the central nervous system due to its
limited paracellular permeability as well as its abundance of
active efﬂux transporters (52). It is known that some molecules
can access brain tumor tissue through a compromised blood–
tumor barrier (53, 54), whereas other molecules exploit active
transport–import mechanisms to traverse intact vasculature in
the brain (55). The precise mechanism by which engineered
integrin-binding knottin peptides access the tumor parenchyma
from the bloodstream is currently being investigated. Regardless
of whether EETI 2.5F or EETI 2.5F–Fc can cross an intact BBB,
experiments with nontargeting control proteins demonstrate that
integrin-speciﬁc binding is essential for MB localization compared with healthy brain tissue.
In summary, distal i.v. injection of integrin-binding knottin
proteins EETI 2.5F and EETI 2.5F–Fc allowed detection of intracranial MB in mouse models. Brain tumor imaging was driven
by the ability of these proteins to bind α5β1 integrin. The difﬁculty in targeting tumor markers in the brain and the great
sensitivity and speciﬁcity of EETI 2.5F and EETI 2.5F–Fc in
delineating tumor versus normal surrounding brain tissue make
these engineered knottin proteins particularly promising for
clinical applications.
Materials and Methods
Please also see SI Materials and Methods.
Peptide Synthesis and Fluorescent Labeling. Knottin peptides were prepared
as previously described in detail (23, 25). Brieﬂy, the linear peptide sequences
were made by solid-phase peptide synthesis on a CS Bio (Menlo Park, CA)
instrument using standard 9-ﬂuorenylmethyloxycarbonyl chemistry. Knottin
peptides were folded by promoting disulﬁde bond formation in oxidizing
buffer at room temperature with gentle rocking overnight. Folded knottin
peptides were puriﬁed by reversed-phase HPLC, where they appeared as
a sharp peak with a shorter retention time than unfolded or misfolded
precursors. The molecular masses of folded knottins were determined by
matrix-assisted laser desorption/ionization time-of-ﬂight (MALDI-TOF) mass
spectrometry (Stanford Protein and Nucleic Acid Facility) (Fig. S1C). Folded
knottin peptides (2 mg/mL) were incubated with an amine-reactive succinimidyl ester derivative of Alexa Fluor 680 carboxylic acid in 0.1 M sodium
bicarbonate, pH 8.0, at a 5:1 dye/peptide molar ratio for 1 h at room temperature and then at 4 °C overnight. The resulting dye-conjugated knottins
were puriﬁed by RP-HPLC (Fig. S1B), and masses were conﬁrmed by MALDITOF mass spectrometry (Fig. S1C). Conjugation of AF680 to commercially
available c(RGDfK) (Peptides International) was performed in a similar
manner. AF680-labeled peptides were lyophilized and resuspended in PBS,
and concentration was determined using UV-visible spectroscopy, measuring
absorption of the dye at 679 nm (e = 184,000 cm−1·M−1). AF680-labeled
peptides, at a concentration of 15 μM in PBS, were passed through a 0.22-μm
ﬁlter for animal experiments. Because each peptide has exactly one ﬂuorophore per peptide molecule, ﬂuorescent imaging signals are comparable
when administering a standard dose of 1.5 nmol labeled peptide per animal.
Genetic and Transplant Models of Medulloblastoma. Animal procedures were
carried out according to a protocol approved by Stanford University Administrative Panels on Laboratory Animal Care. Ptch+/− mice, with and
without the Math1-GFP transgene, were housed and bred in the Stanford
University animal facility. For tumor cell implantation, 6-wk-old male nude
mice (Charles River Laboratories) were anesthetized, and 4 μL of a suspension of 6 × 106 Med1-MB cells in 50 μL of Dulbecco’s PBS was stereotactically
injected in the cerebellar hemisphere.
In Vivo and ex Vivo Tumor Imaging. Mice were deﬁned as symptomatic from
MB when they exhibited altered motor coordination, hunched posture, tilted
head, or weight loss. Mice were anesthetized with isoﬂuorane and injected
with 1.5 nmol of AF680–peptide in 100 μL of PBS via the tail vein. For Ptch+/−
mice, heads were shaved to allow better transmission of excitation light and
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signal emission. Mice were anesthetized with isoﬂuorane and imaged at 2 h
after peptide injection, unless otherwise speciﬁed, using an IVIS 200 system
(Caliper Life Sciences). The AF680 near-infrared ﬂuorophore was detected
using an excitation range of 615–665 nm and monitoring emission signals at
695–770 nm. Background autoﬂuorescence was measured using an excitation range of 580–610 nm and monitoring emission signals at 695–770 nm.
In each imaging set, a mouse not injected with ﬂuorescent probe was included to measure the background signal for data processing. For ex vivo
imaging, mice were euthanized at 2 h, and whole brains were excised and
imaged using the same excitation and emission settings as for in vivo
imaging experiments. Brain tissue was ﬁxed overnight in 4% (vol/vol)
PFA at 4 °C for histological processing.

