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Abstract A major obstacle in glioblastoma (GBM) ther-
apy is the restrictive nature of the blood-brain barrier (BBB).
Convection-enhanced delivery (CED) is a novel method of
drug administration which allows direct parenchymal infu-
sion of therapeutics, bypassing the BBB. MR1-1 is a novel
recombinant immunotoxin that targets the GBM tumor-
specific antigen EGFRVIII and can be delivered via CED
infusion. However, drug distribution via CED varies dra-
matically, which necessitates active monitoring. Gadolin-
ium conjugated to diethylenetriamine penta-acetic acid
(Gd-DTPA) is a commonly used MRI contrast agent which
can be co-infused with therapies using CED and may be useful
in monitoring infusion leak and early distribution. Forty
immunocompetent rats were implanted with intracerebral
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cannulas that were connected to osmotic pumps and subse-
quently randomized into four groups that each received 0.2%
human serum albumin (HSA) mixed with a different
experimental infusion: (1) 25 ng/ml MR1-1; (2) 0.1 umol/
ml Gd-DTPA; (3) 25 ng/ml MR1-1 and 0.1 pmol/ml Gd-
DTPA; (4) 250 ng/ml MR1-1 and 0.1 pmol/ml Gd-DTPA.
The rats were monitored clinically for 6 weeks then nec-
ropsied and histologically assessed for CNS toxicity. All rats
survived the entirety of the study without clinical or histo-
logical toxicity attributable to the study drugs. There was no
statistically significant difference in weight change over
time among groups (P > 0.999). MR1-1 co-infused with
Gd-DTPA via CED is safe in the long-term setting in a pre-
clinical animal model. Our data supports the use of
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Gd-DTPA, as a surrogate tracer, co-infused with MR1-1 for
drug distribution monitoring in patients with GBM.
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Introduction

One of the main impediments of successful drug therapy to
the brain is the BBB, which restricts the CNS entry of
many systemically administered agents, especially larger
biologic molecules such as antibodies, by either limiting or
completely inhibiting drug penetration into neural tissue.
Even the most effective therapies, delivered systemically,
will become dose-limited by drug-related toxicities. In
1994, Bobo et al. devised a method of circumventing the
BBB by strategically placed intracranial catheters that
deliver drugs directly into the tumor bed, in a process
termed CED [1]. CED allows for the delivery of drugs at a
much higher concentration than what could be achieved
with systemic administration and also allows for treatment
with novel agents that cannot be administered systemically.
This has opened to door to the development of many novel
therapies for malignant brain tumors [2—6], Parkinson’s
disease [7, 8], Gaucher disease [9-11], epilepsy [12, 13],
and stroke [3].

GBM is classified by the World Health Organization
(WHO) as a grade IV brain tumor. It afflicts approximately
20,000 people annually in the United States and comprises
approximately 50% of primary CNS gliomas [14]. The
standard of care after initial diagnosis is gross total resec-
tion (GTR) followed by a course of temozolomide with
external beam radiation therapy (XRT), but unfortunately
this treatment yields a median survival of only slightly
more than 14 months [15]. Moreover, radiation with con-
current temozolomide has not been shown to have any
survival benefit when compared with radiation alone for
patients who do not have a methylated MGMT promoter
indicating MGMT gene silencing [16]. Clearly, stronger,
more effective treatment options are desperately needed for
this disease.

MRI-1 is a recombinant immunotoxin comprised of a
monoclonal antibody fragment specific for the EGFRVIII
mutation conjugated to a genetically modified truncated
Pseudomonas exotoxin, PE-38. EGFRVIII is a truncated
form of the epidermal growth factor receptor (EGFR) that
has a constitutively active tyrosine kinase domain, greatly
increasing tumorigenicity [17, 18]. It is expressed in
approximately 40% of GBMs but is not present in normal
human tissue, making it an ideal target for glioma-specific
therapy [19, 20]. The truncated exotoxin PE-38 retains its
natural cytotoxic property of inhibiting elongation factor 2
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via ADP ribosylation, but has lost the ability of its pre-
cursor, Pseudomonas exotoxin, to bind cells secondary to
truncation of domain Ia/Ib [21, 22]. Therefore, the com-
bination immunotoxin MR1-1 possesses cytoxicity from
PE-38 that is directed against those tumor cells expressing
EGFRUVIII. Early pre-clinical studies of MR1-1 in murine
EGFRVIII expressing tumor models have shown promising
results, although the exact mechanism of MR1-1 has yet to
be completely elucidated [23].

While CED can be an effective method to deliver high
concentrations of powerful antitumor therapies directly
into tumor tissue, its potency is restricted by the lack of
appropriate drug distribution in a number of cases. Leakage
of infusate into subarachnoid and intraventricular spaces
can lead to poor drug delivery and low efficacy [24].
Therefore, clinical trials that utilize CED will need to also
closely monitor drug infusion in order to ensure an ade-
quate intraparenchymal volume of distribution. Much pre-
clinical and clinical work has been done to image or predict
the distribution and delivery of drug in the brain, including
imaging modalities such as T2-weighted MRI [25], diffu-
sion-weighted MRI [26, 27], single photon emission
computed tomography (SPECT) imaging [24] and dynamic
contrast-enhanced imaging [28]. Additionally, CED co-
infusion of surrogate tracers such as Gd-albumin conju-
gates [29-31], Gd-loaded liposomes [32, 33], and most
recently maghemite nanoparticles [34] with subsequent T1-
weighted MRI and ferumoxtran-10 [35] with subsequent
T2-weighted MRI have used to actively monitor drug
distribution via CED infusion.

Gd-DTPA is a frequently used, readily available contrast
agent that does not need to be specially prepared using
expensive laboratory techniques like many other gadolin-
ium derivatives (i.e. Gd-albumin and Gd-liposomes). This
makes Gd-DTPA a technically and economically feasible
option for imaging the early distribution of infused drug in
large clinical trials. Low molecular weight molecules (i.e.
Gd-DTPA) have higher diffusivities and removal rates than
high molecular weight molecules (i.e. MR1-1 or other
therapeutics) and therefore they exhibit drastically different
volumes of distribution when co-infused. However, by
measuring the loss rates of both molecules into cerebral
capillaries, it may be possible to infuse the low molecular
weight molecule at a concentration high enough to com-
pensate for the difference in loss rates, therefore equalizing
the distributions. After this adjustment is made, Gd-DTPA
can be used as a surrogate tracer for MR1-1 and estimate
the distribution of MR1-1 distribution on magnetic reso-
nance imaging (MRI), assuming a short time scale of a few
hours, so that the difference in diffusion rates does not
complicate the calculations. Further calculations are nec-
essary to estimate the distribution of longer infusions, but
the approach is similar.
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We propose the intracerebral co-infusion of Gd-DTPA
along with MR1-1 via CED to actively monitor drug dis-
tribution during infusion. There are previously published
reports of safe intracerebral delivery of Gd-DTPA into the
brain, but they are all limited by either involving very few
subjects [36, 37] or assessing only short-term safety
immediately following infusion [10, 27] There have been
no published pre-clinical animal studies assessing the long
term safety and toxicity of intracerebral MR1-1 infusion
with co-infusion of Gd-DTPA. In our study we systemat-
ically determine the effect of CED infusion of MR1-1 with
and without co-infusion of Gd-DTPA.

Materials and methods
Intracerebral cannula implantation

Immunocompetent male Fisher 344 rats were maintained in
the Duke University Graduate Student Research Building II
according to institutional policy. All rats were approxi-
mately 3 months old at the time of surgery. The rats were
anesthetized prior to surgery with our standard regimen of
an intraperitoneal (i.p.) injection of a 50:50 mixture of
ketamine (55 mg/ml stock solution) and xylazine (9 mg/ml
stock solution) at a dose of 1 mg/kg. Following induction
of anesthesia, they were placed into a stereotactic frame
(Kopf Instruments, Tunjunga, CA). The cannula implan-
tation procedure is the same as that previously described by
us in Grossi et al. [38]. Briefly, a 25-gauge, 3-mm guide
cannula (Plastics One, Inc., Roanoke, VA) was surgically
implanted into the right caudate nucleus, 1 mm anterior
and 3 mm lateral to the bregma. The cannula was then
permanently secured to the calvarium with cranioplastic
cement (Plastics One, Inc., Roanoke, VA). A dummy
cannula (Plastics One, Inc., Roanoke, VA) was placed into
the guide cannula to occlude the lumen and prevent
infection, and the surgical incision was closed with staples.
The rats were given at least 1 week to recover from can-
nula implantation before undergoing the next series of
operations for pump implantation.

After successful completion of cannula implantation, all
healthy rats that showed normal weight, no neurological
deficit, and no evidence of infection were then assigned a
randomly generated number between 1 and 40. Rats were
then equally divided into four groups labeled A-D, such
that rats 1-10 were in group A, 2-20 in group B, 3-30 in
group C, and 4-40 in group D. All infusions consisted of
differing concentrations of MR1-1 and Gd-DTPA mixed in
0.2% HSA (Grifols USA, LLC, Los Angeles, CA) and
0.9% normal saline. Albumin is routinely co-infused with
drugs to prevent non-specific binding and sequestration of
drugs in the catheter tubing. Group A received 25 ng/ml

MRI1-1, Group B received 0.1 pmol/ml Gd-DTPA (Bayer
HealthCare Pharmaceuticals Inc., Wayne, NJ), Group C
received 25 ng/ml MR1-1 with 0.1 pmol/ml Gd-DTPA,
and Group D received 250 ng/ml MR1-1 with 0.1 pmol/ml
Gd-DTPA.

Infusate preparation

The osmotic pumps infuse at a constant rate of 10 pl/h. In
order to ensure an adequate supply of infusate for 5 days of
continual infusion (1.2 ml of infusate over 120 h), 25 ml of
infusate was made for each group. For infusate #A,
14.06 ml of normal saline was mixed with 10.94 ml of
0.457% purified HSA stock solution and 1.6 pl of MR1-1
stock solution for a total volume of 25 ml. For infusate #B,
13.71 ml of normal saline was mixed with 10.94 ml of
0.457% purified HSA stock solution and 0.35 ml of Gd-
DTPA stock solution for a total volume of 25 ml. For in-
fusate #C, 13.71 ml of normal saline was mixed with
10.94 ml of 0.457% purified HSA stock solution, 0.35 ml
of Gd-DTPA stock solution, and 1.6 pl of MR1-1 stock
solution for a total volume of 25 ml. For infusate #D,
13.69 ml of normal saline was mixed with 10.94 ml of
0.457% purified HSA stock solution, 0.35 ml of Gd-DTPA
stock solution, and 16 pl of MRI1-1 stock solution for a
total volume of 25 ml. Table 1 summarizes the final con-
centrations of each infusate component for all four groups.

Pump implantation and CED infusion

CED infusion was performed by an Alzet osmotic pump
(Product 2MLI, ALZA Corp., Palo Alto, CA) connected by
silicon tubing (Molded Rubber and Plastics, Butler, WI) to
a 33-gauge, 7-mm infusion cannula (Plastics One, Inc.).
The pumps were primed at 37°C for 24 h before implan-
tation. Again, the rats were anesthetized prior to surgery
with an intraperitoneal (i.p.) injection of ketamine (55 mg/
ml) and xylazine (9 mg/ml) at a dose of 1 mg/kg. During
pump implantation, the 33-gauge infusion cannula was
inserted into the previously implanted 25-gauge guide
cannula and the pump was implanted subcutaneously over
the right shoulder. The pump was secured in place with
surgical staples. The pumps were left in for 5 days, after
which the rats were anesthetized with an intraperitoneal

Table 1 Study group infusate concentrations

Group HSA (%) MR1-1 (ng/ml) Gd-DTPA (pmol/ml)
A 0.2 25 0

B 0.2 0 0.1

C 0.2 25 0.1

D 0.2 250 0.1
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(i.p.) injection of ketamine (55 mg/ml) and xylazine (9 mg/
ml) at a dose of 1 mg/kg, the pumps were explanted and
the skin wounds were closed with surgical staples.

Assessment of toxicity

Toxicity was monitored by measuring the rats’ weights
three times per week and by daily neurological function
tests, consisting of stepping and placing reflex and incline
ramp climbing ability, beginning immediately following
infusion initiation and continuing throughout the six-week
observation period. At the end of the 6 week study period,
the rats were sacrificed by overdose with isoflurane. A full
necropsy was performed and the neuroaxis was fixed in
buffered neutral formalin for 7 days and then placed in a
decalcifying solution for 48 h. Six coronal sections of the
neuroaxis were subsequently taken for histological exam-
ination, including (1) brain at the level of cannula
implantation near the coronal suture and pituitary gland,
(2) brain at the level of the cerebellum, (3) cervical spine,
(4) thoracic spine, (5) lumbar spine, and (6) cauda equina.
The sections were fixed in formalin and sent to pathology
for analysis, where they were embedded in paraffin. Six
micrometer sections were stained with Luxol fast blue and
hematoxylin and eosin (H&E) and examined by light
microscopy.

Results
Survival

No deaths occurred during the 6 week observation period
in any of the four groups.

Toxicity monitoring

There was no evidence of neurological toxicity in any of
the rats during daily assessments either during infusion or
in the subsequent 6-week observation window. None of the
rats exhibited any characteristic signs of neurological def-
icits such as head tilt, hemiparesis, or ataxic gait. By the
end of the 6-week period, an increase in weight as com-
pared to baseline at the start of infusion was seen in all
groups (Fig. 1). The pattern of percent weight gain over
time was shown by a repeated measures analysis to be
consistent across the 4 groups (P > 0.999 for interaction
between group and time). The final average weight changes
with standard deviations for each group are as follows:
Group A showed a 12.9 + 10.674% increase, group B
showed a 13.2 + 12.748% increase, group C showed a
9.2 + 6.649% increase, and group D showed a 14.1 +
14.449% increase.
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Fig. 1 Percent change in weights over time for all groups. No
statistically significant difference in weight change between the
different groups was found. Across all study groups, overall weight
increased from baseline by the end of the 6-week period

Histological assessment

On light microscopy, all sections of the neuraxes of all rats
in the study showed no histological toxicity that could be
attributed to infusion of the study drugs. Meninges, grey
matter, and white matter were examined. There was no
evidence of neuronal loss. No neuronal eosinophilia,
necrosis, or ischemia was seen. There was no vasculitis or
granulomatous inflammation. Macrophages and reactive
astrogliosis were seen in sections taken around the intra-
cerebral cannula tract where the guide cannula had been
inserted, and was consistent across all specimens (Fig. 2).
Additionally, it should be noted that gross inspection of the
major internal organs at time of necropsy revealed no
significant abnormalities in any of the study rats.

Discussion

Despite standard of care treatment, which includes gross
total resection and subsequent XRT with concurrent tem-
ozolomide, the prognosis for GBMs remains poor [15].
EGFRVIII is a mutant EGFR with a gain of function con-
stitutively active tyrosine kinase that promotes unregulated
cell growth and division [18]. It is a unique and powerful
target for GBM therapy because although it is expressed on
tumor cells in 40% of patients, it is not normally expressed
on any adult tissues [19]. MRI1-1 is a glioma-specific
recombinant immunotoxin that targets the genetically
modified Pseudomonas exotoxin, PE-38, to tumor cells via
a conjugated anti-EGFRVIII monoclonal antibody frag-
ment. We believe that direct intracerebral delivery of MR1-
1 immunotoxin into the tumor tissue via strategically
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Fig. 2 Photomicrograph of an
H&E stain of a representative
coronal cross-section of rat
brain from one of the study rats
shown at 4 x magnification (leff)
and 20x magnification (right).
Only gliosis along the catheter
tract was seen, with no
unexpected pathological
findings

placed CED catheters will effectively treat GBM that
expresses the EGFRVIII antigen.

The same property of the BBB that prevents drugs from
entering the CNS should theoretically also keep intracere-
brally administered drugs from leaking into systemic cir-
culation to some degree. While this may not be a complete
blockade, evidence from previous CED trials has not dis-
covered any significant systemic toxicity. This may also be
due to the profoundly lower total drug dose required for
effective therapy by CED compared to systemic intrave-
nous delivery. Additionally, because CED is pressure-dri-
ven, the concentration of high molecular weight agents (i.e.
immunotoxins) is constant across a predictable distance
from the catheter annulus before dropping off steeply at the
drug distribution boundaries. This allows for delivery of
high concentrations of powerful chemotherapeutics into the
tumor bed while limiting neurotoxicity. The putative dis-
tribution of MR1-1 and Gd-DTPA in this pre-clinical rat
model is based on the position of the catheter tip and the
composition of neural tissue surrounding the tip. The pur-
ported position of the catheter tip is in the caudate nucleus,
which is relatively homogeneous gray matter. As such, the
infusate should distribute evenly along the gray matter.
However, if there is sufficient retrograde flow, or backflow,
along the catheter tract such that the infusate comes into
contact with a white matter tract, subarachnoid space or
intraventricular space, the infusate will flow along the path
of least resistance causing subsequent leakage along white
matter tracts or into a subarachnoid or intraventricular
space [28].

It has been shown that proper CED catheter placement is
able to achieve intraparenchymal distribution into the
tumor bed, resulting in maximal drug efficacy. In contrast,
improperly or poorly positioned catheters will result in
immediate or delayed infusate leakage, leading to minimal
drug efficacy [24]. Current attempts to actively monitor
drug distribution using conventional MRI imaging with
involve expensive and, at times, cumbersome surrogate
tracers such as Gd-albumin conjugates [29-31], Gd-lipo-
somes [32, 33], maghemite nanoparticles [34] and feru-
moxtran-10 [35]. We propose the use of the relatively

inexpensive and readily available low molecular weight
imaging tracer Gd-DTPA to actively monitor such leakage
of infused therapeutics, which in this study is the high
molecular weight immunotoxin MR1-1. The half-life of
MRI1-1 is currently unknown and will need to be measured
in future studies. However, we do not believe that the half-
life of MR1-1 will be affected by co-infusion of Gd-DTPA.
Gd-DTPA is an important option for the monitoring of
CED infusate distribution because it is easily accessible,
commonly used, and does not require complicated or
extensive preparation.

In order to use Gd-DTPA for accurate monitoring of
high molecular weight therapeutics, a number of calcula-
tions need to be made. Gd-DTPA, by virtue of its lower
molecular weight, will both diffuse faster through neural
tissue and be removed faster via loss into cerebral capil-
laries than MR1-1. On a short time scale of a few hours, the
difference in diffusion is minor and can be ignored, so only
the differences in removal rates between the two molecules
would need to be considered. By measuring the loss rates
for each molecule using special computational algorithms
on standard MR images taken in vivo during constant drug
infusion, one can determine how much more Gd-DTPA is
lost per unit time than MR1-1. This difference in removal
can then be overcome by infusing Gd-DTPA at a higher
infusion rate that is equal to the infusion rate of MRI1-1
multiplied by the ratio of the Gd-DTPA:MR1-1 removal
rate. This correction factor will make the difference in
removal rates between the two molecules effectively
equivalent, and therefore a low molecular weight tracer
like Gd-DTPA may reliably mimic the distribution of
MRI1-1 in the first hours of infusion. For longer time scales,
additional calculations are also required since the higher
diffusion of lower molecular weight molecules like Gd-
DTPA will widen the distribution of Gd-DTPA when
compared to higher molecular weight molecules like MR1-
1. Without correcting for diffusion in these longer infusion
situations, the distribution of Gd-DTPA seen on MRI
would be greater than the distribution of MR1-1. However,
these diffusivity differences can also be measured and the
difference in diffusion rates can also be compensated for in
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order to provide an accurate prediction of drug distribution
with low molecular weight tracer molecules even at longer
time intervals. While the details of these calculations are
complex and beyond the scope of this paper, monitoring
the distribution of CED infusion of free Gd-DTPA may be
able to effectively predict the distribution of MR1-1 for
both short and long time periods but will need to be vali-
dated experimentally. This technique may allow for the use
of free Gd-DTPA as a surrogate tracer in future CED
studies in humans. With the proper understanding of
transport phenomena and practical imaging of CED using
Gd-DTPA, we may be able to accurately confine drug
distribution to a pre-determined area (i.e. the tumor).

We plan to test the ability of free Gd-DTPA to monitor
the distribution of larger molecules such as MRI1-1 in
future human clinical trials by co-infusing radiolabelled
'23.HSA which, in combination with SPECT imaging, is
able to monitor drug distribution in a clinical setting [39].
If free Gd-DTPA is able to successfully monitor MR1-1
distribution, it has the potential to become the standard
imaging modality for active CED infusion monitoring due
to its wide availability and ease of use in conjunction with
standard MRI sequences. With the ability to accurately
monitor CED infusion would come the ability to alter
catheter positioning based on drug distribution. In a
hypothetical case in which leakage was detected, the
catheter trajectories could be adjusted so that more of the
immunotoxin could reach the targeted area. Ultimately,
should Gd-DTPA co-infusion for the purposes of moni-
toring volume of distribution prove to be effective, we will
be able to minimize infusate leakage while maximizing the
efficacy of MR1-1 on GBM.

Conclusions

In conclusion, we have shown in our systematic pre-clini-
cal study that CED infusion of MR1-1 is safe over a range
of doses. Groups C and D in our study also serve as sim-
ulations for co-infusion with Gd-DTPA, which can then be
imaged using MRI to allow for real-time monitoring of
MRI-1 distribution. If the infusate is determined to be
leaking into the subarachnoid or intraventricular spaces or
if there is inadequate distribution throughout the tumor bed,
then catheter trajectory and placement can be changed
immediately. We predict that the overall effect of CED
administration of MRI1-1 immunotoxin with co-infusion
Gd-DTPA as a surrogate tracer and concomitant active
MRI monitoring of drug distribution will be high levels of
tumor killing with sparing of normal neural tissue and
absence of systemic adverse effects, making this an ideal
infusion therapy to treat GBM.
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