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Capitalizing on cellular homing to cancer is a promising strategy for targeting malignant cells for diagnostic,
monitoring and therapeutic purposes. Murine C17.2 neural progenitor cells (NPC) demonstrate a tropism for cell
line-derived tumors, but their affinity for patient-derived tumors is unknown. We tested the hypothesis that NPC
accumulate in patient-derived tumors at levels detectable by optical imaging. Mice bearing solid tumors after trans-
plantation with patient-derived leukemia cells and untransplanted controls received 106 fluorescent DiR-labeled NPC
daily for 1–4 days, were imaged, then sacrificed. Tissues were analyzed by immunofluorescence and flow cytometry
to detect tumor cell engraftment (CD45) and NPC (FITC-b galactosidase or DiR). Tumors consisted primarily of
CD45-positive cells and demonstrated mild fluorescence, corresponding to frequent clusters of FITC-b gal-positive
cells. Both transplanted and control mice demonstrated the highest fluorescent signal in the spleens and other
tissues of the reticuloendothelial activating system. However, only rare FITC-b gal-positive cells were detected
in the mildly engrafted transplanted spleens and none in the control spleens, suggesting that their high DiR signal
reflects the sequestration of DiR-positive debris. The mildly engrafted transplanted kidneys demonstrated low
fluorescent signal and rare FITC-b gal-positive cells whereas control kidneys were negative. Results indicate that
NPC accumulate in tissues containing patient-derived tumor cells in a manner that is detectable by ex vivo optical
imaging and proportional to the level of tumor engraftment, suggesting a capacity to home to micrometastatic
disease. As such, NPC could have significant clinical applications for the targeted diagnosis and treatment of
cancer. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A significant challenge in cancer and imaging research is the
development of methods to target malignant cells for diagnos-
tic, monitoring and therapeutic purposes. Strategies that aim to
target cancer cells directly require knowledge of a cancer’s
specific cellular and molecular identity, which differs among
cancers, among patients with the same diagnosis and even
within any given patient (1). This approach is challenging and
costly and leads to the need for highly personalized medicine.
A promising alternative strategy is to target cancer cells

indirectly by exploiting the natural propensity of some progeni-
tor and stem cells to home to tumor sites (2–9). The tumor-
seeking properties of mesenchymal stem cells, C17.2 murine
neural progenitor cells (NPC; Table 1) and human NPC have
been studied extensively; these cells can be labeled with a
contrast agent and imaged to reveal sites of cancer using a
variety of modalities (5,7,10–14) or used to deliver therapeutic
molecules or genes (10,15–22). Mesenchymal stem cells demon-
strate robust homing to tumor sites and are readily available from
adipose tissue and bone marrow (5,6); however, evidence that
mesenchymal stem cells support tumor growth and spread
(23,24) raises major concerns regarding their clinical applications.
NPC have not been shown to demonstrate these properties and
thus may represent a safer alternative.

Studies have shown that C17.2 NPC administered by tail vein
injection (2–3� 106 cells) accumulate preferentially in cutaneous
melanoma masses and intracranial glioblastoma tumors as
early as 30 min post-injection and persist at 4 days (4) and 6 days
post-injection (2). Similarly, C17.2 NPC concentrate in Lewis
lung carcinoma tumors at 24 and 48 h after intravenous
doses of 5 � 105 cells, visible by bioluminescence imaging and
gamma imaging with Indium-111 (3). Not only do C17.2 NPC remain
viable at these time points and retain their capacity to express
prodrug-activating enzymes and prodrugs, but they also target
small clusters of tumor cells and even individual tumor cells that
have migrated away from the original tumor mass, suggesting a
tropism for metastatic cells (2). Until now, studies of NPC homing
to cancer have concentrated on tumors derived from cell lines

* Correspondence to: I. G. Newton, UCSD Medical Center, Radiology Department,
200 West Arbor Drive, San Diego, CA 92103–8756, USA. E-mail: inewton
@ucsd.edu

a I. G. Newton, W. C. Plaisted, S. Messina-Graham, A. E. Abrahamsson Schairer,
A. Y. Shih, E. Y. Snyder, C. H. M. Jamieson, R. F. Mattrey
University of California, San Diego, CA 92103-8756, USA

b E. Y. Snyder
Sanford-Burnham Medical Research Institute, 10901 North Torrey Pines Road,
La Jolla, CA 92037, USA

Full Paper

Received: 4 December 2011, Revised: 14 June 2012, Accepted: 18 June 2012, Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI: 10.1002/cmmi.1485

Contrast Media Mol. Imaging 2012, 7 525–536 Copyright © 2012 John Wiley & Sons, Ltd.

525



whereas patient-derived tumors aremore likely to reflect the hetero-
geneity and metastatic properties that cancer exhibits clinically
(25,26).

Tumors grown from cancer cells harvested from patients differ
from those grown from immortalized cancer cell lines in many
important ways. Patient cancer cells represent a heterogeneous
population consisting of cancer stem cells and differentiated
cancer cell types that give rise to solid tumors that interact with
the environment to recruit stromal cells and blood vessels to
support their growth (1,27,28). Cancer cell lines exhibit far less
heterogeneity by virtue of being an immortalized clonal cell line.
Moreover, most patient-derived cancer cells have specialized
niche requirements and require transplantation into nutrient-rich
environments such as the liver (28), bone marrow (29) or kidney,
and will not survive subcutaneous or intravenous injection, as do
cells from cancer cell lines (18). This niche requirement suggests a
more complex interaction between patient-derived cancer cells
and local and systemic signals, including chemokines, growth
factors and components of the immune system (24). Also, just like
the tumors from which they were harvested, patient-derived
tumors grow over a matter of months whereas cell line-derived
tumors can reach the same size in a matter of weeks (28). Finally,
patient-derived tumors demonstrate a complex metastatic
profile, with solid tumors and tumor cell engraftment detectable
at distant sites from transplantation, in a pattern of spread that
mirrors that observed in the donor patient (25,28). An excellent
model for studying the complex interactions between tumor-
tropic NPC and patient-derived tumors is the murine xenograft
of patient-derived chronic myeloid leukemia (CML).

CML was the first cancer demonstrated to arise at the level of
the hematopoietic stem cell, owing to a genetic translocation
producing the Philadelphia chromosome which encodes the
constitutively activated tyrosine kinase, P210BCR-ABL (28,30–33).
This discovery led to the development of the first molecularly
targeted anticancer drug, the BCR-ABL tyrosine kinase inhibitor
imatinib (31). Although the incidence of CML is just under 5000
cases per year in the USA, its prevalence rises annually owing to
successes in imatinib treatment that have resulted in a dramatic

drop in mortality to approximately 2% (34). In the absence
of imatinib treatment and sometimes in spite of it, because of
resistance, some patients will go on to progress to blast crisis
CML, a more aggressive phase of the disease with a course similar
to acute leukemia, with rapid progression and decreased survival.
Studies in our laboratory of patient-derived CML cells in a murine
CML xenograft model have revealed that this progression of CML
from chronic phase to blast crisis involves the activation of
the Wnt/b-catenin self-renewal pathway in a population of
granulocyte-macrophage progenitor cells (28,35). Research
continues to focus on understanding the cellular and molecular
pathogenesis of CML. Thus, CML represents an excellent model
to investigate the tropism of NPCs for the diverse population of
patient-derived cancer cells that includes cancer stem cells.
The development of new anticancer theragnostic technologies

with the greatest potential for application in humans requires
the establishment of a reliable animal model of cellular homing
to patient-derived tumors using a sensitive imaging modality
that can be performed easily and repeatedly. To this end, we
used fluorescence imaging with the near-infrared lipophilic dye
1,10-dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide
(DiR) to test the hypothesis that C17.2 NPC home to patient-
derived CML tumors at levels detectable by optical imaging. DiR
is well-suited for in vivo cellular tracing owing to its relatively
good tissue penetration and resistance to photobleaching.
The distribution of fluorescent signal after intravenous injection
of DiR-labeled cells reflects a variety of factors, including cell
trapping in the pulmonary capillary bed, sequestration of cells
and debris by the phagocytic mononuclear cells (which are rich
in the liver, spleen, marrow and lung), and active cellular homing
into the parenchyma of target tissues. As such, fluorescence-
activated cell sorting (FACS) and immunofluorescence histologic
analysis (IF) were used to assess the proportion and distribution
of C17.2 cells in various tissues in relation to human tumor cell
engraftment. The results show that C17.2 NPC home to tissues
engrafted with CD45+ CML cells in a manner proportionate to
the level of cancer cell engraftment and that this homing is
detectable by ex vivo optical imaging. These data suggest that
C17.2 NPC not only target solid tumors but also accumulate in
tissues containing individual cancer cells, suggesting a tropism
for micrometastatic disease. Thus, cellular homing to patient-
derived solid tumors and micrometastases could be adapted
clinically for the diagnosis of cancer and the targeted delivery
of treatment.

2. RESULTS

2.1. Optical fluorescence imaging

Using C/0 or CML/0 mice as negative controls, C/C17.2 and CML/
C17.2 mice were imaged optically approximately 3 h after daily
DiR-C17.2 injections for up to 4 days, for a maximal possible dose
of 4.5� 106 cells for the 96 hmice, with subsets of mice sacrificed
at each of the 24, 48, 72 and 96 h time points (see Experimental
section for details). These time points were selected based on
the literature, which indicates that NPC concentrate in tumors
as early as 30 min after injection and remain viable within tumors
at 4 and 6 days (2–4). Cells were dosed daily to increase the total
DiR-C17.2 cell dose while avoiding increased mortality observed
after injections of greater than 1.5 � 106 cells. Daily imaging
was performed both to confirm intravenous delivery of the cells
and to evaluate whether NPC homing to patient-derived CML

Table 1. List of Common Abbreviations

FITC-b gal FITC-conjugated b galactosidase antibody

C17.2 Murine cerebellum-derived neural progenitor
cells

CML Patient-derived blast crisis chronic myeloid
leukemia

DiR Lipophilic near infrared fluorescent dye, 1,
10-dioctadecyl-3,3,30,30-
tetramethylindotricarbocyanine iodide

DiR-C17.2 DiR-labeled C17.2 cells
FACS Fluorescence-activated flow cytometric

analysis and cell sorting
IF Immunofluorescence histologic analysis
NPC Neural progenitor cells
C/0 Control untransplanted mouse, no C17.2 cells
CML/0 CML-transplanted mouse, no C17.2 cells
C/C17.2 Control untransplanted mouse injected with

DiR-C17.2 cells i.v.
CML/C17.2 CML-transplanted mouse injected with DiR-

C17.2 cells i.v.

I. G. NEWTON ET AL.

wileyonlinelibrary.com/journal/cmmi Copyright © 2012 John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2012, 7 525–536

526



tumors follows a similar time course to cell-line derived tumors;
however, it was not a primary end point of this study to investi-
gate the temporal characteristics of NPC homing.
Within the first hour after injection of DiR-C17.2 cells, fluores-

cent signal appeared in the thorax, corresponding to the lungs
on postmortem imaging (data not shown). By 24 h post-injection,

the signal appeared in the upper abdomen, corresponding to
the liver and spleen on postmortem imaging, and in the bone
marrow. This pattern of fluorescent signal persisted without
significant change through the 48, 72 and 96 h time points
examined. Mice shown in Fig. 1 are from the 72 and 96 h time
points and are representative of the pattern of fluorescence seen
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Figure 1. Fluorescence imaging of mice at 72 h (left) and 96 h (right) after the first of daily intravenous injections of DiR-C17.2 cells. The total dose
administered was 4 � 106 cells for the 72 h mice and 4.5 � 106 cells for the 96 h mice. Control (C/0) mice and tissues are displayed in the first column
of each time point, C/C17.2 mice and tissues in the second column and CML/C17.2 mice and tissues in the third column. Mice shown are representative
not only of their respective time points but also of the pattern of fluorescence seen in C/C17.2 and CML/C17.2 mice by 24 and 48 h post-injection (data
not shown). (A) On in vivo imaging, there is robust fluorescent signal within the thorax and upper abdomen of both the C/C17.2 mouse (second column
of each time point) and CML/C17.2 mice (third column of each time point) as compared with C/0 controls (first column of each time point). Fluorescent
signal in the lower extremities is detectable in both C/C17.2 and CML/C17.2 mice. (B) Imaging of the same mice with the skin deflected to reveal DiR
signal in the lungs, liver, spleen and marrow in both the C/17.2 and CML/C17.2 mice. The bottom panels demonstrate ex vivo imaging of the organs of
these mice using a 5 s exposure, confirming high fluorescent signal within the C/C17.2 and CML/C17.2 liver (C) and spleen (D) as compared with the
negative C/0 tissues. Ex vivo imaging of the heart (E) and kidneys (F) of these mice using a 10 s exposure reveals a mild DiR signal in these tissues of both
the C/C17.2 and CML/C17.2 mice and mild signal in the tumors (G) of the CML/C17.2 mice. The tissues of C/0 mice are negative.
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in C/C17.2 and CML/C17.2 mice by 24 and 48 h post-injection, as
well; for that reason, the 24 and 48 h time points are not shown
separately. Postmortem in situ imaging (Fig. 1B) and ex vivo organ
imaging confirmed high fluorescent signal within the C/C17.2
and CML/C17.2 liver (C) and spleen (D) and mild signal in the
heart (E), kidneys (F) and tumor (G) of these mice as compared
with the negative C/0 or CML/0 tissues. Fluorescence from
superficial tumors was detectable in vivo but detection of signal
from deeper tumors was improved by reflection of the overlying
soft tissues and fur or by ex vivo imaging.

Average radiances (p/s/cm2/sr) of tissues of DiR-C17.2-injected
mice compared with controls that did not receive DiR-C17.2
injections are demonstrated in Fig. 2. DiR-C17.2-injected mice
include C/C17.2 (N= 5 per tissue) and CML/C17.2 (N=19 livers,
13 spleens, 12 marrow, 21 tumors, 17 kidneys and 11 hearts).
Controls that did not receive DiR-C17.2 injections include C/0
and CML/0 and are collectively referred to as ‘No DiR-C17.2’
(N= 2 for all tissues except spleen and tumor, N= 1). The
variations in N reflect the fact that not all tissues emitted a
measurable fluorescent signal and, rather than arbitrarily assign
them a zero value, they were not included in the statistical
analysis. The average radiance of all No DiR-C17.2 livers, spleens,
marrow, tumors and kidneys that emitted measurable fluores-
cence was calculated (7.6 � 106� 1.3 � 106 p/s/cm2/sr, N= 10)
and referred to as the ‘All Tissues’ control in Fig. 2.

All C/C17.2 and CML/C17.2 tissues, including CML/C17.2
tumors, emitted a fluorescent signal that was significantly
greater than background levels of the All Tissues control (Fig. 2).
All but one of the tumors imaged ex vivo demonstrated positive
fluorescence (defined as ≥9 � 106 p/s/cm2/sr), with an average
tumor fluorescence of 2.6 � 107� 2.4 � 107 p/s/cm2/sr, whereas
the tumors from CML/0 mice were negative. There are no statis-
tically significant differences between the fluorescent signals of

the C/C17.2 and CML/C17.2 tissues for the liver, spleen, marrow,
kidneys or heart. The highest fluorescent signal was detected in
the lungs (C/C17.2: 1.29 � 109 p/s/cm2/sr, CML/C17.2: 7.8 � 108

p/s/cm2/sr, data not graphed), liver (C/C17.2: 3.9 � 108 p/s/
cm2/sr, CML/C17.2: 2.4 � 108 p/s/cm2/sr) and spleen (C/C17.2:
1.7 � 108 p/s/cm2/sr, CML/C17.2: 1.5 � 108 p/s/cm2/sr) with
lower levels in the bone marrow (C/C17.2: 1.2 � 107 p/s/cm2/sr,
CML/C17.2: 2.3 � 107 p/s/cm2/sr), kidneys (C/C17.2: 2.4 � 107

p/s/cm2/sr, CML/C17.2: 2.0 � 107 p/s/cm2/sr) and hearts (C/
C17.2: 1.7 � 107 p/s/cm2/sr, CML/C17.2: 2.5 � 107 p/s/cm2/sr).
In summary, both C/C17.2 and CML/C17.2 mice demonstrated

similar patterns of fluorescent signal after i.v. injection of DiR-
C17.2 cells, with signal appearing first in the lungs immediately
post-injection but then in the livers and spleens, marrow,
kidneys, hearts and, when present, tumors by 24 h post-initial
injection in a pattern that persisted at 48, 72 and 96 h. Because
the pattern of fluorescent signal did not change after 24 h and
there were no significant differences among time points for
any of the analyses performed, the data from these time points
were pooled for the subsequent analyses.

2.2. FACS

2.2.1. CD45-positive human cancer cell engraftment

Human cancer cell engraftment, as indicated by the average
percentage of live cells expressing the human cell marker
CD45, was analyzed by FACS in tissues of the untransplanted
Control (both C/0 and C/C17.2; N= 6) vs CML-transplanted mice
(both CML/0 and CML/C17.2; N= 24 for all tissues except spleen,
N= 15; Fig. 3). The average nonspecific background CD45
staining in all Control livers, spleens, marrow and kidneys was
calculated for comparison (4.0� 5.9%, N= 19) and referred to
as the ‘All Tissues’ control in Fig. 3.
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Figure 2. Average radiances (p/s/cm2/sr) of tissues of DiR-C17.2-injected mice vs controls that did not receive DiR-C17.2 injections. DiR-C17.2-injected
mice include C/C17.2 (medium gray, N=5 per tissue) and CML/C17.2 (light gray, N=19 livers, 13 spleens, 12 marrow, 21 tumors, 17 kidneys and 11
hearts). Controls that did not receive DiR-C17.2 injections include C/0 and CML/0 and are collectively referred to as ‘No DiR-C17.2’ (dark gray; N=2
for all tissues except spleen and tumor, N=1). The variations in N reflect the fact that not all tissues emitted measurable fluorescent signal; rather than
assign these tissues a zero value, they were not included in the statistical analysis. ‘All Tissues’ represents the average radiance of all No DiR-C17.2 livers,
spleens, marrow, tumors and kidneys that emitted measurable background fluorescence (7.6 � 106� 1.3 � 106 p/s/cm2/sr, N=10). Statistical signifi-
cance (p< 0.05) is denoted with two asterisks when compared with All Tissues and by a single asterisk when compared with both the No DiR-C17.2
control for the same tissue and to the All Tissues control. All C/C17.2 and CML/C17.2 tissues emitted fluorescent signal that was significantly greater
than background levels of the All Tissues control. There are no statistically significant differences between the fluorescent signals of the C/C17.2
and CML/C17.2 tissues for any tissue measured. The highest fluorescent signal was detected in the lungs (C/C17.2, 1.29 � 109 p/s/cm2/sr; CML/C17.2,
7.8 � 108 p/s/cm2/sr, data not graphed), liver (C/C17.2, 3.9 � 108 p/s/cm2/sr; CML/C17.2, 2.4 � 108 p/s/cm2/sr) and spleen (C/C17.2, 1.7 � 108 p/s/cm2/
sr; CML/C17.2, 1.5 � 108 p/s/cm2/sr) with lower levels in the bone marrow (C/C17.2, 1.2 � 107 p/s/cm2/sr; CML/C17.2, 2.3 � 107 p/s/cm2/sr), tumors
(CML/C17.2, 2.6 � 107 p/s/cm2/sr), kidneys (C/C17.2, 2.4 � 107 p/s/cm2/sr; CML/C17.2, 2.0 � 107 p/s/cm2/sr) and hearts (C/C17.2, 1.7 � 107 p/s/cm2/
sr; CML/C17.2, 2.5 � 107 p/s/cm2/sr).
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CML tumors, marrow and kidneys demonstrated engraftment
levels that were significantly higher than background levels in
the untransplanted All Tissues control. CML engraftment in
spleens (3.5� 2.2%) was significantly greater when compared
with Control spleens (0%). Tumors demonstrated the highest
engraftment levels, with live CD45-positive cells comprising
67.6� 21.4% of cells analyzed. CML bone marrow engraftment
differed by patient sample, with live CD45-positive cells repre-
senting 53.3� 25.6% of cells analyzed in one patient sample
(vs 0.66% in controls) but only 1.7� 0.6% in another patient
sample (vs 2.3� 1.5% in controls). This difference in levels of
bone marrow engraftment among patient samples has been
observed across numerous experiments in our laboratory and
is believed to reflect the inherent heterogeneity of CML among
patients. Wide variations in levels of renal engraftment among
tumors derived from different patient samples was also ob-
served; the average renal engraftment level of 10.7� 12.5 vs
8.0% in controls includes data from one experiment where the
average was 0.26� 0.31 vs 0.08% in control kidneys. There was
no statistically significant difference between liver engraftment
(5.2� 3.8%) and background CD45 staining in control livers
(4.4%) or the All Tissues control.

2.2.2. DiR-positive cells

The proportion of DiR-positive cells in the tissues of control
and DiR-C17.2 cell-injected mice was evaluated by FACS (Fig. 4).
DiR-C17.2-injected mice include C/C17.2 (N=4 per tissue except
for spleen, N=0 owing to processing error) and CML/C17.2
(N=22 per tissue except for spleen, N= 15). Controls that did
not receive DiR-C17.2 injections include C/0 and CML/0 and are
collectively referred to as ‘No DiR-C17.2’ (N= 4 for all tissues
except spleen and tumor, N= 2). The average percentage of

DiR-positive cells in all No DiR-C17.2 livers, spleens, marrow,
tumors and kidneys (0.35� 0.22%, N= 16) comprises the ‘All
Tissues’ control in Fig. 4.

Tumors showed a significantly higher proportion of DiR-positive
cells as compared with the All Tissues control. Both C/C17.2
and CML/C17.2 livers and marrow and CML/C17.2 spleens and
kidneys demonstrated higher proportions of DiR-positive cells
than their respective tissue-matched controls and the All Tissues
control (Fig. 4). There was no significant difference in the percent-
age of DiR-positive cells in the C/C17.2 vs CML/C17.2 livers, spleens,
marrow or kidneys. The average percentage of DiR positive cells in
tissues� SD was as follows: livers (C/C17.2: 1.81� 0.44%, CML/
C17.2: 7.76� 5.79%), marrow (C/C17.2: 1.50� 0.66%, CML/C17.2:
2.13� 1.37%), spleens (C/C17.2: 1.81� 0.44%, CML/C17.2:
7.76� 5.79%), tumors (CML/C17.2: 0.74� 0.61%) and kidneys (C/
C17.2: 0.56� 0.04%, CML/C17.2: 1.00� 0.48%). Interestingly, there
was a higher proportion of DiR-positive cells in the bone marrow
that contained 53% engraftment (2.8� 1.7%) than in the marrow
with 0.19% engraftment (1.7� 0.6%).

2.3. IF

IF was performed on tissues using an anti-b-galactosidase
antibody conjugated to FITC to evaluate for C17.2 cells and
anti-CD45 antibodies conjugated to Alexa 488 or Alexa 647 to
evaluate for human cancer cell engraftment (see Experimental
for details). Analysis was performed on CML/C17.2 tumors as well
as the spleens and kidneys of C/0, C/C17.2 and CML/C17.2 mice.
These experiments demonstrated that CML tumors consist
primarily of CD45-positive human cells (≥400 cells per high
powered field, or ≥83%; Fig. 5) whereas CD45-positive cells were
rare in CML spleens (0–2 per high-powered field, or ≤0.2%; Fig. 6)
and in CML kidneys (0–1 per high-powered field, or ≤0.5%; Fig. 7).
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Figure 3. Human cancer cell engraftment in tissues of Control (both C/0 and C/C17.2; dark gray, N=6) vs CML-transplantedmice (both CML/0 and CML/
C17.2; light gray, N=24 for all tissues except spleen, N=15), as indicated by the average percentage of live cells expressing the human cell marker CD45.
‘All Tissues’ represents the average of the percent engraftment of all Control livers, spleens, marrow and kidneys (4.0� 5.9%, N=19). Statistical signifi-
cance (p< 0.05) is denoted with two asterisks when compared with the All Tissues control and with a single asterisk when compared with the Control
spleens. CML marrow, tumors and kidneys demonstrated significantly higher levels of engraftment than the untransplanted All Tissues control and CML
splenic engraftment (3.5� 2.2%) was significantly greater than Control spleens (0%). Tumors demonstrated the highest engraftment levels, with live
CD45-positive cells comprising 67.6� 21.4% of cells analyzed. The wide variance in the CML bone marrow engraftment (23.4� 29.1%) reflects variations
in patient cancer profiles: engraftment was 53.3� 25.6% in one patient sample vs 0.66% in controls, but 1.7� 0.6% in another patient sample, which was
not significantly different from controls. Wide patient cancer-specific variation was also observed in the renal engraftment (the average of 10.7� 12.5%
vs 8.0% in controls includes data from one experiment where the average was 0.26� 0.31%, vs 0.08% in control kidneys). There was no statistically
significant difference between liver engraftment (5.2� 3.8%) and background CD45 staining in control livers (4.4%) or the All Tissues control.
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Figure 4. Average percentage of DiR-positive cells in tissues of DiR-C17.2-injected mice vs controls that did not receive DiR-C17.2 injections. DiR-C17.
2-injected mice include C/C17.2 (medium gray, N=4 per tissue except for spleen, N=0 owing to processing error) and CML/C17.2 (light gray, N=22 per
tissue except for spleen, N=15). Controls that did not receive DiR-C17.2 injections include C/0 and CML/0 and are collectively referred to as ‘No DiR-
C17.2’ (dark gray; N=4 for all tissues except spleen and tumor, N=2). ‘All Tissues’ represents the average percentage of DiR-positive cells in all No
DiR-C17.2 livers, spleens, marrow, tumors and kidneys (0.35� 0.22%, N=16). Statistical significance (p< 0.05) is denoted with two asterisks when
compared with All Tissues and by a single asterisk when compared with both the No DiR-C17.2 control for the same tissue and to the All Tissues control.
Average percentage of DiR positive cells in tissues� SD is as follows: liver (C/C17.2, 1.81� 0.44%; CML/C17.2, 7.76� 5.79%), marrow (C/C17.2,
1.50� 0.66%; CML/C17.2, 2.13� 1.37%), spleen (C/C17.2, 1.81� 0.44%; CML/C17.2, 7.76� 5.79%), tumor (CML/C17.2, 0.74� 0.61%) and kidney (C/
C17.2, 0.56� 0.04%; CML/C17.2, 1.00� 0.48%). Both the C/C17.2 and CML/C17.2 liver and marrow and the CML/C17.2 spleen and kidney demonstrated
higher proportions of DiR-positive cells than both their matched tissue controls and the All Tissues control. Tumors showed a significantly higher
proportion of DiR-positive cells as compared with the All Tissues control. There is no significant difference in the percentage of DiR-positive cells in
the C/C17.2 vs CML/C17.2 livers, spleens, marrow and kidneys.

Figure 5. IF analysis of CML/C17.2 tumors using CD45 antibody conjugated to Alexa 647 or Alexa 488 (red) to evaluate for human tumor cell engraftment,
FITC-b gal antibody (green) to evaluate for C17.2 cells, and DAPI (blue) as a nuclear marker. Displayed are the merged images (A, D), individual CD45 red
layers (B, E) and individual FITC-b gal green layer (C). The last image (F) shows CML/C17.2 tumor stained with FITC-b gal antibody alone to eliminate the
possible confounder of spectral bleed-through from other fluorophores. CML/C17.2 tumors demonstrate high numbers of red CD45-Alexa 647-positive
human cells (A, B) and frequent clusters of green FITC-b-gal-positive cells (A, C, E) throughout the tumor. CD45-Alexa 488 staining of CML/C17.2 tumors
(D, E) confirms that the majority of tumor cells express human CD45 (red).
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No CD45-positive cells were observed in control tissues (C/0 or
C/C17.2, Figs 5–7).
Clusters of FITC-b gal-positive cells were scattered throughout

the tumor parenchyma, often surrounding vessels, constituting
≤10% of total cells (30–100 cells) per high-powered field (Fig. 5).
The other CML/C17.2 tissues demonstrated far fewer FITC-b gal-
positive cells, with rare FITC-b gal-positive cells in spleens (≤0.2%
or 0–2 cells per high powered field; Fig. 6) and kidneys (≤0.9% or
0–2 cells per high-powered field; Fig. 7). No FITC-b gal-positive
cells were observed in tissues of mice that did not receive DiR-
C17.2 cells (C/0 or CML/0; Figs 5–7).
In summary, CML tumors showed the highest levels of human

engraftment by FACS (>67%) and IF (>83%) whereas CML
spleens and kidneys demonstrated lower CD45+ engraftment
by FACS (3.5 and 10.7%, respectively) and IF (<1% for both).
The strongest DiR signal and largest number of DiR + cells were
observed by imaging and FACS in the livers, spleens and marrow
of both C/C17.2 and CML/C17.2 mice. By contrast, IF analysis
revealed the highest concentration of b gal-positive cells to be
within the tumors, with the numbers in CML spleens and CML
kidneys to be low but proportional to the level of human cancer

cell engraftment. No FITC-b gal-positive cells were detected in
the tissues of mice that did not receive DiR-C17.2 cells and no
CD45-positive cells were detected in the tissues of Control
(untransplanted) mice.

3. DISCUSSION

The development of imaging modalities based on the targeting
of malignant cells could dramatically improve cancer diagnosis
and monitoring and present an opportunity to combine imaging
with the directed delivery of treatment, termed theragnostics.
A promising candidate for these purposes is the exploitation
of NPC homing to tumors; NPC can be labeled with contrast
agents for imaging and engineered to carry anti-tumor genes
and therapies. Because cancers grown from malignant cells
harvested from patients reflect the complexity that cancer
exhibits clinically, we aimed to develop a model of NPC homing
to patient-derived tumors.

The data presented demonstrate that CML tumors, which
comprise primarily human cancer cells, retain intact C17.2 cells

Figure 6. IF analysis of C/C17.2 (A, D–F) and CML/C17.2 (B, C, G–I) spleens using CD45-Alexa 488 (red; first row) or CD45-Alexa 647 (second and third
rows) to evaluate for human tumor cell engraftment, FITC-b gal antibody (green; second and third rows) to evaluate for C17.2 cells, and DAPI (blue) as a
nuclear marker. The merged images are in the first column and middle column for (B). The CD45 red layers (C, E, H) and the FITC-b gal green layers (F, I)
are depicted separately. Rare red CD45-positive cells were detected in CML/C17.2 spleens (B, C) but none in C/C17.2 spleens (A, D, E). Rare green FITC-
positive cells were seen in the CML/C17.2 spleens (I) and none in the C/C17.2 control spleens (F).
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within the parenchyma at levels detectable by ex vivo optical
imaging and confirmed by IF and FACS. CML spleens and
kidneys, which contain much lower levels of cancer cell engraft-
ment, retain proportionately fewer C17.2 cells. By contrast, C17.2
cells are not retained by tissues without cancer cell engraftment.
Together these data suggest that C17.2 NPC home to highly
engrafted patient-derived CML tumors and that this homing
can be detected by ex vivo optical imaging. Perhaps more
clinically significant, however, is the observation that C17.2 cells
home at proportionately lower levels to tissues bearing low
levels of malignant engraftment, in the absence of solid tumors.
This finding suggests that C17.2 cells are capable of homing to
micrometastastic disease. The detection of micrometastatic foci
remains a challenge using conventional modalities such as
CT, MRI and Positron Emission Tomography (PET). Thus, the
propensity for C17.2 cells to home to patient-derived cancer
cells could be used as a model to develop cellular homing
technologies for the identification of metastatic disease as well
as for the diagnosis of cancer, monitoring of treatment response,
and the targeted delivery of treatment in patients.

Although prior studies have demonstrated NPC homing to cell
line-derived solid tumors (2–4) and metastatic disease (18,21,36),
to our knowledge, this is the first study demonstrating NPC
homing to patient cancer cells. The niche requirements, growth
characteristics and metastatic profile of patient-derived cancers
closely mirror those of their cancer of origin; therefore a model
of NPC homing to patient-derived cancers is more likely to reflect
the complex interactions that govern cell migration (25,26,28).
However, the inherent heterogeneity of patient-derived tumors
can lead to increased variance in the data and may have
decreased the statistical power to detect differences between
the CML/C17.2 and C/C17.2 groups in the present study. For
example, despite intrahepatic transplantations of equal numbers
of CD34+/CD45+ cells from a single patient, performed by a
single operator, there were wide variations in tumor number
and gross tumor mass, which is typical of this murine xenograft

model. It is possible that the concentration of NPC in target
tissues is affected by the size and number of these tumors.
Future studies using a higher N per experiment could focus on
addressing these questions.
While DiR’s robust signal and relatively good tissue penetra-

tion make it well-suited for tracking live cells in small animals
over time, its durability results in the persistence of DiR in
the membranes of dead cells and debris. Phagocytosis of this
labeled debris by macrophages can make these cells appear
DiR-positive. DiR can also be transferred directly to neighboring
cells to such a significant degree, according to a recent study,
that the authors recommend rigorous cross-validation through
IF (37). Thus, the persistence of DiR signal in dead cells and the
transfer of DiR from target cells to nontarget cells can result in
DiR signal arising from sources other than the live C17.2 NPC
originally labeled. These phenomena could help explain the high
DiR signal detected by imaging and FACS in the spleens of con-
trol and CML mice despite the relative lack of FITC-b-gal-positive
cells detected in the spleens by IF. The spleen, marrow, liver and
lungs contain high concentrations of cells of the mononuclear
phagocyte system (formerly ‘the reticuloendothelial system’)
(38). As such, the high signal in these organs probably reflects
the accumulation of phagocytic cells that have taken up DiR-
labeled debris and the transfer of DiR to surrounding cells. To
circumvent these issues, future studies could be carried out
using C17.2 cells that stably express luciferase for biolumines-
cence imaging, where the photons are generated by a chemical
reaction catalyzed by luciferase. Bioluminescence imaging tends
to be more sensitive than fluorescence imaging, where the signal
depends on the excitation of a fluorophore by light of one
wavelength resulting in the emission of light of another wave-
length, both of which are subject to attenuation and scatter.
However, one disadvantage of bioluminescence imaging is that
ex vivo imaging cannot be performed as reliably with this method
since the luminescent signal peaks within minutes after intrave-
nous or intraperitoneal administration of the luciferin substrate.

Figure 7. IF analysis of control kidneys (A, C/0; D, C/C17.2) and CML/C17.2 kidneys (B, C, E, F, G) using CD45-Alexa 488 (red; top row) or CD45-Alexa 647
(red; bottom row) to evaluate for human tumor cell engraftment, FITC-b gal antibody (green; D, E, G) to evaluate for C17.2 cells, and DAPI (blue) as a
nuclear marker. Merged images are in the first and second columns, the CD45 red layers are in the third column and the FITC-b gal green layer is in
the fourth column. Rare CD45-positive cells were seen in CML/C17.2 kidneys stained with CD45-Alexa 488 (C) and none in C/0 kidneys (A, D). Rare
FITC-positive cells were seen in the CML/C17.2 kidneys (G) and none in the C/C17.2 control kidneys (D).
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Another factor that probably contributed to the high signal in
tissues such as the lungs, liver and spleen is cell filtration and
sequestration. High DiR signal detected in the lungs immediately
post-injection reflects trapping of DiR-positive cells in the
pulmonary capillary bed. Variations on the method of delivery
could reduce the number of cells in non-target tissues, including
intra-arterial, intraosseous and intraperitoneal routes as well as
percutaneous intratumoral injections. These methods of delivery
of NPC would minimize cell trapping in the lungs and may
minimize sequestration of cells by the liver, spleen and marrow.
Intra-arterial, catheter-directed delivery would increase the
concentration of cells in the vicinity of the highest tumor burden
and could be used in combination with other catheter-directed
treatments, suggesting a role for Interventional Radiology in
this technology.
Future studies should concentrate on characterizing the bio-

chemical processes by which C17.2 cells accumulate in tumors
and in tissues with low levels of cancer cell engraftment, which
may indicate homing to micrometastatic disease. Prior studies
evaluating the factors directing C17.2 homing to cell line-derived
tumors have identified roles for integrins (3), urokinase plasmin-
ogen activator (8), phosphoinositide 3-kinase signaling (9) and
Vascular Endothelial Growth Factor (VEGF) (39). It is possible that
homing to tissues engrafted with patient cancer cells occurs via
many of the same mechanisms. Additionally, NPC homing to
cancer cells in the absence of solid tumors may involve unique
interactions with their niche, given the fact that these malignant
cells live among normal cells and have not yet recruited their
own blood supply.
Before NPC homing to tumors can be used as an imaging and

therapeutic tool in humans, a more clinically applicable model
must be developed. The first step would be to generate a human
NPC line with tumor-homing properties comparable to C17.2
NPC. Although one strategy would be to harvest a patient’s own
NPC for this purpose, the development of a standard cell line
would be less invasive and less costly and its safety, general immu-
nocompatibility and homing properties could be characterized
more thoroughly. Human NPC could be engineered to express
antitumor agents in the form of genes, antibodies, enzymes,
immune modulators and prodrugs (18–20,23). The results of the
current study suggest that C17.2 NPC could be capable of
delivering antitumor agents not only to solid tumors but also to
micrometastatic disease, which could help to decrease cancer
recurrence. Such targeted delivery could also permit high local
concentrations of these therapies while minimizing side effects
from high systemic doses. The next step would be to determine
whether NPC homing may be imaged using a more clinically
applicable modality. Although optical imaging is a safe and
convenient modality for use in the development of an imaging
model, it has limited applications in humans owing to poor tissue
penetration beyond 2 cm. Future studies should determine
whether C17.2 homing to patient-derived tumors is detectable
by modalities such as nuclear imaging, ultrasound or MRI, as
has been shown with cell line-derived tumors (10,11).

4. CONCLUSIONS

In conclusion, the potential to target cancer cells through NPC
homing holds promise as a diagnostic and therapeutic tool for
reaching sites of malignancy that are not yet visible radiograph-
ically and may be recalcitrant to current therapeutic regimens.

This animal model of cellular homing to patient-derived tumors
could help pave the way toward the successful development of
these cell-based theragnostic strategies for cancer management.

5. EXPERIMENTAL

Please refer to Table 1 for a list of common abbreviations, including
those used to denote each experimental group, and to Table 2 for
a summary of the overall experimental design and N per group.

5.1. Murine model of human CML

The murine CML xenograft model has been described previously
in detail (28,35,40). Briefly, neonatal rag2 g chain IL-2�/� mice
were transplanted intrahepatically with CD34+/CD45+ blast
crisis CML cells (105–106 cells) derived from three different
patients (the same patient sample was used for all transplanted
mice within each of the three experiments). CML blood and
marrow samples were donated by patients from University of
California, San Diego (UCSD), Stanford University and MD Anderson
Cancer Center according to Institutional Review Board (IRB)
approved protocols. At 8–10 weeks post-transplantation, most
animals developed solid vascular sarcomas throughout the body,
occurring most frequently in the abdomen but also in the thorax,
extremities and cervical region. Transplanted mice with palpable
tumors were selected for the experiments. In order to reduce
background fluorescence from abdominal contents, animals
undergoing imaging were fed an alfalfa-free diet (no. 1813058
Purified Pico Rodent Irradiated Diet, Test-Diet, Newco Distributors).
Animal health was monitored weekly then more frequently as
tumors progressed. Mice weighed an average of 25 g. Gross tumor
weight ranged from 3 to 8 g. The number of tumors per CML
mouse ranged from 1 to 7 and averaged 2.4 tumors per CML
mouse. All animal use protocols were pre-approved by the UCSD
Institutional Animal Care and Use Committee.

5.2. C17.2 Labeling with DiR

As previously described (41), C17.2 NPC were derived from
neonatal murine cerebellum and transduced via the MMLV
retroviral vector with vmyc to enhance immortality and lacZ to
permit stable expression of b-galactosidase. C17.2 NPC were
grown and maintained in culture in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine serum
(FBS; Gibco), 5% horse serum (Gibco), 1% L-glutamine (2 mM;
Gibco) and 1% penicillin–streptomycin (Gibco), according to

Table 2. Experimental design

All groups C/0 C/C17.2 CML/0 CML/C17.2

Total Na 39 3 8 2 26
N FACSb 30 2 4d 2 22
N IFc 5 1 2 0 2
aN over three experiments, all evaluated by fluorescence
optical imaging.
bN analyzed by FACS.
cN analyzed by IF.
dData for the spleens of these mice are not included owing to
processing error.
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previously described methods (41), in 100 mm cell culture dishes
and to approximately 70% confluence. Immediately prior to
injection, adherent C17.2 cells were stained with the lipophilic
near-infrared fluorescent dye DiR (1,10-dioctadecyl-3,3,30,30-
tetramethylindotricarbocyanine iodide, excitation 750, emission
780; Invitrogen), 9 mg/ml in phosphate buffered saline (PBS) for
15 min at 37 �C then 15 min at 4 �C. After gentle trypsinization,
the stained cells were washed then filtered through a cell-strainer
cap to remove cell aggregates and debris and the viable cells
quantified on a hemocytometer using trypan blue and diluted
with PBS to a final concentration of 0.5–1 � 106 cells per 100 ml.

Prior to in vivo experiments, in vitro optimization of this
protocol was performed in a 96-well plate, which revealed that
the lower limits of detection of C17.2 cells stained with DiR
according to the methods described is 1.25 � 105 cells with a
10 s exposure and 2.5 � 105 cells with a 5 s exposure.

5.3. Animal administration of DiR-labeled C17.2 cells

Intravenous (i.v.) injections of DiR-labeled C17.2 cells (DiR-C17.2)
were performed via the tail vein of CML mice (CML/C17.2, N= 28)
or controls (untransplanted mice, C/C17.2, N=8). Daily injections
of 1� 106 cells in 100–200 ml PBS were administered for 1–4 days
(except for the last dose, which was 5 � 105 cells in the same
volume), for up to five doses, with a total dose of up to 4.5� 106 cells.
This schedule was adopted to permit the administration of a
larger total number of cells while avoiding the significantly
higher immediate post-injection mortality observed after doses
greater than 1.5 � 106 cells. Despite cell filtration, a majority of
the mice given i.v. injections of more than 1.5 � 106 cells in a
single dose developed post-injection acute dyspnea, leading to
sudden death. On necropsy, these mice demonstrated numerous
bilateral small wedge-shaped pulmonary infarcts, presumably
due to cell trapping in the distal pulmonary vasculature.

Both untransplanted mice (C/0, N= 3) and CML transplanted
mice (CML/0, N=3) that did not receive injections of DiR-C17.2
cells served as additional controls (Table 2).

5.4. Optical fluorescence imaging

Anesthetized mice were imaged optically using the Xenogen
IVISW 200 Series imaging system (Caliper Life Sciences, Hopkinton,
MA, USA) within the first 10–100 min post-injection to exclude
large extravasations and to confirm adequate injection; thus these
images were not included in the data analysis and are not reflected
in Fig. 2. Daily imagingwas performed for up to 4 days (at 24, 48, 72
and 96 h) post-initial injection, with imaging occurring approxi-
mately 3 h after each subsequent injection to permit cells to clear
the lungs and exit the blood pool. Imaging across time points
was performed to assess the biodistribution of the fluorescent
signal over time and to insure detection of any potential peaks
or fluctuations in homing (due to the possibility of cells exiting
the target tissue or cell death and phagocytosis) and not expressly
to characterize the time course of homing. As the pattern of
fluorescent signal remained stable from 24 through 96 h and no
significant differences were subsequently demonstrated in either
the fluorescence imaging or FACS, the data from the time points
were combined for analysis.

Mice were imaged supine and the few mice in which tumors
grew dorsally were also imaged prone. A C/0 or CML/0 mouse
was included in each imaging set as a negative control, as they
did not receive DiR-C17.2 cell injections; they displayed the same

low level of background fluorescence and were thus used inter-
changeably. Fluorescence ICG emission and excitation filters
were used with 5–15 s exposure times, using fields of view to
accommodate three, four or five mice. Larger fields of view
permitted direct comparison among a greater number of ani-
mals at the expense of lower detected photons due to scatter.
Because of this and inherent differences in the intensity of
fluorescence among mice and tissues and owing to necessary
differences in imaging parameters for optimization, displayed
fluorescence levels were normalized to the control within each
set and displayed with their own scale bars.
Directly after each of the four imaging time points (24, 48, 72

and 96 h), a subset of mice was sacrificed humanely by carbon
dioxide asphyxiation (Table 2; N per subset= 4–6 CML/C17.2, 2–4
C/C17.2, 1 C/0, 1 CML/0). Post-mortem, the viscera were exposed
and imaged in situ then removed and imaged ex vivo in order to
reveal low levels of fluorescence that were attenuated by overlying
structures or was below the level of detection when imaged with
strongly fluorescent organs. Images were analyzed using Living
ImageW Software and DiR signal was quantified within designated
regions of interest as total photons per second per square
centimeter per steradian (p/s/cm2/sr). Control tissues which had
not received DIR-C17.2 NPC were also measured to determine
background levels of fluorescence, but only one or two control
samples per tissue group emitted measurable signal. The
average radiance of all control tissues with measurable signal
was 7.60 � 106� 1.27 � 106; this value probably overestimates
the average background radiance since it does not include those
that were below the level of detection. Positive fluorescence was
thus defined as greater than or equal to one standard deviation
above the average measurable background levels in control
tissues, or ≥9 � 106 p/s/cm2/sr.

5.5. Tissue processing for FACS and IF

The liver, spleen, bone marrow, kidneys, and tumors from 24, 48
and 96 h time points were harvested and homogenized, then
analyzed by FACS either immediately or the homogenized tissues
frozen in bovine serum albumin (Sigma) and FACS performed at
a later date (N= 33, Table 2). The tissues from the 24, 48 and
96-h time points were dedicated for FACS experiments. The
heart was not included in the FACS analysis because of technical
limitations on the number of samples which could be analyzed in
each FACS experiment and because the heart of the murine CML
xenograft is not routinely analyzed in our laboratory, so there is
no internal reference data for expected levels of engraftment.
The harvested tissues from the 72 h time point were flash frozen
for IF (N= 5). Tissues from the 72 h time point, in which mice
received the second highest total dose (4 � 106 cells), were
dedicated for IF analysis in order to minimize variance by compar-
ing tissues from within a single time point. Apart from IF analysis
of the tumors, which represent a tissue with low fluorescent
signal but high engraftment, the spleens were selected for IF
because they represent a tissue with high fluorescent signal but
low engraftment whereas the kidneys were selected because
they represent a tissue with low fluorescent signal and low
engraftment. The bonemarrow, liver and heart were also collected
and flash frozen for IF analysis as part of future experiments.

5.6. FACS analysis

For FACS analysis, homogenized tissues were washed then
blocked in Mouse Fcg receptor III/II (1:25, BD Biosciences) and
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Anti-Human FcR blocking reagent (1:25, Miltenyi Biotec) in HBSS
(Mediatech) with 2% fetal bovine serum (Gemini Bio-products).
Blocked cells were then incubated with CD45-APC antibody
(1:50, Invitrogen) or CD45-Alexa 405 antibody (1:50, Invitrogen)
in HBSS with 2% FBS to detect human engraftment then eluted
in propidium iodide (PI, 1:2000, Fisher Scientific) to exclude
dead cells. The near-infrared fluorescent signal emitted by
the DiR-positive cells was detected directly by FACS. At least
2 � 105 cells were analyzed per sample. Appropriate standard
controls, fluorescence minus one controls and compensation
controls were included in each experiment. FACS analysis was
performed on a FACS Aria I (BD Biosciences) and the data
analyzed using FloJo Software, Version 8.8.7.

5.7. IF

For IF analysis, harvested tissues were embedded in Tissue-Tek
O.C.T. compound (VWR International), flash frozen, then stored
at �80 �C prior to sectioning (8–10 mm thickness). C17.2 cells
were detected using FITC-conjugated b-galactosidase antibody
(FITC-b gal; Abcam) and human CML cells were detected using
CD45 antibody conjugated to Alexa 488 (Invitrogen) or Alexa
647 (Biolegend). Alexa 488 provides a more robust signal
than does Alexa 647 but could not be used concurrently with
the b-galactosidase-FITC antibody, as both are excited by the
488 laser. Nevertheless, the use of these two different fluoro-
phores conjugated to CD45 antibody permitted discrimination
of true fluorescence from potential autofluorescence or spectral
bleed-through. However, for consistency and simplicity, all
CD45 labeling is depicted here in red, although Alexa-488 is
excited by the Argon 488 nm (green) laser and Alexa 647 by
the HeNe 633 nm (red) laser.
Sections were first fixed and permeabilized in cold acetone for

5–10 min, washed in PBS, then blocked for 2 h with rat anti-mouse
FcR (1:50) in Dulbecco’s phosphate-buffered saline (DPBS)–5%
bovine serumalbumin (BSA)/5% FBS. Sections were then incubated
for 1 h in DPBS–5%BSA/5%FBS in either CD45-Alexa 488 (1:50)
alone or CD45-Alexa 647 (1:50) and FITC b-galactosidase antibody
(1:200). After incubation, the sections were washed with cold PBS
then coverslipped with Vectashield Hard Set mounting medium
with 40,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Vector
Laboratories) to counterstain the nuclei. Immunofluorescence
was evaluated on an Olympus confocal microscope at 40�
magnification then images viewed and processed using Olympus
FluoView Software, version 2.0b.

5.8. Statistical analysis

Data is reported as the mean� standard deviation (SD). Statistics
were performed using a two-tailed Student’s t-test with a p-value
of 0.05. Statistical significance (<0.05) is denoted with asterisks
in Figs 2–4, as described in the figure legends. Experimental
groups were compared with controls within their group (N=1–4
samples) and also with ‘All Tissues’ controls (N=10–19), which
represent an average of all of the negative control tissues for
that experimental condition (refer to figure legends for Figs 2–4
for details).
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