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Purpose: To determine if glial precursor cells can be targeted to inflamed 
brain through overexpression of very late antigen-4 (VLA-4) 
and whether this docking process can be monitored with mag-
netic resonance (MR) cell tracking after intraarterial injection.

Materials and 
Methods:

All experimental procedures were performed between August 
2010 and February 2012 and were approved by the institu-
tional animal care and use committee. Human glial precursor 
cells (hGPs) were transfected with VLA-4 and labeled with 
superparamagnetic iron oxide that contained rhodamine. 
A microfluidic adhesion assay was used for assessing VLA-
4 receptor–mediated cell docking in vitro. A rat model of 
global lipopolysaccharide (LPS)–mediated brain inflammation 
was used to induce global vascular cell adhesion molecule-1 
(VCAM-1) expression. hGPs were infused into the carotid 
artery in four animal cohorts (consisting of three rats each): 
rats that received VLA-4–naive hGPs but did not receive LPS, 
rats that received VLA-4–expressing hGPs but not LPS, rats 
that received VLA-4–naive hGPs and LPS, and rats that re-
ceived VLA-4–expressing hGPs and LPS. MR imaging was per-
formed at 9.4 T before and 1, 10, 20, and 30 minutes after in-
jection. Brain tissue was processed for histologic examination. 
Quantification of low-signal-intensity pixels was performed 
with pixel-by-pixel analysis for MR images obtained before and 
after cell injection.

Results: With use of the microfluidic adhesion assay, cell binding to 
activated brain endothelium significantly increased compared 
with VLA-4–naive control cells (71.5 cells per field of view 6 
11.7 vs 36.4 cells per field of view 6 3.3, respectively; P , 
.05). Real-time quantitative in vivo MR cell tracking revealed 
that VLA-4–expressing cells docked exclusively within the 
vascular bed of the ipsilateral carotid artery and that VLA-
4–expressing cells exhibited significantly enhanced homing as 
compared with VLA-4–naive cells (1448 significant pixels 6 
366.5 vs 113.3 significant pixels 6 19.88, respectively; P , 
.05). Furthermore, MR cell tracking was crucial for correct 
cell delivery and proper ligation of specific arteries.

Conclusion: Targeted intraarterial delivery and homing of VLA-4–express-
ing hGPs to inflamed endothelium is feasible and can be mon-
itored in real time by using MR imaging in a quantitative, dy-
namic manner.
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increased adhesion is highly desired 
for intraarterial infusion of cells, this 
approach may potentially amplify the 
risk of the formation of microembolisms 
(6,9), compromising essential cerebral 
blood flow. Thus, to ensure the safety 
of this approach, it is crucial to monitor 
cell delivery noninvasively in real time. 
The use of in vivo magnetic resonance 
(MR) imaging with superparamagnetic 
iron oxide (SPIO) nanoparticle–labeled 
cells, which is now used clinically (14), 
enables real-time visualization of both 
correct cell delivery (15,16) and the rela-
tive amount of cell engraftment (9). The 
purpose of this study was to determine 
if glial precursor cells can be targeted 
to inflamed brain through overexpres-
sion of VLA-4 and whether this docking 
process can be monitored with MR cell 
tracking after intraarterial injection.

Materials and Methods

Cell Preparation
Immortalized human glial precursor 
cells (hGPs) were maintained in Dulbec-
co’s modified Eagle’s medium: nutrient 

A limitation of current intraarte-
rial delivery methods using nonengi-
neered cells is highly variable (9) and 
inefficient engraftment. With nonen-
gineered cells, only a small fraction of 
cells accumulate within the lesion site. 
In addition, many cells that initially en-
graft are lost within a few days after 
infusion (10). One strategy to improve 
engraftment efficiency is to transplant 
cells with endogenous expression of 
adhesion molecules (11). However, 
this would severely limit the cell types 
available for this procedure because 
many stem and precursor cells do not 
express the appropriate adhesion mol-
ecules. Genetically engineering cells to 
express specific adhesion molecules of-
fers a more versatile approach in which 
a specific pattern of adhesion molecules 
could be temporarily induced and cus-
tomized as needed for particular lesion 
targeting. In combination with intraar-
terial delivery, this approach would al-
low more specific targeting to areas of 
abnormality, improve existing intraarte-
rial methods, and potentially overcome 
the limitations of direct stereotaxic and 
intravenous cell delivery.

One of the most relevant cell ad-
hesion pathways that can be exploited 
for stem cell targeting is the well-char-
acterized very late antigen-4 (VLA-4)– 
vascular cell adhesion molecule-1 
(VCAM-1) adhesion pathway used by 
trafficking leukocytes (12). The expres-
sion of VLA-4 on leukocytes allows them 
to anchor to the endothelium in the 
proximity of the brain lesion, respond 
to chemokine-mediated signaling, cross 
the blood-brain barrier, and migrate 
to areas of neuroinflammation. VLA-4, 
a heterodimer consisting of the a4 and 
b1 integrin subunits, signals leukocytes 
to bind to VCAM-1 on inflamed endo-
thelial tissues and subsequently extrava-
sate into the central nervous system pa-
renchyma by means of a process called 
diapedesis (13). We hypothesized that 
exogenous overexpression of VLA-4 in 
migratory glial precursor cells would al-
low these cells to bind to immunoactivat-
ed cerebral endothelium as a first step in 
the process of responding to chemokine 
signals and extravasation into the brain 
parenchyma. However, although such 

Successful cell-based therapy of 
neurologic disease depends on 
the efficient delivery of cells to re-

gions of central nervous system abnor-
mality. Intraparenchymal stereotaxic 
injection is currently the most preva-
lently used technique for cell delivery 
to the central nervous system in ani-
mal models (1) and clinical trials (2,3). 
However, intraparenchymal injections 
are invasive, can lead to nonuniform 
cell engraftment, and result in limited 
brain area coverage by the graft. In-
travenous systemic cell administration 
has been proposed as a less-invasive 
delivery route to ensure a broad cell 
distribution (4). The challenge with this 
intravenous approach is achieving spe-
cific, high-efficiency binding to target 
regions in the central nervous system. 
Typically, with intravenous injection, 
the vast majority of infused cells be-
come trapped in filtering organs (5). An 
alternative method of intravascular de-
livery is to target the cells to an artery 
that directly feeds the defunct region. It 
has been shown that intraarterial deliv-
ery can result in increased cell engraft-
ment to brain lesions (6) and, notably, 
fewer cells found in off-target organs. 
Furthermore, there is evidence that 
intraarterial delivery results in modest 
functional recovery in animal models of 
stroke (7) and brain trauma (8).

Advances in Knowledge

 n Transient expression of the adhe-
sion molecule very late antigen-4 
(VLA-4) by glial precursor cells 
results in their enhanced binding 
to inflamed brain endothelium 
both in vitro (71.5 cells per field 
of view 6 11.7 vs 36.4 cells per 
field of view 6 3.3, determined 
with microfluidic assay) and in 
vivo (1448 significant pixels 6 
366.5 vs 113.3 significant pixels 
6 19.88, determined with low 
signal intensities).

 n Docking of superparamagnetic 
iron oxide–labeled and VLA-4–
transfected cells to brain endo-
thelium can be monitored and 
quantified in real time with cel-
lular MR imaging.
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hGPs but not LPS (VLA-42/LPS2), 
rats that received VLA-4–expressing 
hGPs but not LPS (VLA-4+/LPS2), rats 
that received VLA-4–naive hGPs and 
LPS (VLA-42/LPS+), and rats that re-
ceived VLA-4–expressing hGPs and LPS 
(VLA-4+/LPS+). The first three groups 
represented controls for the VLA-4+/
LPS+ group. Once cannulation was per-
formed, the rats were transferred to 
the MR unit to monitor the engraftment 
of magnetically labeled hGPs. Animal 
experiments were performed by M.G., 
I.O., and P.W.

MR Imaging
Animals were positioned in a cus-
tom-built 35-mm volume coil and 
placed inside a 9.4-T MR unit (Bruker, 
Billerica, Mass). Polytetrafluoroethyl-
ene tubing extending outside the MR 
unit enabled cell infusion without re-
positioning of the animal. Five sets of 
T2*-weighted images (repetition time 
msec/echo time msec = 300/4, two sig-
nals acquired, four repetitions, 200 3 
200-mm resolution) were obtained for 
each animal (a) before cell injection, 
(b) 1 minute after injection of 1 3 106 
cells, (c) after a second injection of 1 
3 106 cells, and (d) 10 and 20 minutes 
after administration of the second cell 
injection. A two-injection paradigm 
was used to demonstrate the applica-
bility of MR monitoring of multiple cell 
injections.

Histologic Analysis
Immediately after MR imaging, rats 
were transcardially perfused with phos-
phate-buffered saline (pH = 7.4) fol-
lowed by 4% paraformaldehyde. Brains 
were removed and postfixed for 24 
hours in 4% paraformaldehyde, cryo-
preserved in a 30% sucrose solution, 
and flash frozen. Axial tissue sections 
were cut into 30-mm-thick slices and 
processed to detect transplanted cells. 
Primary antibodies used in this study 
were antihuman nuclei (Millipore, Bil-
lerica, Mass), anti–von Willebrand fac-
tor (DAKO, Carpinteria, Calif), anti-
VCAM-1 (Serotec, Raleigh, NC), anti-a4 
(R&D Systems), and anti-b1 (Santa Cruz 
Biotechnology). Histologic analysis was 
performed with immunostaining (S.G., 

VLA-4–expressing or nonexpressing 
hGPs binding to naive or TNF-a–treat-
ed endothelial cells. At the end of each 
flow experiment, cells were subjected 
to excessive sheer stress of more than 
0.2 Pa elicited by increased flow veloc-
ity for several seconds. The purpose of 
this test was to determine the effect of 
VLA-4 expression on the strength of 
cell adhesion. Imaging was performed 
by using an automated epifluorescent 
microscope. The entire channel surface 
was photographed with use of phase-
contrast and rhodamine filters. Merged 
images were digitally stitched together, 
and the total number of adherent hGPs 
was determined. Cell culture work and 
in vitro assays were performed by M.G., 
I.O., S.G. (each with 2 years of experi-
ence with cell cultures), and H.K. (with 
8 years of experience with cell cultures 
and in vitro assays). Adhesion assays 
and cell counting were performed by 
J.W. (with 4 years of experience with 
these assays).

Animal Studies
All experimental procedures were 
performed between August 2010 and 
February 2012 and were approved by 
our institutional animal care and use 
committee. Adult female Lewis rats 
(Charles River Laboratories, Wilming-
ton, Mass) weighing 200–220 g were 
housed under an artificial 12 hour 
light–12 hour dark cycle with access 
to food and water ad libitum. Twenty-
four hours before cell infusion, rats 
(n = 9) received intraperitoneal in-
jection of 6 mg/kg lipopolysaccharide  
(LPS) for global induction of VCAM-1 
expression. Isoflurane-anesthetized an-
imals were placed in the supine posi-
tion, and the common carotid artery 
was cannulated as previously described 
(9). The pterygopalatine artery was 
ligated after initial experiments dem-
onstrated that cells were infused extra-
cerebrally without this procedure (n = 
3). Four experimental conditions were 
evaluated in three rats each, including 
combinations of naive and LPS-treated 
rats that received either VLA-4–ex-
pressing or naive hGPs (2 3 106 cells in 
1 mL). The four animal cohorts were as 
follows: rats that received VLA-4–naive 

mixture F-12 (Life Technologies, Grand 
Island, NY) supplemented with basic-
FGF, B-27, and N2 (Life Technologies). 
Forty-eight hours before cell infusion, 
hGPs were cotransfected with the a4 
and b1 subunits of VLA-4 integrin (Gene-
Copoeia, Rockville, Md) by using Lipo-
fectamine 2000 (Life Technologies, 4 
mL/mL). Twenty-four hours before cell 
infusion, VLA-4–transfected and control 
cells were labeled with SPIO-rhodamine 
nanoparticles (Molday ION; Biopal, 
Warcester, Mass), allowing MR imaging 
visualization and cell detection with mi-
croscopy owing to red fluorescence. Ex-
pression of VLA-4 was confirmed with im-
munocytochemistry against each integrin 
subunit (a4: R&D Systems, Minneapolis, 
Minn; b1: Santa Cruz Biotechnology, San-
ta Cruz, Calif), enabling quantification of 
the relative fluorescence for transfected 
and nontransfected cells. The efficiency 
of SPIO uptake was assessed with fluo-
rescent microscopy, with labeling consid-
ered satisfactory when almost 100% of 
cells showed internalized red fluorescent 
particles. On the day of transplantation, 
cells were harvested by using Accutase 
(Sigma, St Louis, Mo), passed through 
a 40-mmol/L filter (BD Biosciences, San 
Jose, Calif), and resuspended at 2 3 106 
cells per milliliter.

Microfluidic Cell Adhesion Assay
A custom microfluidic device was de-
signed for in vitro validation of the 
VLA-4–VCAM-1 pathway and to pro-
vide a method by which to model the 
interaction of cells within capillaries. 
Polydimethylsiloxane channels were 
coated with fibronectin (10 mg/mL, Life 
Technologies) for 1 hour and seeded 
with human brain endothelial cells. 
Cells were allowed to form a mono-
layer for 24 hours in normal growth 
medium or a medium supplemented 
with tumor necrosis factor-a (TNF-a, 
10 ng/mL, R&D Systems). Twenty-four 
hours before the adhesion experiment, 
hGPs were labeled with Molday ION for 
fluorescence visualization. A rolling ad-
hesion assay was conducted at physio-
logic wall shear stresses of 0.1 Pa for 10 
minutes. Unattached cells were washed 
out with medium. Adhesion was ana-
lyzed under four conditions comparing 
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level set at a = .05 (Proc ANOVA; SAS 
Institute, Cary, NC).

Results

Overexpression of VLA-4 in hGPs 
Assessed with Microfluidic Adhesion 
Assay
Following VLA-4 transfection, we ob-
served a wave of expression, with the 
maximum occurring after 48 hours 
(Fig 1). Immunoreactivity was pre-
dominantly localized on the plasma 
membrane, indicating an appropriate 
expression routing of the ligand. Quan-
tification of fluorescence intensity in 
fixed cells immunostained for a4 and 

test was performed for each pixel, com-
paring four repetition images before in-
jection to four images after injection. 
Pixels with P , .001 were designated 
as hypointense. This value was heuris-
tically chosen because it was the con-
ventional P value that provided the best 
balance between hypointense pixel cov-
erage and specificity. The total number 
of hypointense pixels per animal was 
quantified in each animal group. Image 
processing was done in consensus by 
I.O., A.A.G., and A.B.

Statistical Analysis
Analysis of variance was performed by 
using the Tukey test for comparisons 
between groups, with the significance 

3 years of experience) and fluorescent 
microscopy (with image analysis per-
formed in consensus by M.G., H.K., and 
P.W., each with 8 years of experience).

MR Imaging Processing
Quantification of pixels with low signal 
intensity after injection of SPIO-labeled 
cells (hypointense to pixels on preinjec-
tion baseline images) was performed by 
using software (MatLab; MathWorks, 
Natick, Mass). Regions of interest were 
specified by using a custom-written 
script and drawn for every image to 
cover the entire brain area. A pixel-by-
pixel analysis was conducted for images 
obtained before cell injection and 20 
minutes after the second injection. A t 

Figure 1

Figure 1: VLA-4 gene expression and SPIO labeling: characterization with immunofluorescence microscopy. A, B, Immuno-
fluorescence images show that transfected glial precursors highly express VLA-4 subunits a

4
 (A, red) and b

1
 (B, red). Basal 

expression in nontransfected cells was very low (insets). C, Bar chart shows quantification of relative fluorescence. Data are 
means 6 standard deviations, with ∗ indicating significant difference between groups. Ctrl = control cells, Transf. = trans-
fected cells. D, Immunofluorescence image shows that labeling of hGPs with fluorescent iron oxide nanoparticles results in 
internalization of contrast agent with a characteristic perinuclear distribution. Red fluorescence corresponded well with Prussian 
blue staining for iron (inset). Nuclei are counterstained with 4,6-diamidino-2-phenylindole (blue). Scale bar in A is 50 µm and 
applies to all immunofluorescence images.
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compared with all control cells (df = 
3, F = 37.31, P , .001) (Figs 2, 3), 
indicating that VLA-4 transfection led 
to approximately twofold enhance-
ment of cell capture. Notably, when 
the flow velocity was increased, naive 
cells (VLA-42/TNF-a+) that initially 
adhered were detached and washed 
away, indicating weak cell-cell binding 
(Movie 3 [online]). Conversely, VLA-
4–expressing cells remained strongly 
adhered to TNF-a–treated endothe-
lium under increased flow velocity, 

perfused into microfluidic chambers 
(17) seeded with naive or TNF-a–ac-
tivated human brain endothelial cells. 
With this assay, we demonstrated that 
VLA-4 expression on hGPs led to a 
dramatic enhancement of cell binding, 
with the greatest effect observed for 
TNF-a–treated endothelial cells (Figs 
2, 3; Movies 1, 2 [online]). End-point 
analysis after 20 minutes of perfusion 
revealed a significantly higher degree 
of binding of VLA-4–expressing cells 
to TNF-a–activated endothelial cells 

b1 (Fig 1, C) revealed that the trans-
fection resulted in a significant overex-
pression of both molecules in compar-
ison to the controls (df = 3, F = 24.5, 
P , .001). Next, we sought to evalu-
ate the functionality of the introduced 
docking molecule by using a microflu-
idic adhesion assay (17). Labeling with 
SPIO was highly efficient for both naive 
and VLA-4–overexpressing cells, with 
all the cells positive and the contrast 
agent localized within the cytosol (Fig 
1, D). Fluorescently labeled cells were 

Figure 2

Figure 2: Functional VLA-4 gene expression: characterization with microfluidic adhesion assay. Fluorescent photomicro-
graphs from a microfluidic device coated with TNF-a–treated endothelial cells. A, B, Images show in vitro docking for red 
fluorescent VLA-4–expressing glial precursor cells (A) and VLA-4–naive control cells (B). Much greater endothelial adhesion 
was observed for VLA-4–engineered cells. C, D, Overlays of phase-contrast and fluorescent images show dense coating of the 
microfluidic device with endothelial cells. Images were acquired with ×10 objective.
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naive animals, VCAM-1 expression was 
low (Fig E1, b [online]). This character-
istic pattern of staining indicates that 
VCAM-1 upregulation occurred in brain 
vasculature, providing a proper adhe-
sion platform for our engineered cells. 
In animals with LPS-induced inflamma-
tion that were injected with VLA-4–ex-
pressing cells labeled with rhodamine-
SPIO, there was an abundance of cells 
throughout the ipsilateral hemisphere 
(Fig 7, B). The  distribution of adherent 
cells at histopathologic examination was 
in good agreement with the hypointense 
areas seen on the MR imaging pixel 
maps. Cells were localized within the 
von Willebrand factor–positive blood 
vessels (Fig 7, C). Conversely, although 
occasional examples were found, there 
was a near absence of injected cells in 
the ipsilateral hemisphere of control 
groups. The extremely low number of 
cells in the contralateral hemisphere 
for all groups, including VLA-4+/LPS+ 
(Fig 7, A), indicates that cells entering 
the circulation are trapped in filtering 
organs and do not reenter the brain.

Discussion

In our study, we demonstrated that 
transient VLA-4 overexpression in hGPs 
leads to an increase in their ability to 
bind to TNF-a–induced inflamed brain 
endothelium as shown in vitro by using 
a microfluidic adhesion assay. These 
results were confirmed in vivo in a rat 
model of global inflammation, in which 
we showed that VLA-4–expressing hGPs 
infused into the carotid artery bind ex-
tensively to activated endothelium. Fi-
nally, we demonstrated that the process 
of intraarterial cell delivery could be 
monitored by using real-time, quantita-
tive, serial whole-brain MR imaging of 
magnetically labeled cells and that this 
MR imaging visualization prompted us 
to ligate the arteries branching off from 
the carotid artery to ensure proper ce-
rebral targeting.

Beneficial outcomes of cell-based 
therapy are highly dependent on the 
efficient and safe delivery of cellular 
therapeutics to brain lesions. Wide-
spread and targeted cell engraftment 
is particularly important for diseases 

in which the signal intensity of pixels 
within the entire brain area on the MR 
images obtained before injection was 
compared with that on the end-point 
images. Pixels with a statistically signif-
icant decrease in signal intensity were 
present throughout the ipsilateral hemi-
sphere. Quantitative analysis (Fig 6) re-
vealed that injection of VLA-4–express-
ing cells in animals treated with LPS 
resulted in 1448 significant pixels 6 
366.5 compared with 113.3 significant 
pixels 6 19.88, 402.7 significant pixels 
6 188.7, and 129.2 significant pixels 6 
74.59 for the three control groups VLA-
42/LPS+, VLA-4+/LPS2, and VLA-42/
LPS2, respectively. Statistical analysis 
proved a significant increase of cell 
homing for animals in the VLA-4+/LPS+ 
group compared with the three control 
groups (df = 3, F = 8.53, P = .007).

Validation of Imaging Findings with 
Histologic Results
Immunostaining for VCAM-1 demon-
strated global, high-level expression of 
VCAM-1 within the brain of rats treat-
ed with LPS (Fig E1, a [online]). In 

displaying some degree of rolling but 
no detachment (Movie 4 [online]).

Monitoring Cell Delivery with Real-Time 
MR Imaging
In a pilot experiment where the ptery-
gopalatine artery was left intact, we ob-
served that the vast majority of infused 
SPIO-labeled cells were targeted to tis-
sue located outside of the brain (Fig 4).  
Ligation of all internal carotid artery 
extracerebral branches prevented cells 
from being targeted to regions outside 
of the brain. Subsequent cell target-
ing experiments were performed after 
these ligations with two bolus injections 
of 1 3 106 cells given 10 minutes apart. 
MR imaging demonstrated that VLA-4–
expressing hGPs injected into animals 
treated with LPS bind extensively to the 
cerebral endothelium, as represented 
by low-signal-intensity pixels, whereas 
control experiments with VLA-4–naive 
cells or naive endothelium (not treated 
with LPS) were associated with much 
fewer signals (Fig 5). As a quantitative 
measure of intracerebral cell binding, 
a pixel-by-pixel t test was conducted 

Figure 3

Figure 3: Bar chart shows quantification of microfluidic 
assay data. Endpoint quantification of the number of glial 
precursor cells that adhered to endothelium-coated microfluidic 
device demonstrates a significant increase in cell adhesion for 
VLA-4–expressing cells. The greatest increase was observed 
for VLA-4–expressing cells and TNF-a–treated endothelial 
cells. Data are means 6 standard deviations.  ∗ = Significant 
difference between groups.
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pose a substantial financial burden. In-
traarterial cell delivery potentially ad-
dresses some of the limitations of both 
stereotaxic and intravenous methods. 
A major advantage of intraarterial 
delivery stems from the potential of 
widespread engraftment, which is es-
sential for covering larger or multifo-
cal lesions, as well as high targeting 
efficiency. This approach is valid only 
for cells that highly express adhesion-
docking molecules, ensuring first-pass 
binding and minimizing cells from 
reaching off-target tissues. Expression 
of adhesion molecules in some cell 
types such as mesenchymal stem cells 
is quite high (27), whereas in neural 
cell types this expression is not con-
sistent (28). It has been reported by 
Guzman et al (11) that neural stem 
cells could be enriched for cells with 

with lesions throughout the brain and 
spinal cord (23), comprehensive cell 
therapy would require multiple injec-
tions, which cannot be considered 
owing to excessive risk. Intravenous 
approaches to cell delivery have been 
used in animal models and clinical tri-
als (14,24), with reassuring results in 
terms of safety parameters. However, 
although intravenous approaches are 
potentially safer and less invasive than 
stereotaxic methods, there are seri-
ous concerns about the low efficiency 
of engraftment (as low as 1%–2%) 
(25). It is difficult to control cell traf-
ficking with this approach, and many 
reports indicate that transplanted cells 
filter into off-target organs such as the 
lungs or spleen (5,26). Finally, given 
the cost and difficulty of obtaining 
high-quality cells, this approach may 

with multifocal or diffuse abnormal-
ities. Such broad engraftment can be 
achieved either by relying on the ex-
tensive migratory potential of cells or 
with a delivery method that ensures 
cell placement in the immediate prox-
imity of the affected tissue. Stereo-
taxic methods are efficacious for dis-
eases in which the abnormality is focal 
or limited in extent. These methods 
have been used extensively in animal 
models (18) as well as in clinical trials 
for Parkinson disease (19), Huntington 
disease (20), and amyotrophic lateral 
sclerosis (21). However, although cer-
tain cell types have extensive migratory 
potential (18) with intraparenchymal 
injection, uniform and complete cov-
erage of larger or multifocal lesions is 
challenging (22). For instance, in mul-
tiple sclerosis, a demyelinating disease 

Figure 4

Figure 4: Real-time monitoring of injection accuracy with MR imaging. A, Diagram of procedure with pterygopalatine artery left intact. 
After ligation of external carotid and occipital arteries, common carotid artery was cannulated and SPIO-labeled cells were infused. B, C, 
MR images of rat brain and surrounding muscles obtained immediately before (B) and after (C) injection demonstrate that vast majority 
of cells are localized into extracerebral tissue (arrows), with negligible binding within brain. D, Diagram of procedure with ligation of 
pterygopalatine artery. All infused cells were perfused into internal carotid artery and localized successfully into ipsilateral hemisphere. 
E, F, MR images obtained immediately before (E) and after (F) injection. Arrows indicate area of cell docking. CA = choroidal anterior 
artery, CCA = common carotid artery, ECA = external carotid artery, ICA = internal carotid artery, MCA = middle cerebral artery, PA = 
pterygopalatine artery, PCA = posterior cerebral artery.
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Figure 5

Figure 5: In vivo real-time quantitative MR images of cerebral docking of cells. Representative T2*-weighted brain images for all ex-
perimental groups acquired, A, before injection, B, after injection of 1 3 106 cells, C, 10 minutes later after second injection of 1 3 106 
cells, and, D, 20 minutes and, E, 30 minutes after first injection. Brain regions with low signal intensity indicate docking of cells to cerebral 
endothelium. F, Pixel-by-pixel analysis of preinjection MR images (A) versus those obtained 30 minutes after first injection (E), with 
a significance threshold of P , .001. A larger number of hypointense pixels are seen for VLA-4–expressing cells after LPS treatment.
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Figure 7

Figure 7: Validation of imaging results with immunofluorescent microscopy. A, Contralateral and, B, ipsilateral hemispheres of rats treated 
with LPS and injected with VLA-4–expressing hGPs reveal numerous red fluorescent cells (labeled with rhodamine-SPIO) only for the hemi-
sphere located at site of intracarotid injection. C, Immunostaining for VLA-4–expressing hGPs (red, labeled with rhodamine-SPIO) and blood 
vessels (green, von Willebrand factor) shows binding of VLA-4–expressing hGPs to brain endothelium in the cortex (boxed c in B). Scale bar in A 
= 500 µm; scale bar in C = 50 µm.

Figure 6

Figure 6: Bar chart shows quantification of 
numbers of hypointense pixels between VLA-4+/
LPS+ and control groups. Data are means 6 stan-
dard deviations. ∗ = Significant difference between 
groups.

greater expression of adhesion mole-
cules and that these cells could later 
be infused into the carotid artery. 
However, their analysis revealed that 
only 25% of their cell population ex-
pressed the relevant molecule. Cell 
engineering to overexpress these types 
of adherins presents a more successful 
path forward. For cell types with low 
endogenous expression of adhesion 
receptors, it is crucial to artificially 
increase their presence by using a va-
riety of approaches that range from 
stable expression systems (eg, lenti-
viral vectors) to transient expression 

systems (eg, plasmid transfections 
or RNA-based technology). However, 
given the risks of stable genome inte-
gration, short-term expression may be 
a safe and more desirable method.

Selection of the appropriate adhe-
sion pathway is crucial for maximizing 
the therapeutic potential of intraarte-
rial delivery with engineered cells. A 
variety of integrins are upregulated on 
activated endothelium, and these mol-
ecules mediate rolling, adhesion, and 
extravasation of migrating cells. These 
molecules include a variety of selectins 
that mediate weaker binding and integ-
rins, such as VCAM-1 and intracellular 
adhesion molecule-1, which mediate 
the strong binding that is crucial for 
extravasation. Thus, the use of a well-
characterized cell adhesion pathway for 
intraarterial delivery offers the benefit 
of specific targeting to areas of abnor-
mality. Furthermore, expression of ad-
hesion receptors on therapeutic cells 
can be tailored for various diseases, 
with a characteristic expression profile 
of adhesion molecules. For instance, 
the VLA-4–VCAM-1 pathway can be 
used for cell targeting in a variety of 
central nervous system diseases such as 
multiple sclerosis (29) or stroke (30). 
Administration of engineered cells 
would not only facilitate widespread en-
graftment but would also improve the 
efficiency of binding to areas where cel-
lular therapeutics would have the most 
significant effect. However, it must be 
noted that cell extravasation across 

the blood-brain barrier is a complex 
molecular process that involves a host 
of adhesion molecules and chemokine 
receptors. Thus, we must determine 
which cell types are capable of homing 
toward areas of abnormality. Although 
successful docking of injected cells, as 
shown herein, is a prerequisite and the 
most important aspect of cells able to 
reach specific areas of neuropathologic 
lesions, additional receptor expression 
may be needed for molecules that pro-
mote cellular diapedesis and targeted 
migration (eg, CXCR-4 [31,32] or CCR-
2 [33]). In the meantime, our approach 
may also be applied to “diagnose” in-
flammation in a similar fashion to the 
way indium 11–labeled leukocytes are 
used for specific imaging of inflamma-
tion and infection. When combined 
with a therapeutic effect, these target-
ed cells could then be considered to be 
a “theranostic” entity.

Our study has limitations. Intraar-
terial delivery of therapeutic cells can 
be associated with the risk of microem-
bolism. Although applied here MR cell 
tracking can help monitor the overall 
amount of cell engraftment, this tech-
nique does not provide information 
about the physiologic status of brain tis-
sue such as perfusion and oxygenation. 
An additional limitation is that we used 
xenogeneic cells for transplantation as 
a proof of principle, without having 
studied any potential long-term compli-
cations arising from a possible immune 
rejection. We have evaluated only the 
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immediate vascular adhesion of VLA-
4–transfected cells, and further studies 
on subsequent extravasation must be 
conducted.

Intraarterial delivery of therapeutic 
cells can potentially lead to excessive 
cell binding and compromised blood 
flow (6,9), although several groups have 
shown evidence to the contrary (34). 
Given these safety concerns, we must 
address the need to balance maximizing 
cell adhesion while preserving cerebral 
blood flow by monitoring cell engraft-
ment in real time. MR imaging, with 
its exquisite spatial resolution, appears 
most suited for that purpose (1,14). 
MR imaging provides valuable informa-
tion about the location of engraftment 
and migration and can potentially pro-
vide information about how well cells 
traffic to MR imaging–visible lesions. 
Furthermore, given the safety con-
cerns that have been raised with this 
approach, additional monitoring tech-
niques could be considered to measure 
changes in blood flow and tissue oxy-
genation, including laser Doppler (9), 
near-infrared spectroscopy (35), or MR 
imaging–based methods such as arte-
rial spin labeling (36).
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