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The deregulation of the epidermal growth factor receptor (EGFR)
has a significant role in the progression of tumors. Despite the
development of a number of EGFR-targeting agents that can arrest
tumor growth, their success in the clinic is limited in several tumor
types, particularly in the highly malignant glioblastoma multi-
forme (GBM). In this study, we generated and characterized EGFR-
specific nanobodies (ENb) and imageable and proapoptotic ENb
immunoconjugates released from stem cells (SC) to ultimately
develop a unique EGFR-targeted therapy for GBM. We show that
ENbs released from SCs specifically localize to tumors, inhibit EGFR
signaling resulting in reduced GBM growth and invasiveness in
vitro and in vivo in both established and primary GBM cell lines.
We also show that ENb primes GBM cells for proapoptotic tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis. Furthermore, SC-delivered immunoconjugates of ENb
and TRAIL target a wide spectrum of GBM cell types with varying
degrees of TRAIL resistance and significantly reduce GBM growth
and invasion in both established and primary invasive GBM in
mice. This study demonstrates the efficacy of SC-based EGFR tar-
geted therapy in GBMs and provides a unique approach with clin-
ical implications.

The binding of ligands to the epidermal growth factor receptor
(EGFR), a transmembrane glycoprotein, leads to activation

of the EGFR tyrosine kinase and subsequent stimulation of
signal transduction pathways that are involved in regulating
cell proliferation, differentiation, migration, and survival (1).
Although present in normal cells, EGFR is overexpressed and
mutated in a variety of tumors and has been associated with poor
prognosis and decreased survival (2). Over the past two decades,
much effort has been directed at developing anticancer agents
that can interfere with EGFR activity and arrest tumor growth
and, in some cases, cause tumor regression. The most commonly
used pharmacologic approaches to inhibit EGFR signaling are
small-molecule receptor tyrosine kinase inhibitors (smRTKI), like
Gefinitib (Iressa, ZD1839) and Erlotinib (Tarceva, OSI-774), and
monoclonal antibodies (mAb), such as Cetuximab (Erbitux, Mab-
C225), Panitumumab (ABX-EGF), and Matuzumab (EMD72000).
Whereas smRTKI exert their effects at the intracellular domain
of EGFR to prevent tyrosine kinase activity, mAbs stearically
block ligand binding to the extracellular domain of the receptor
(3, 4). Although the use of Erlotinib and Gefitinib have had
moderate success in clinical trials in different tumor types, the
use of mAbs has had limited to no success in cancer patients (3).
One aggressive tumor type with highly overactive EGFR

pathway is glioblastoma multiforme (GBM), where the median
survival time remains only ∼1 y (5). Gene amplification of the
EGFR and activating mutations in EGFR play a significant role
in gliomagenesis and can be found in up to 70% of all GBMs (6).
The mute response of anti-EGFR therapies in GBMs compared
with other tumor types could be mainly attributed to the pres-
ence of the blood–brain barrier (BBB), transporter proteins, and
catabolism, which are known to severely limit accumulation of
the drugs at the tumor site and reduce their therapeutic efficacy
(7). Therefore, there is an urgent need to develop EGFR

targeting agents and to use innovative modes of delivery to en-
hance the efficacy of EGFR-targeting therapies for aggressive
tumors like GBMs.
Recently, antibody-based anticancer therapies that involve

smaller antibody fragments such as Fabs, ScFvs and nanobodies
have been emerging (8). Nanobodies are derived from heavy
chain-only antibodies found in camelids (e.g., Llama glama) and
consist solely of the antigen-specific domain (VHH) (9). These
single-domain antibodies are significantly smaller in size (15
kDa) than scFv (28 kDa) or Fab (55 kDa), thereby potentially
providing higher tissue dispersion than their counterparts (8). In
addition, nanobodies are significantly more stable than VH
domains and have improved penetration against immune-evasive
(cryptic) antigens compared with mAbs (10, 11). Nanobodies
specific for EGFR have recently been developed and shown to
be able to sterically hinder the binding of EGF to the receptor,
thereby inhibiting EGFR signaling (12).
We and others have shown that both neural stem cells (NSC)

and mesenchymal stem cells (MSC) specifically home to tumors
(13, 14) and have used this tropism for on-site delivery of ther-
apeutic proteins in mouse tumor models (15, 16). Recently, we
have shown the potential of engineered stem cell based thera-
peutics in a clinically relevant model of tumor resection and
invasiveness (17). In this study, we have engineered different
bivalent EGFR targeting nanobodies (ENbs) and their image-
able and proapoptotic immunoconjugates for extracellular re-
lease from stem cells (SC) and extensively characterized them in
vitro. Using tumor models of malignant and primary invasive
GBM, we have assessed ENb pharmacokinetics in real time and
the therapeutic efficacy of ENbs and its proapoptotic immuno-
conjugate in vivo.

Results
Neural Stem Cells Secreting Anti-EGFR Nanobodies Inhibit EGFR
Signaling in Tumor Cells. To study the effect of ENbs secreted by
mammalian cells on EGFR-mediated signaling in vitro and its
effect on tumor progression, we generated different versions of
secretable ENbs. The lentiviral plasmid constructs consisting of
an N-terminal human Flt3 signal sequence (SS) fused to bivalent
and bispecific ENbs (7D12/38G7 and 7D12/9G8; from here on
called ENb1 and ENb2, respectively) are diagrammed in Fig. 1A.
These constructs were either transfected directly into different
cell types or packaged into lentivirus (LV) virions and used to
create human and mouse NSC secreting ENbs. For assessing
their EGFR specificity, ENbs were purified from the conditioned
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medium of LV-ENb1 or LV-ENb2 transfected HEK293T/17
cells (Fig. S1) and tested on EGFR-positive (Her14) and EGFR-
negative (NIH 3T3 2.2) cell lines. Detection of EGFR immu-
noprecipitated by ENbs using Western blotting showed that both
ENbs bound to EGFR (Fig. 1B). This binding of ENbs to the
EGFR ectodomain prevented the binding of the ligand EGF to
EGFR (Fig. 1C), which resulted in reduced activation of EGFR
and, thereby, inhibition of signaling via the Ras/MAPK and
PI3K/AKT pathways in Her14 cells (Fig. 1D). These results show
that ENbs secreted by mammalian cells are fully functional and
have the potential to be used for EGFR-targeted therapy in cancer.
Next, we explored the possibility of using neural stem cells

(NSC) as delivery vehicles of ENbs. We first confirmed that both
human (h) and mouse (m) NSCs expressed significantly lower
levels of EGFR than the commonly used established GBM line,
U87 (Fig. 1E). Both mNSC and hNSC were efficiently trans-
duced with LV-ENbs as revealed by GFP fluorescence (Fig. 1 F
and G), and they constantly secreted significant amounts of
ENbs in the culture medium over a period of at least 3 wk as
revealed by Western blotting (Fig. S2A). NSC-ENb were shown
to retain the stem cell properties as shown by the expression of
NSC marker nestin and their ability to differentiate into terminal
cell types as shown by the expression of neuron specific marker,
MAP-2 (Fig. S2 B–E). To explore the effect of ENbs on EGFR
signaling in GBM cells, we incubated serum-starved GBM cell
line LN229 (wt or engineered to overexpress EGFR or mutant
EGFR variant, EGFRvIII) with various concentrations of puri-
fied ENbs and analyzed them for EGFR phosphorylation and
changes in downstream signaling molecules (Fig. 1H). EGFR
activation and signaling via the PI3K/AKT and MAPK pathways
was inhibited in LN229 cells irrespective of their EGFR ex-
pression status. To determine the efficacy of NSC-delivered ENb
treatment for GBMs, LN229 GBM cells, engineered to express
mCherry-FLuc, were cocultured with either human (Fig. 1I) or
mouse (Fig. 1J) NSC expressing GFP or ENb2. A slight re-
duction in LN229 proliferation was seen when cocultured with
hNSC-ENb2 and mNSC-ENb2 compared with controls (Fig.
1K). Western blot analysis revealed that EGFR activation was
significantly reduced when LN229 GBM cells were cocultured
with hNSC-ENb2 compared with hNSC-GFP (Fig. 1L). When
a mixture of LN229-mCherry-Fluc cells and hNSC-GFP or
hNSC-ENb2 cells was implanted in mice, a significant reduction

in the Fluc signal intensity, depicting the number of viable
LN229 GBM cells, was seen in NSC-ENb2/LN229-mCherry-
Fluc implanted mice compared with the controls (Fig. 1M).
Comparable results were obtained when LN229-mCherry-Fluc
cells further engineered to overexpress either EGFR or EGFRvIII
(Fig. S3) were tested (Fig. 1M). These results show that NSC-
expressed ENbs significantly inhibit EGFR and its downstream
signaling pathways in GBMs and that NSC-delivered ENbs re-
duce GBM growth in vivo in GBM cells expressing wt-EGFR,
overexpressing wt-EGFR or mutant EGFRvIII.

Pharmacokinetics of NSC-ENbs in Vitro.The concentration of EGFR
targeting antibody to which tumor cells are exposed is critical for
the success of anti-EGFR therapy. To study the secretion and
intracellular localization of NSC-produced ENbs, we genetically
fused the ENbs to Gaussia luciferase (GLuc) (ENb-G) or to a fu-
sion between GLuc and the fluorescent protein mCherry (GmC)
(Fig. 2A) and created NSC lines expressing either ENb-G or
ENb-GmC. The fusion proteins ENb1-G and ENb2-G were found
to be EGFR-specific and competed with EGF binding to EGFR,
thus resulting in the inhibition of receptor activation (Fig. 2 B–D).
NSC expressing FLuc were transduced with LV-ENb1-G and LV-
ENb2-G to simultaneously analyze the efficiency of ENb secretion
(GLuc signal) and NSC numbers (FLuc signal). Analysis of GLuc
expression in NSC and the culture medium showed that ∼65% of
the ENbs were secreted in the medium (Fig. 2E). However, when
ENb production and NSC number were correlated, ENb2-G was
shown to be released from NSC twice as efficiently as ENb1-G
(Fig. 2F and Fig. S4). To study localization of ENbs within the NSC
compartments, we used ENb2-GmC–expressing NSC. ENb2 pro-
tein (mCherry expression) localized intracellularly to distinct cel-
lular compartments (most likely before secretion) in contrast to
the nucleocytoplasmic GFP expression (Fig. 2 G–J). These results
show that ENbs retain functionality after fusion of imaging
markers and the combined fluorescence and bioluminescence
imaging provides an insight into ENb pharmacokinetics in vitro.
Because of its superior secretion, we chose ENb2 to further use
and characterize in the following studies.

Pharmacokinetics of ENb2-G and NSC in Vivo. To study the phar-
macokinetics of NSC-delivered ENb2 in vivo, mice bearing s.c.
mCherry-Fluc GBM tumors in a dorsal skinfold window chamber

Fig. 1. Functionality of anti-EGFR nanobodies re-
leased from neural stem cells. (A) Schematic repre-
sentation of lentiviral transfer vectors bearing anti-
EGFR nanobody cDNAs. (B) Western blot analysis
showing the EGFR specificity of nanobodies on
EGFR-negative [NIH 3T3 (-)] and EGFR-positive
[Her14 (+)] cell lines incubated with or without
ENbs. (C) ELISA showing the EGF competition by
anti-EGFR nanobodies. (D) Western blot analysis
showing inhibition of EGFR activation and down-
stream signaling in serum-starved Her14 cells in-
cubated anti-EGFR nanobodies. (E ) Western blot
analysis showing EGFR expression levels in NSC
and U87 GBM cells. (F and G) Photomicrographs
showing efficient transduction of hNSC (F ) and
mNSC (G) with LV-ENb2 by GFP expression on day
21 after transduction. (H) Western blot analysis
showing inhibition of EGFR activation and down-
stream signaling in serum-starved LN229 GBM cells
overexpressing either EGFR wt., EGFRvIII, or GFP in-
cubated with anti-EGFR nanobodies. (I and J) Photo-
micrographs showing cocultured hNSC (I) and mNSC
(J) expressing ENb2 (green) and LN229 GBM cells
(red). (K ) Plot showing changes in GBM cell numbers measured by changes in Fluc bioluminescence intensity when cocultured for 3 d with hNSC or mNSC
expressing ENb2 or mNSC-ENb2 or GFP control. (L) Western blot analysis and quantification of the band intensity showing the inhibition of EGFR activation
in LN229 cocultures with hNSC-ENb2 or hNSC-GFP after 72 h. (M) Plot showing changes in GBM growth in mice implanted with a mix of LN229-mCherry-
Fluc, LN229-mCherry-Fluc overexpressing either EGFR wt., or EGFRvIII, and hNSC-ENb2 and controls NSC-GFP 72 h after implantation. Data were represented
as mean ± SEM, and * denotes P < 0.05, Student’s t test.
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were implanted with NSC-ENb2-G at a ∼1 mm distance from the
tumor. Bioluminescence imaging showed the sustained on-site
delivery of ENb2-G from NSC for a period of at least 5 d (Fig.
2K), whereas intravital microscopy on that same set of mice
showed the close proximity of NSC-ENb2-G to the tumor cells
(Fig. 2L). Serial bioluminescence imaging of systemically de-
livered ENb2-G in tumor-bearing mice revealed that after sys-
temic delivery, the availability of ENb2-G to tumor cells
decreased considerably with time and was barely present at 24 h
after injection (Fig. 2M). To compare the in vivo distribution of
systemically delivered ENbs and NSC-delivered ENbs, mice bear-
ing established s.c. mCherry-FLuc tumors were either implanted
with NSC expressing ENb2-G or GFP (control) or injected sys-
temically with ENb2-G. In vivo GLuc bioluminescence imaging
and correlative ex vivo analysis of various internal organs revealed
that ENb2-G was mostly present in the tumor when treated with
NSC-ENb2-G or systemically injected ENb2-G. However, a sub-
stantial amount of ENb2-G was also found in liver, lung, and kid-
ney when tumor-bearing mice were systemically injected with
ENb-2-G compared with NSC-ENb2-G treatment (Fig. 2 N and
O). Next, to assess whether tumor localization of ENb2-G depends
on EGFR expression levels, mice bearing tumors generated from
wild-type Gli36 or Gli36 GBM cells modified to overexpress
EGFR (17) were administered with purified ENb2-G. GLuc bio-
luminescence imaging showed that ENb2-G accumulated in
tumors, and that the levels of EGFR expression did not affect
the extent of ENb2-G localization to tumors (Fig. 2P). These
results indicate that NSC-delivered ENb2 specifically targets tu-
mor cells and is sustainably delivered to tumors in contrast to
systemically administered ENbs.

Cytotoxic Variant of Anti-EGFR Nanobodies, ENb2-TRAIL, Efficiently
Eliminates GBM Cells in Vitro. To target tumor cell proliferation
and death pathways simultaneously, we engineered LVs con-
sisting of cDNA fusions encoding ENb2 and cytotoxic secretable
TRAIL recombinant protein (ENb2-TRAIL) (Fig. 3A). HEK-
293T transduced with LV-ENb2-TRAIL efficiently secreted
ENb2-TRAIL (200 ng/mL per 106 cells) and, when tested on
Her14 (EGFR+) and NIH 3T3 (EGFR-) cell lines, ENb2-TRAIL

was shown to specifically bind to EGFR (Fig. 3B) and compete
with EGF ligand binding to EGFR (Fig. 3C). This EGFR-ligand
binding competition resulted in the subsequent inhibition of
EGFR signaling in Her14 and different GBM lines that have
varying levels of resistance/sensitivity to TRAIL-induced apo-
ptosis including LN229 cells that are most resistant to TRAIL
(Fig. 3D and Fig. S5A). To explore the effect of NSC-released
ENb2-TRAIL on tumor cell proliferation and death, we engi-
neered mouse NSC (from here on called NSC) to express ENb2-
TRAIL and cocultured GBM cells expressing mCherry-Fluc with
NSC-ENb2-TRAIL, NSC-ENb2, and control NSC-GFP. NSC-
ENb2 treatment resulted in reduced viability of all GBM cells
Gli36, U87, and LN229 (Fig. 3 E and F). Furthermore, NSC-
ENb2-TRAIL treatment had a profound effect on GBM cell vi-
ability and resulted in TRAIL-mediated apoptosis as indicated by
caspase-3/7 up-regulation and PARP cleavage in TRAIL-sensi-
tive (Gli36) andmedial TRAIL-sensitive GBM (U87) lines (Fig. 3
E–G and Fig. S5B). Enb2-TRAIL treatment of U87 cells in which
death receptor (DR) 5 was knocked down resulted in significantly
reduced PARP cleavage and increased cell viability compared
with controls, which indicate the interaction of ENb-TRAIL with
DRs and its downstream apoptosis pathway (Fig. S6).
Next, we compared the effect of NSC-TRAIL and NSC-ENb2-

TRAIL on the TRAIL-resistant GBM line, LN229. Engineered
NSC cocultured in different ratios with LN229 cells showed that
NSC-ENb2-TRAIL resulted in considerable reduction in GBM
cell viability (Fig. 3H), increased caspase activation, and PARP
cleavage (Fig. 3I) compared with NSC-TRAIL or NSC-ENb2.
Together, these results indicate that the on-site delivery of ENb2
or ENb2-TRAIL via NSC (cocultures) is more effective than the
NSC-conditioned medium treatment. Furthermore, NSC-released
ENb2-TRAIL targets both cell proliferation and cell death path-
ways and has the ability to sensitize TRAIL-resistant GBM cells.

NSC-Delivered ENb2 and ENb2-TRAIL Significantly Influence GBMs in
Vivo. We first tested Cetuximab, a known monoclonal antibody
targeting EGFR, in our GBM models. Mice bearing U87-mCherry-
Fluc GBMs were administered Cetuximab or saline for a period
of 11 d and imaged for tumor volumes. There was no significant

Fig. 2. Pharmacokinetics of anti-EGFR nanobodies
in vitro and in vivo. (A) Schematic representation of
lentiviral transfer vectors bearing imageable anti-
EGFR nanobodies (ENb1 and ENb2) genetically fused
to Gaussia luciferase (GLuc) or to a fusion of GLuc
and mCherry. (B) Western blot analysis showing the
EGFR specificity of GLuc nanobody variants on EGFR-
negative [NIH 3T3 (-)] and EGFR-positive [Her14 (+)]
cell lines incubated with or without Enb-GLuc. (C)
ELISA showing the EGF competition by anti-EGFR
Enb-GLuc variants. (D) Western blot analysis show-
ing inhibition of EGFR activation by nanobody-GLuc
variants on serum-starved Her14 cells incubated with
serial dilutions of ENb2-G. (E) Gluc bioluminescence
assay showing the presence of nanobody-GLuc fu-
sion proteins intracellularly and in the culture me-
dium in human NSC expressing ENb1-G and ENb2-G.
(F) Dual bioluminescence assay on human NSC coex-
pressing GFP-FLuc and ENb1-G or ENb2-G showing
the ratio of nanobody-GLuc fusion in the culture me-
dium and the relative cell number by measurement of
GLuc and FLuc activity, respectively. (G–J) Fluores-
cence confocal microscopy on hNSC expressing ENb2-
GmC showing the intracellular localization of nano-
bodies (red) and GFP (green). (K and L) Combined intravital microscopy and bioluminescence imaging of U87-FLuc-TdTomato GBM (red)-bearing SCID mice
implanted s.c. with human NSC expressing ENb2-G (green) in a dorsal skinfold window chamber. Mice were imaged on day 1 and 5 after NSC implantation by
bioluminescence imaging for the secretion of ENb2-G (K) and by intravital microscopy for the fate of NSC (L). (M) In vivo bioluminescence imaging of purified
ENb2-G injected into mice bearing established Gli36-Fluc-mCherry tumors by i.v. injection and analyzed at different time points after coelenterazine injection.
(N) Ex vivo analysis of biodistribution of NSC-delivered ENb2-G assessed by GLuc imaging of organs. (O) Ex vivo analysis of biodistribution of systemically
administered purified ENb2-G assessed by GLuc imaging of organs. (P) Mice bearing Gli36-Fluc-mCherry (left flank) and the EGFR overexpressing Gli36-FLuc-
mCherry-EGFR+ (right flank) s.c. tumors were given purified ENb2-G protein i.v. and were imaged for GLuc. Representative image and summary graph showing
localization of ENb2-G in mice. In all graphs, error bars represent SEM. Data were represented as mean ± SEM, and * denotes P < 0.05, Student’s t test.
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change in GBM growth in Cetuximab-treated mice compared
with vehicle treatment (Fig. 4A). These results are in line with
the findings from a number of preclinical and clinical studies
where mice bearing GBMs and patients with GBMs were treated
with Cetuximab as a single therapy (18–20). To investigate the
efficacy of NSC-delivered ENbs and its cytotoxic variant ENb2-
TRAIL in vivo, we first implanted a mix of U87-mCherry-FLuc
GBM cells and NSC expressing only GFP and ENb2 or ENb2-
TRAIL intracranially and imaged tumor burden over time.
Bioluminescence imaging revealed a significant inhibition of
tumor growth when treated with NSC-ENb2 compared with the
controls, whereas NSC-ENb2-TRAIL–treated tumors regressed
completely (Fig. S7). Because using a mixture of tumor and
therapeutic stem cells is not clinically representative, we tested
the therapeutic efficacy of NSC-ENb2 and NSC-ENb2-TRAIL in
an established intracranial U87-mCherry-FLuc GBM model.
NSC-ENb2 significantly inhibited tumor growth, and NSC-ENb2-
TRAIL efficiently prevented any outgrowth of the tumor for the

duration of the treatment period (Fig. 4B). When the therapeutic
efficacy of NSC-ENb2-TRAIL was compared with NSC-S-TRAIL
in established U87-mCherry-Fluc tumors, NSC-ENb2-TRAIL
treatment resulted in a significant reduction in tumor volumes
compared with NSC-S-TRAIL treatment (Fig. S8). The presence
of therapeutic NSC was confirmed by GFP fluorescence imaging
on day 4 brain sections frommCherry-expressing GBMs subjected
to the different treatments (Fig. 4 C–E). H&E staining on brain
sections also revealed a significant decrease in tumor volumes in
NSC-ENb2-TRAIL and NSC-ENb2–treated mice compared with
controls (Fig. 4F–H). Furthermore, a significantly increased cleaved
caspase-3 staining was observed in day 4 brain sections obtained
from NSC-ENb2-TRAIL–treated tumors compared with NSC-
ENb2 or control NSC-GFP–treated tumors, showing the involve-
ment of caspase-mediated apoptosis (Fig. 4 I–O).Mice treated with
control NSC-GFP showed a median survival of 44.5 d. In contrast,
mice treated with control NSC-ENb2 showed a median survival of
51 d and 80% of mice treated with NSC-ENb2-TRAIL were alive

Fig. 3. Efficacy of the dual effector molecule
ENb2/TRAIL. (A) Schematic representation of
lentiviral transfer vectors bearing cytotoxic vari-
ant of EGFR nanobody, ENb2-TRAIL. (B) Western
blot analysis showing the EGFR specificity of
ENb2-TRAIL on NIH 3T3 and Her14 cell lines in-
cubated with or without ENb2-TRAIL. (C ) ELISA
showing the EGF competition by ENb2-TRAIL. (D)
Western blot analysis showing inhibition of
EGFR and downstream signaling via the AKT and
MAPK pathways on serum-starved Her14 and
GBM (LN229, U87, Gli36) cells incubated with
ENb2-TRAIL. (E ) Fluorescence microscopy on FLuc-
mCherry expressing GBM cells (LN229, U87, and
Gli36) cocultured with mouse NSC expressing
GFP (control), ENb2, or ENb2-TRAIL. (F ) Relative
GBM cell viability in coculture or after incubation
with conditioned medium from mNSC expressing
GFP, ENb2, or ENb2-TRAIL for 72 h as determined
by measuring FLuc activity. (G) Caspase 3/7 ac-
tivity in coculture of GBM cells and mNSC. (H)
Relative LN229-mCherry-Fluc cell viability in co-
culture with mNSC expressing GFP, ENb2, S-TRAIL,
or ENb2-TRAIL for 72 h as determined by mea-
suring FLuc activity. (I) Western blot analysis of
LN229 cells treated with mNSC expressing ENb2, S-TRAIL, or Enb-TRAIL. Data were represented as mean ± SEM and * denotes P < 0.05, Student’s t test.

Fig. 4. In vivo efficacy of ENb2 and ENb2-TRAIL
secreting NSC on GBM volumes. (A) Tumor volumes
measured by FLuc bioluminescence imaging signal
intensity of nude mice bearing U87-mCherry-FLuc
intracranial tumors and injected with Cetuximab
(1 mg per mouse·d−1) or vehicle daily for 1 wk. (B)
Tumor volumes of nude mice bearing established
intracranial U87-mCherry-FLuc tumors treated with
NSC expressing GFP, ENb2, or ENb2-TRAIL. (C–E)
Photomicrographs show presence of NSC (green)
within U87-mCherry-Fluc tumors (Red). (F–K) Pho-
tomicrographs of H&E stained and fluorescence
microscopy analyzed sections of the brain of
GBM-bearing mice treated with NSC-GFP (F and I),
NSC-ENb2 (G and J), and NSC-ENb2-TRAIL (H and
K) showing the changes in tumor volumes and
mCherry+ tumor cells. (L–O) Photomicrographs (L–
N) and plot (O) showing the extent of cleaved cas-
pase-3 staining (blue) in brain sections of NSC-GFP
(L), NSC-ENb2 (M), and NSC-ENb2-TRAIL (N) treated
mice. Plot shows the number of cleaved caspase-3
cells in different treatment groups (O). (Original
magnification: 20x.) (P) Kaplan–Meier survival curves
of mice bearing established tumors and implanted
with NSC expressing GFP, ENb2, or ENb2-TRAIL intratumorally (n = 5 per group). For A and B, data were represented as mean ± SEM, and * denotes P < 0.05,
Student’s t test. For P, * denotes P < 0.05 as compared Enb2 and control groups, log-rank test.
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80 d after treatment (Fig. 4P). These results reveal that tumor-
itropic NSC-releasing ENb2 inhibits GBM growth and that
the efficacy of ENb2-based therapy is enhanced by NSC releas-
ing ENb2-TRAIL.

ENb2 and ENb2-TRAIL Inhibit Invasiveness of Primary GBM Tumor
Cells. Because increased invasion is one of the major impedi-
ments to successful therapies in malignant GBM, we sought to
evaluate whether our therapeutic NSC can suppress GBM cell
invasiveness in vivo. To this end, we used a xenograft mouse
model, generated with CD133-positive primary GBM cells, that
recapitulates the clinical settings of tumor cell invasiveness (21).
Mice bearing intracranial GBM8-mCherry-FLuc tumors were
implanted with NSC expressing either only GFP or ENb2 or
ENb2-TRAIL intratumorally. Mice were killed at different days
after NSC implantation, and brain sections were visualized for
NSC (GFP+) and tumor cells (mCherry+). A mixed presence of
tumor cells and NSC was seen at the implantation site on day 1
after NSC implantation (Fig. 5 A and B). Brain sections from
mice killed on day 7 after NSC implantation revealed that NSC-
GFP tracked invading GBM8 cells (Fig. 5 C–E). Furthermore,
NSC-ENb2 significantly inhibited tumor invasiveness by 60%,
and NSC-ENb2-TRAIL further suppressed the tumor cell in-
vasion because almost no mCherry+ cells migrated out to the
paraventricular area (Fig. 5F). In contrast, from the tumors
treated with control NSC, a significant number of GBM cells
migrated/invaded along the white matter tract and reached an
area adjacent to the lateral ventricle, indicating that the highly
invasive property of the primary GBM cells was not affected by
control NSC (Fig. 5 B–F). We also tested the broader thera-
peutic efficacy of ENb2-TRAIL on our patient-derived GBM
lines. A significant decrease in GBM cell viability was seen in

most of the GBM lines treated with ENb2-TRAIL compared
with ENb2 and control treatment (Fig. S9). These results reveal
that NSC track invasive GBM cells in the brain and that ENb2
released by NSC inhibits invasiveness of primary GBM cells,
which is further enhanced by the ENb2-TRAIL variant.

Discussion
In this study, we assessed the therapeutic efficacy of EGFR-
targeting nanobodies and their imageable and proapoptotic
variants in vitro and in mouse models of malignant and invasive
GBMs. We show that SC-delivered ENbs localize to tumors and
that sustained release of ENbs from SCs inhibits EGFR signal-
ing, reduces GBM growth, and primes TRAIL-resistant GBM
cells to TRAIL-mediated apoptosis. Furthermore, SC delivered
immunoconjugate of ENb and TRAIL targets a wide spectrum
of GBM cells with varying degrees of TRAIL resistance by tar-
geting both cell death and survival pathways in established ma-
lignant and primary invasive mouse GBM models.
Despite efforts to improve the drug delivery across the BBB,

the efficacy of anti-EGFR therapies for GBMs has been limited
(19). These highly specific antibody fragments are relatively small
with a size of only 15 kDa and, therefore, have higher tissue dis-
persion than mAbs (20) and do not elicit an immune response in
the host. Also, some nanobodies are known to cross the BBB fairly
easily (21, 22) and are therefore potentially better therapeutic
agents than mAb or smRTKI for the treatment of brain malig-
nancies. We and others (13, 14) have shown that NSC and MSC
migrate extensively toward brain tumors and, therefore, have an
enormous therapeutic potential as gene delivery vehicles (15, 23).
In this study, we armed NSC with ENb and ENb-derived immu-
noconjugates and showed that transgene expression is maintained
in vitro and in vivo over a period without affecting stem cell
properties. NSC released ENbs-inhibited EGFR signaling in vitro
and also resulted in a strong reduction of tumor growth in GBM-
bearing mice. Interestingly, a more significant effect of ENb2 on
GBM cell growth was observed in vivo than in culture conditions,
which could possibly be due to the amplification of EGFR and gain
of EGFR-dependence of tumor cells in mouse tumor models (24).
Although the in vitro response of GBM cell lines to anti-EGFR

nanobodies is not directly predictive of the in vivo response, our
data gives us insights about the downstream components of EGFR
signaling. For example,U87 cells have a frame-shift mutation in the
gene encoding PTEN, a tumor suppressor and a negative modu-
lator of cell growth through inhibition of AKT signaling, rendering
it inactive and reducing ligand-induced EGFR degradation (25). In
accordance, although ENbs did not strongly affect the AKT acti-
vation in these cells, their inhibitory effects on the EGFR activation
and MAPK p44/42 pathway were significant. In contrast, LN229
cells, which have wild-type PTEN, showed inhibition of both AKT
andMAPK p44/42 pathways with ENb treatment. PTEN status of
tumors has been reported to affect the tumor response to EGF
receptor tyrosine kinase inhibitor-based therapies in patients
(26, 27). Our results indicate that the PTEN status of tumor cell
lines alone does not predict the sensitivity of a tumor to ENb-based
therapies. Therefore, it is tempting to speculate that NSC de-
livering anti-EGFR nanobodies provide maximal EGFR inhibition
that may overcome resistance to EGFR-targeting therapies con-
ferred by mutations in PTEN or PI3-kinase (25).
Our in vivo studies with NSC-ENbs reveal that on-site delivery

of ENbs within the tumors inhibit tumor growth but does not
result in a significant regression of the tumor. These data is
consistent with previous studies on EGFR-inhibiting drugs,
which have been shown to work mostly in combination with
therapies like radiation and chemotherapy (28). To increase the
efficacy of anti-EGFR nanobody-mediated therapy by simulta-
neously targeting the cell proliferation and death pathways, we
designed the immunoconjugate ENb2-TRAIL. Our results re-
veal that ENb2-TRAIL induces caspase-3/7-mediated apoptosis
in GBM cell lines with various degrees of TRAIL resistance.
Interestingly, survival of the TRAIL-resistant cell line LN229
was significantly affected by ENb2-TRAIL, indicating that

Fig. 5. In vivo efficacy of ENb2 and ENb2-TRAIL on inhibiting invasiveness
of primary GBM cells. (A) Photomicrograph showing the presence of both
NSC (green) and GBM cells (red) in brain sections from GBM8-mCherry-Fluc
bearing nude mice intracranially implanted with mNSC-GFP at the cell im-
plantation site day 1 after mNSC implantation. (B) A schematic of the mouse
brain showing the implantation site (shown in A) and the site adjacent to the
lateral ventricle where GBM cell migration was evaluated (pictured in C–E).
(C–E) Photomicrographs showing the invasiveness of GBM8-mCherry cells (C)
and the tracking of GBM8-mCherry-cells by NSC-GFP (D and E) on day 7 after
NSC-GFP implantation. (F) Representative photomicrographs and plot
showing the number of GBM8-mCherry invading cells to the site (shown in B)
7 d after NSC-GFP, NSC-ENb2, and NSC-ENb2-TRAIL treatment. Arrows in-
dicate the site of GBM8 and NSC implantation (C–E), and white lines indicate
the wall of the lateral ventricle (F). For F, data were represented as mean ±
SEM, * denotes P < 0.05, Student’s t test.
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simultaneous EGFR inhibition might sensitize this cell line to
TRAIL-induced apoptosis. Another interesting observation
made in this study is that the efficacy of the treatment largely
depends on how the drugs are delivered to tumor cells. Our
results indicate that continuous exposure of tumor cells to ENbs is
more effective than a single high-dose treatment. These obser-
vations further strengthen the rationale of using NSCs as delivery
vehicles for sustained expression and release of therapeutics.
Besides, ENb2-TRAIL was shown to be a highly effective thera-
peutic molecule in our mouse models, leading to tumor regression
or stable disease.
For accurate diagnosis of tumors and tumor locations, strong

imaging tools with high specificity are essential. Antibodies di-
rected against tumor-specific epitopes have been shown to have
great potential for tumor imaging (29). Recently, the potential of
monovalent anti-EGFR nanobodies for tumor imaging using
SPECT was examined and it was shown that the nanobodies
home to EGFR-overexpressing tumors (6, 30). In the current
study, we explored the potential of using bivalent and bispecific
anti-EGFR nanobodies for tumor localization by using bio-
luminescence imaging modalities and show that the nanobodies
localize to EGFR-expressing tumors. Systemic administration of
drugs does not ensure tumor-specific targeting, and often these
compounds accumulate at high levels in kidneys and liver,
causing renal and liver failure (31, 32). Using the imageable
variant of ENbs and noninvasive bioluminescence imaging, we
show that, in contrast to i.v. administered ENbs, NSC-delivered
ENbs specifically localize to the tumor environment and do not
distribute systemically and are released in situ sustainably.
In conclusion, our studies reveal the potential of on-site de-

livered anti-EGFR therapies for brain tumors. NSC-delivered
anti-EGFR nanobodies inhibit tumor cell proliferation and mi-
gration and, combined with cytotoxic molecules, significantly en-
hance therapeutic outcome. In addition, anti-EGFR nanobodies
are good candidates for diagnostics and tumor localization.

Materials and Methods
Therapeutic Efficacy Studies in Vivo. Cetuximab studies. U87-mCherry-FLuc cells
were stereotactically implanted into the brains of nude mice (2 × 105 cells per
mouse; n = 6). Daily i.p. administration of Cetuximab (40 mg/kg; ImClone
Systems) or saline vehicle was performed (n = 3 per group) for 11 d, and
tumor volumes were determined by Fluc bioluminescence imaging as de-
scribed (33).
Efficacy of therapeutic NSC mixed with GBM cells. U87-mCherry-FLuc were mixed
with NSC-GFP, NSC-ENb2, or NSC-ENb2-TRAIL and either implanted s.c. or
stereotactically into the right frontal lobe of nudemice (from bregma: –2mm
lateral, −2 mm ventral). Mice (n = 3 per group) were imaged for FLuc activity
as described (44).
Efficacy of therapeutic NSC on established intracranial tumor. U87-mCherry-FLuc
cells (1 × 105) were stereotactically implanted into the right frontal lobe of
nude mice (from bregma: –2 mm lateral, −2 mm ventral). Mice bearing
established tumors (as determined by Fluc bioluminescence imaging) were
implanted with NSC expressing GFP, ENb2, or ENb2-TRAIL (5 × 105) intra-
tumorally (n = 7 per group), followed by a second implantation on day 7.
Mice were imaged for FLuc activity as described (16). For survival studies,
mice bearing established tumors were implanted with NSC expressing GFP,
ENb2, or ENb2-TRAIL (5 × 105) intratumorally (n = 5 per group) and followed
for survival. All animal studies have been approved by the Institutional
Animal Care and Use Committee at Massachusetts General Hospital.

Statistical Analysis. Data were analyzed by Student’s t test when comparing
two groups. Data were expressed as mean ± SEM, and differences were
considered significant at P < 0.05. Survival times of groups of mice were
compared by using a log-rank test.

Additional methods are described in detail in SI Materials and Methods.
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