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Abstract—We demonstrated the use of multispectral cryo-
imaging and software to analyze human mesenchymal
stromal cells (hMSCs) biodistribution in mouse models of
graft-versus-host-disease (GVHD) following allogeneic bone
marrow transplantation (BMT). We injected quantum dot
labeled MSCs via tail vein to mice receiving BMT and
analyzed hMSC biodistribution in major organs (e.g. lung,
liver, spleen, kidneys and bone marrow). We compared the
biodistribution of hMSCs in mice following allogeneic BMT
recipients (with GVHD) to the biodistribution following
syngeneic BMT (without GVHD). Cryo-imaging system
revealed cellular biodistribution and redistribution patterns
in the animal model. We initially found clusters of cells in the
lung that eventually dissociated to single cells and redis-
tributed to other organs within 72 h. The in vivo half-life of
the exogenous MSCs was about 21 h. We found that the
biodistribution of stromal cells was not related to blood flow,
rather cells preferentially homed to specific organs. In
conclusion, cryo-imaging was suitable for analyzing the
cellular biodistribution. It could provide capabilities of
visualizing cells anywhere in the mouse model with single
cell sensitivity. By characterizing the biodistribution and
anatomical specificity of a therapeutic cellular product, we
believe that cryo-imaging can play an important role in the
advancement of stem and stromal cell therapies and regen-
erative medicine.
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INTRODUCTION

There are many published preclinical and clinical
studies of stem cell therapies across several different
diseases and conditions, including graft-versus-host
disease (GVHD), autoimmune diseases, diabetes mel-
litus, multiple sclerosis, cardiac ischemia, osteoarthri-
tis, cancers, and others.>® In this context, it has been
recognized that stromal stem cells, such as mesenchy-
mal stromal cells (MSCs) and multipotent adult pro-
genitor cells (MAPCs), have beneficial properties in
both trophic and paracrine activities. There is pre-
clinical and clinical evidence that exogenously admin-
istered stromal cells can produce and release large
amounts of local growth factors and cytokines. In this
regard, stromal stem cells can home to sites of injury,
such as heart tissue with myocardial infarction,>
traumatic wounds,' and the central nervous system
during stroke,’” where they help establish a regenerative
microenvironment conducive to improved healing. In
addition, stromal cells can migrate to secondary lym-
phoid organs (SLOs) including the lymph nodes and
spleen and exert potent immuno-regulatory effects.’
Oftentimes, sub-optimal strategies may be used in the
clinic because of a lack of preclinical data to guide
rational protocol design. There is a significant need to
establish functional relationships between infused cells
and inflamed tissues, the resulting biodistribution
profiles, and the extent and duration of functional
benefit of cell products. Indeed, unknown mechanisms
of action and lack of a priori information regarding
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specific homing sites of the administered stem cells
represent consistent, critical knowledge gaps in the
field of cellular regenerative medicine.' It is now widely
believed that the presence and duration of cell
localization to specific sites is a more relevant measure
of functional benefit than the administered cell dose.
Many cell therapy studies could therefore benefit from
a better understanding of the 3D biodistribution of
cells following stem cell delivery, subsequent homing to
target organs, and potential engraftment.

Typically, standard assays for assessing stem cell
homing efficiency utilize one of the following tech-
niques: (1) measuring radioactivity in excised tissues
and organs, (2) counting the number of fluorescently
labeled cells in the samples using flow cytometry or
FACS, (3) measuring the amount of specific DNAs in
the samples using PCR or similar assays, and (4)
averaging the number of fluorescently labeled cells
present in a fixed number of microscopic fields per
histological tissue sample.* However, none of these
techniques provide 3D anatomical mapping over a
whole animal. This can only be made possible through
imaging.

Cryo-imaging system'>?* consists of a fully auto-
mated system for repeated physical sectioning and tiled
microscope imaging of a tissue block face, providing
anatomical brightfield and molecular fluorescence, 3D
microscopic imaging with single cell resolution (~ 5—
20 um) and sensitivity over an entire mouse. This
makes cryo-imaging advantageous compared to other
conventional in vivo imaging modalities such as MRI,
PET, SPECT, BLI, FMT (Fluorescent Molecular
Tomography), and intravital imaging. Since cryo-
imaging uses fluorescence, there are multiple means for
labeling cells. Cells can be preloaded with bioconju-
gated nanocrystal dyes (e.g. quantum dots QDs)), li-
pophilic dyes (e.g. Dil), and cytoplasmic dyes (e.g.
CFDA-SE). The techniques have been widely used for
short-term imaging. For long term studies, cells can be
bioengineered with reporter gene which generates flu-
orescent proteins (e.g. EGFP). With dual or triple re-
porters, one can image the time course of a labeled cell
distribution via a method such as BLI or FMT and
follow this up with cryo-imaging to exquisitely and
accurately localize all cells. Cryo-imaging has been
used to investigate stem cell biology and regenerative
medicine applications,”>>> phenotyping by spatial
mapping of fluorescent reporter gene expression in
small animals and embryos,'”*! tumor and metastasis
characterization,'® ezc. Our work here is focused on
stem cell applications.

In this paper, we demonstrate application of cryo-
imaging for stromal cell imaging in a whole mouse. We
focus our analyses on the biodistribution of human
MSCs in an established mouse model of GVHD. The
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analyses include time series of MSC biodistribution in
major organs (e.g. lung, liver, spleen, kidneys and bone
marrow), and comparison of number of MSCs
between allogeneic BMT (with GVHD) and syngeneic
BMT (without GVHD) experimental groups.

MATERIALS AND METHODS

Graft-Versus-Host Disease Mouse Model

We used GVHD as a representative disease model.
To induce GVHD in mice, allogeneic BMT (alloBMT),
using parent-to-F1 model previously described” was
performed. Briefly, female CS57BL/6J (B6) and
B6D2F1 (F1) mice aged 8 to 12 weeks were purchased
from Jackson Laboratory (Bar Harbor, ME). Prior to
BMT, lethal total body irradiation (14 Gy) was given
as a split dose to all FI recipients. As previously
described,” bone marrow (5 million, 5 M) and T-cells
(2 M) collected from either allogeneic (allo) B6 or
syngeneic (syn) B6D2F1 donors were suspended in
200 ul Leibovitz L-15 media and injected intravenously
into recipient mice on day 0 (D0). T-cell purification
was performed by magnetic-bead separation using
MicroBeads and the autoMACS system (Miltenyi
Biotec, Auburn, CA) with more than 85% of cells
obtained being positive for CD4 or CDS surface anti-
gens.

Stromal Cell Preparation and Administration

For the GVHD model, we used mesenchymal stro-
mal cells (MSCs) as a strategy to prevent GVHD
(methods are described in previous publications).>>°
Briefly, 1 x 10° human MSCs were labeled with red
quantum dots (QD, Qtracker® 625, Life Technolo-
gies). The cells were then injected into both allo-BMT
(with GVHD) and syn-BMT mice (without GVHD) on
Day + 1 or 24 h after BMT. As controls, 1 x 10°
unlabeled MSCs were injected into allo and syn BMT
recipients. We allowed sufficient time (24 h post
injection) for the stromal cells to circulate and home
naturally. Animal sacrifice (described in the next sec-
tion) was performed at different time points following
stem cell infusion (24, 48, 72 h). To prepare for cryo-
imaging, whole animals were embedded in Optimal
Cutting Temperature embedding medium or OCT
(Tissue-Tek, Sakura Fintek USA Inc.) inside a custom
freezing apparatus, snap frozen in liquid nitrogen, and
mounted on to the CryoViz™ specimen stage.

In this study, we used a total of 6 syn mice and 18
allo mice. We infused MSC 24 h after the BMT pro-
cedure. After 24 h (T = 0), 2 syn mice (injected with
labeled MSCs), 4 allo mice (injected with labeled
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MSC), and 2 control mice (with unlabeled MSCs) were
sacrificed and snap frozen for cryo-imaging. We re-
peated this procedure for 77 = 24, 48, 72 h timepoints.

Ethical Statements on Animal Use

Animal work was conducted in the AAALAC
accredited Animal Resource Center (ARC) of the Case
School of Medicine. The animal health program for all
Case owned laboratory animals is directed by the Case
ARC Director, W. John Durfee, and was provided by
two full-time veterinarians. Mice were used in well-
described and reproducible models of murine allo-
geneic bone marrow transplantation (BMT). All ani-
mal experiments received approval from the
Institutional Animal Care and Use Committee at Case
Western Reserve University IACUC protocol 2010-
0076. Detailed descriptions for murine allogeneic BMT
can be found in the methods.

Laboratory Animal Euthanasia Guidelines

Following initial sedation with inhaled isoflurane,
mice were asphyxiated by a lethal overdose of CO,
followed by bilateral pneumothoracies or terminal eye
bleed. To minimize damage to tissue, euthanasia by
CO, was best procedure available. The use of isoflu-
rane sedates the animal before the administration of
CO,. The guidelines were approved by Case Western
Reserve University IACUC protocol 2010-0076.

Human Mesenchymal Stromal Cell Source

Human MSCs were derived from BM aspirates
from healthy donors.? Patients were consented for the
procedure in accordance with the Institutional Review
Board of University Hospitals Case Medical Center
(UHCMC IRB protocol 09-90-195). Specimens were
collected and processed by the Hematopoietic Stem
Cell Facility of the Case Comprehensive Cancer Cen-
ter. Adult volunteer donors underwent BM aspiration
(10-30 ml) under local anesthesia. Following cell cul-
ture processes, human MSC phenotype was confirmed
by morphology, flow cytometry (CD45-CD105 +
CD90 + CD80-CD73 + HLA-I+), and in vitro dif-
ferentiation into osteoblasts, chondroblasts and
adipocytes.’

Multipotent Adult Progenitor Cell Biodistribution
Experiment

We repeated the experiment using human Mul-
tipotent Adult Progenitor Cells (MAPCs). MAPCs are
stromal cells that possess tissue regenerative and
immunomodulatory properties similar to MSCs." Un-
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like MSCs, MAPCs have broader differentiative
potentials into cellular elements of all primitive germ-
line layers including mesoderm, endoderm, and ecto-
derm. For this experiment, we injected approximately
half a million red QD labeled MAPCs to allo mice
(n = 4). We also injected another half a million
MAPCs that were labeled with SPECT tracers (Tc-
99m HMPAO) to the mouse. Since we aimed to
compare biodistribution of fluorescently labeled
MAPCs and MSCs in the disease model, SPECT re-
sults were excluded from this report. Athersys Inc.
(Cleveland, OH) generously provided us MultiStem ™,
a commercialized MAPC-based product, to study the
stem cell biodistribution.

Cryo-imaging

Cryo-imaging (CryoViz™, BiolnVision,
Inc.)'**1%2% was used to acquire image data for our
experiments. The CryoViz'™ cryo-imaging system
consists of a digital cryo-microtome housed within a
— 20 °C freezer chamber, a microscopic imaging sys-
tem consisting of a high NA objective, a low-noise,
cooled camera, a robotic XYZ positioner, and Pro-
grammable Logic Controller (PLC)-based control.
CryoViz™ can section accurately between 2 and
200 um (Z) and create tiled block face images all the
way down to ~ 2 um in-plane (XY) pixel size. Fluo-
rescence images for this study were acquired using a
filter cube with 460-490 nm excitation, dichroic,
and > 510 nm long-pass green fluorescent protein
(long-pass GFP) emission filter followed by voltage
controlled electronic RGB LCD filter that allows for
capture of the R, G, and B channels separately to form
an RGB color image. Brightfield color images were
acquired with white light illumination followed by the
RGB LCD filter described above. For whole mouse
imaging, we sectioned at 40 yum with 10.5 um pixels in-
plane, enabling single cell detection sensitivity.

Image Analysis and Visualization Software

We developed an interactive user interface to pro-
vide qualitative and quantitative information from
stem cell imaging volumes. Our preprocessing and
stem cell detection algorithm is described in detail
elsewhere.”>* The algorithm was designed to auto-
matically search for red fluorescently labeled cells in
the cryo-imaging data. In addition to “‘cell count”
obtained from algorithm, we also used “integrated
intensity” to assess the stem cell biodistribution. To
obtain integrated intensity, we applied the top-hat
transformation to the red channel of the fluorescent
images. This process removes the autofluorescence
signal from the red QD signals. Then we applied
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morphological reconstruction by using the top-hat
image as the mask. We used the stem cell image, cre-
ated by the stem cell detection algorithm, as the mar-
ker. On this transformed image, we applied
thresholding to remove low intensity pixels that are
likely to be noise. Finally, we summed up all remaining
intensities of pixels belonging to the same cell. The
number represents integrated intensity for a cell or a
cell cluster. The stem cell detection and analysis soft-
ware were implemented using Matlab platform (The
MathWorks Inc., MA). Example visualizations are
given in figures and supplemental materials. All 3D
visualizations were rendered using Amira platform
(Thermo Fisher Scientific).

Human analysts employed semi-automatic segmen-
tation tools to label organs of interest from the whole
mouse data. Since tibia and femur bone marrow
accounts for 11.9% of total body bone marrow con-
tent,”* we used this assumption to estimate cell detec-
tion in total body bone marrow. In our study,
qualitative assessments for stem cell presence in brain,
spinal cord, muscle, heart, adipose tissues, reproduc-
tive tract and Gl-tract were also examined. Number of
false positives were estimated using cell counts in the
control group (mice in control group were injected
with unlabeled cells). Statistical testing was performed
using two-tailed Student’s ¢ test.

RESULTS

With whole mouse imaging, we can visualize and
quantify the distribution of labeled cells throughout a
mouse (Figs. 1 and 2, and Supplemental Videos 1-3).
Stromal stem cells were found in most of the tissues,

but most commonly in lung, liver, spleen, kidneys, and
bone marrow, all preferential sites for stem cell hom-
ing.'? Following the injection of 1 x 10° MSCs and
performing cryo-imaging 24 h later, we found on
average 305,515 cells & 31,938 standard error (SE)
throughout the whole mouse (n = 4, 1 syn + 3 allo).
The number of detected cells were: liver
153,999 + 18,559 cells, lung 91,033 + 29,667 cells,
bone marrow 4482 £ 1268 cells, spleen 3130 4 993
cells, and kidneys 2463 £ 636 cells (mean £ SE). The
recovery rate (number of cells found/number cells
delivered) was 31% at the 24-h timepoint. We repeated
the experiment using human MAPCs (MultiStem™,
Athersys Inc) and found the recovery rate to be 58% at
the same time point (Fig. 2 and Suppl. Fig. 1). Both
types of stromal stem cells were found to home to the
bone marrow especially the endosteal region (Supple-
mental Video 3). These results were not very surpris-
ing, because the stromal cells used in this experiment
are derived from the bone marrow. There was one
mouse that showed a sign of broken spine, surpris-
ingly, we observed a significant number of MAPCs
infiltrated the paraspinous muscles near the injury site
(Arrow in Fig. 1b and Supplemental Video 2). More-
over, we observed that in mice developing GVHD,
stem cell density in brain, spinal cord, heart, adipose
tissue and muscle was very low. Specifically, exogenous
stem cells in the brain region are mostly found in the
surrounding bones such as cranial bone marrow with
none found in the brain tissue as such (Supplemental
Video 4). Raw data of the brightfield and fluorescent
images as well as the stem cell signals in various tissues
were added to Suppl. Fig. 2.

The total number of detected human MSCs in vivo
decreased over time (Fig. 3). At time points 24, 48, and

FIGURE 1. Cryo-imaging enables analysis of stromal cell biodistribution anywhere in an entire mouse with single cell sensitivity.
In this experiment, red quantum dot labeled mesenchymal stromal cells (MSCs, (a)) and multipotent adult progenitor cells (MAPCs,
(b)) were intravenously infused into a GVHD mouse, following which cryo-imaging was performed. Using our specialized software,
we could visualize stromal cell biodistribution (yellow beads) anywhere in an entire mouse. Stromal cells were substantially found
in lung, liver and spleen. There was one mouse that showed a sign of broken spine, surprisingly, we observed a significant number
of MAPCs infiltrated the paraspinous muscles near the injury site (Arrow in (b)). Red quantum dot signal detection algorithm was
proposed in the previous work. (Only figure (b), © 2016 IEEE. Reprinted, with permission, from “Automatic Stem Cell Detection in
Microscopic Whole Mouse Cryo-Imaging”” by P. Wuttisarnwattana et al., in IEEE TMI,2°).
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Mesenchymal Stromal Cells (MSCs)

Multipotent Adult Progenitor Cells (MAPCs)

Organ (1 x 106 labeled cells injected, n=4) (0.5 x 106 labeled cells injected, n=4)
Liver 153,099 + 18,559 184,127 + 28,454
Lung 91,033 £ 29,667 52,002 + 4,312
Bone Marrow 4,482 + 1,268 8,910 + 2,560
Spleen 3,130 £ 993 5,591 + 1,592
Kidneys 2,463 £ 636 2,254 + 1,119

Whole Mouse 305,515 + 31,938

290,144 + 27,637

FIGURE 2. Number of cells detected in major organs of GVHD mice. Fluorescently labeled MSCs (1 x 10° labeled cells) and
MAPCs (0.5 x 10° labeled cells) were intravenously injected into GVHD mice. At 24 h post injection, cryo-imaging was performed,
and number of cells detected in each organ were quantified. The recovery rates (number of cells found/number cells delivered)
were 31% for MSCs (1 x 10° labeled cells injected) and 58% for MAPCs (0.5 x 10 labeled cells injected). Note that numbers
represent mean + SE and the number of mice in each group was 4 (n = 4).
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Stromal cell mice Stromal cell mice Stromal cell mice
(T=24 hrs) (T=48 hrs) (T=72 hrs)

FIGURE 3. Total number of detected human MSCs in the
mouse decreased over time. Result from the exponential
fitting suggests that the in vivo half-life of AMSCs was ~ 21 h.
We speculate that cells undergo apoptosis and clearance. The
number of detections in control mice was significantly low
(n = 6, across all time points). Each time point consists of 2
syn + 4 allo (n = 18 totally). (Bar = mean + SE, *p < 0.05).

72 h post infusion, the average global cell detections
were 305,515, 127,106, and 71,203 respectively. We
performed exponential fitting to estimate MSC half-life
in vivo, which was determined to be 21 h (2 syn + 4
allo for 3 timepoints, n = 18 totally). The average
number of false positive detections in control mice
implanted with unlabeled fluorescent cells was 6742
(n = 6, across all time points). As compared to the
number of detections BMT recipient mice, the number
of false positives in a control mouse was negligible
(p < 0.05).

Volume rendering of detected red fluorescently la-
beled cells shows that the cell density in lung was much
higher than that in other tissues such as the liver and
the spleen (Suppl. Fig. 3). Cell density was defined as
number of cell detection inside a particular organ
(cells) divided by volume of the organ (mm?®). The
calculated cell densities (cells/mm?®) in the organs of
interest were consistent with the visualization (Fig. 4).
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FIGURE 4. Cell density in the tissues of interest. Data show
that cell density in lung, liver and spleen were significantly
higher than those from other tissues of interest. The data
suggest that lung, liver, and spleen could be the preferential
homing organs in our mouse model. Very high cell density in
lung may also suggest pulmonary emboli due to intravenous
injection. As compared to cell detection in mice from the
experimental group, false positive detection in the control
group was very low. Note that the y-axis is shown in log scale.

Another method to assess cell density for a partic-
ular organ is via the integrated intensity which is clo-
sely correlated with the fluorescent activity. To
calculate, an average integrated intensity, we firstly
calculated the summation of the integrated intensity of
all detected cells inside the organ and then divided by
number of cells. The algorithm to find an integrated
intensity was described in the Image analysis sub-sec-
tion. Interestingly, the average integrated intensity per
detection in the lung was 233, about three times higher
than values measured in the liver, spleen, bone mar-
row, and kidneys of 78, 87, 55, and 86 respectively
(Fig. 5). We also examined total fluorescent activity
using total integrated intensity inside an organ. Among
five organs of interest (lung, liver, spleen, kidneys and
bone marrow), 97% of total integrated intensity of the
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FIGURE 5. Integrated cell signal per detection shows a much
higher intensity in the lungs where cells were clumped than in
the other organs where there were single cells. In all organs
except the lung, integrated intensity per detection
corresponds to the average intensity of isolated cells (~ 77
grayscale intensity). The results show that single cell intensity
in each of the organs (except the lung) was consistent. In
lung, the average intensity of detections was much higher as
compared to those in other organs (= 233 grayscale
intensity), corresponding to a factor of 3, suggesting 3 cells
per cluster on average in the lung. Bars represent mean + SE.
Data were collapsed across all time points.
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FIGURE 6. Cell clusters in the lungs dissociate and migrate
mostly to the liver over time. The figure shows change in the
integrated intensity in lung and liver over time, as a
percentage of total integrated intensity in the five major
organs at the respective time point. The percentage of
integrated intensity in the lung clearly decreased over time,
while the percentage in the liver increased. The result
suggests that cluster of cells in the lung could eventually
dissociate to single cells and pass through the pulmonary
capillary bed. Interestingly, the integrated intensity in the liver
increased over time. Each data point represents mean + SE.

detected cells were in the lung and 95% of total cell
detections were in the liver (Suppl. Fig. 4).
Interestingly, we observed redistribution of cells
from lung to the liver over time; results show that the
integrated intensity in Iung decreased over time,
whereas that in the liver tended to increase over time
(Fig. 6). At 24 h post infusion, the average percentage
of total integrated intensity in lung and liver was

71 £ 9% and 18 + 8%, respectively (mean + SE). At
the 72-h time point, the percentage of integrated
intensity in lung and liver changed to 36 + 10% and
44 + 10%, respectively.

We observed that the total number of MSC detec-
tions in allo BMT recipients was greater than that
present in syn mice (Fig. 7a). This may suggest that the
MSCs became activated and persist longer in vivo un-
der the GVHD environment. Also, we observed that
the cell count in the liver of the allo mice tended to be
greater than that of the syn mice at the earlier time
points (Fig. 7b). This also may suggest that liver could
be the target organ for our disease model. Number of
detections in both groups was significantly higher than
those in the control group (p < 0.05).

DISCUSSION

We have demonstrated the utility of cryo-imaging in
regenerative cell therapy, taking MSC therapy in
GVHD mice as an example. Our methodology has
several innovative features. Analyzing stromal cell
biodistribution with single cell sensitivity over a
mouse-sized field-of-view is possible only through
cryo-imaging (Fig. 1 and Supplemental Videos 1, 2).
We developed specialized software to detect signal
from red fluorescently labeled MSCs. We used an
approach which rendered stromal cells as individual
beads with a size sufficient to show up in a 3D visu-
alization with a fixed pixel size. We show that cells
were not “lost” in the visualization process of zooming
out to coarser resolutions. The interactive 3D visual-
ization enables one to zoom in to see individual cells in
a particular organ of interest or zoom out for global
biodistribution visualization. We encourage readers to
examine our videos generated from the cryo-imaging
data in the supplemental media.

Preferential homing sites of MSCs were identified.
In our GVHD mouse model, lung, liver and spleen had
a significantly higher cell density than other tissues in
the body (Fig. 4 and Suppl. Fig. 3). Additionally, cell
intensity in lung was significantly higher than that for
other tissues (liver, spleen, kidneys and bone marrow)
(Fig. 5) at early time points consistent with the lung
representing the first microvascular bed encountered
by cells injected via the tail vein of a mouse.'” The
integrated intensity of cell detections in lung was about
three times higher than that in other tissues. This can
suggest that one cell cluster (one detection) in lung
consists of three cells. While the initial lung signal was
represented by clusters of cells, we found that these
clusters could later dissociate into single cells prior to
redistribution to other organs. The majority of
exogenous MSCs were found in the lung and the liver
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FIGURE 7. Number of cell detections in syn and allo groups. Panels show numbers of cell detections in whole mouse (a) and in
livers (b). As compared to the allo group, the number of total cell detection in the syn group (a) was lower at the earlier time point.
We hypothesize that small numbers of administered MSCs escape apoptosis and migrate to sites of injury and inflammation and
provide beneficial effects in the setting of GVHD. In our experiments, the liver could be damaged by either the effects of total body
irradiation or being a GVHD target organ, or both. The activated MSCs then eventually accumulated in liver in response to the injury
and provided healing effects. The number of false detections in the control group was negligible (bar = average = SE).

(Suppl. Fig. 4) in which the integrated intensity and
number of detections accounted for about 95% among
the organs of interest. In the case of the lung where cell
clusters were found, we deem integrated intensity to be
more appropriate than cell number count because it
directly relates to fluorescent activity of the cells.

A greater number of cells was detected in whole
mice from the allo group compared to mice from the
syn control group at the early time point (Fig. 7). We
hypothesize that this is due to activation of the MSCs
in the allo group due to the development of GVHD,
which gives rise to a protective effect in the MSC
population. In this context, small significant number of
administrated MSCs escape apoptosis and migrate to
sites of injury and inflammation and provide beneficial
effects in the setting of GVHD. For example, we have
previously shown that MSCs also migrate to the sple-
nic marginal zone after allo-BMT where they exert
potent anti-proliferative effects and modulate the
expansion of alloreactive, donor-derived T cells in the
white pulp.? Our observation is consistent with those in
the literature showing that activated cells have a longer
live span in vivo.*®

Our results suggest that MSCs were activated and
migrated to injured liver. We found that MSCs were
found substantially in liver. Also, there was a relatively
higher number in the allo group as compared to in the
syn group. In our experiments, liver could be damaged
by either the effects of total body irradiation or being a
GVHD target organ, or both. We speculate that with
the systemic inflammation, the exogenous MSCs could

BIOMEDICAL
ENGINEERING
SOCIETY

sense sites of inflammation and shift to an anti-in-
flammatory state with healing potential. The activated
MSCs then eventually accumulated in liver in response
to the injury. Our previous study revealed that liver
was damaged in the GVHD mouse model and the
MSC treatment was able to reverse the symptom.” The
results were consistent with other studies and the
molecular mechanism was described elsewhere.'®*®

Interestingly, we observed that stem cell densities in
brain, spinal cord, kidney, heart, adipose tissue and
muscle were very low, regardless of high cardiac output
to these tissues. We typically found only ~ 100 cells (out
of one million injected) in the brain tissue, indicating
that the blood brain barrier was relatively impervious to
the infusion of MSCs in our experiments. Supplemental
Video 4 shows that MSCs were located in the bone
marrow of the skull rather than in the brain tissue. Low
counts were also found in the kidneys, another highly
perfuse organ. We conclude that the stem cell biodis-
tribution is not simply related to blood flow. Instead,
cells preferentially deposit in specific organs likely dri-
ven in part by inflammation or immune dysregulation.

Moreover, we surprisingly found that the stromal
cells (MAPCs) infiltrated into the paraspinous muscles
of a mouse inadvertently injured during immobiliza-
tion required for intravenous injection (Fig. 1b and
Supplemental Video 5). Healthy muscle is expected to
exhibit much lower stem cell density (unpublished
work). This supports the hypothesis that stem cells can
sense injury and specifically home to the site of injury
where they aid the healing process.?



Cryo-imaging of Stem Cell Biodistribution in Mouse Model 1709

Cryo-imaging compares favorably to other small
animal imaging techniques. Conventional in vivo
imaging modalities such as MRI, PET, SPECT, BLI
(Bioluminescence imaging), and intravital imaging are
useful for stem cell studies, however these methods
have limitations. With loading of super-para-magnetic
iron nanoparticles, one can detect an MRI suscepti-
bility artifact arising from a single cell in homogenous
brain tissue,® but detection in other tissues and quan-
tification are problematic. Using a mouse model of
demyelinization, a report from Bulte’s group”’ shows
that super-paramagnetic iron oxide signal did not re-
flect the distribution of lacZ-labeled neuronal stem
cells at 6 days, due to signal loss with proliferation and
differentiation. When cells die, macrophages could
engulf dead cells containing the magnetic particles,
which could lead to misleading interpretation of cell
homing. PET and SPECT have been used to image
stem cells in vivo, but resolution, sensitivity, and cell
quantification are limited. Pre-loading cells with
Technetium-99m (Tc-99m) enables sensitive detection
over the entire animal, but the signal is only
detectable for 2-3 days. Reporter gene approaches
such as BLI have good sensitivity, with detection of 10
cells at the skin surface,'” however resolution is limited
and interior cells are far less detectable. Intravital
imaging gives single cell imaging within live hosts, but
over very small volumes.'> None of these methods are
suitable for detecting and quantifying, say, less than a
1000 cells within a deep organ such as the spleen. In
general, small animal imaging techniques (MRI, PET,
SPECT, BLI, etc.) do not provide micron-scale reso-
lution, color contrasts, sensitive imaging of weak flu-
orescence, and single cell detection. Cryo-imaging
alone provides 3D microscopic-resolution, anatomical
color and molecular fluorescence volumes with single
fluorescent cell sensitivity over fields-of-view as large as
an entire mouse or a rat. In other words, the combined
features of high resolution, large volume of view, and
single cell sensitivity of cryo-imaging make it an ideal
imaging modality for detection and analysis of stem
cell biodistribution.

Quantum dots (QDs) are excellent fluorescent
labeling probes for analyzing short-term biodistribu-
tion of stem cells using the cryo-imaging system. They
give continuously bright fluorescent signals, resist
photo-bleaching, and have large absorption coeffi-
cients across a broad spectral excitation range. They
appear to be non-toxic and exert minimal impact on
stem cell functions.?” It has been reported that QDs are
not leaked out of intact cells and taken up by adjacent
cells.?® but here is a potential that a dead labeled cells
could be engulfed by a macrophage, leaving a false
bright signal. QD labeling is for short term imaging. In
our experiment, we found that fluorescence of the

probes could be seen up to a week after delivery. For
longer term studies of engraftment, we recommend the
use of reporter gene technique where cells can stably
create fluorescent proteins in vivo for weeks and even
months.

Factors which might be construed to affect cell
counts, do not significantly affect results. First, if
there is a varying amount of QD cell labeling, it could
affect detection. However, we strictly followed the cell
labeling protocol suggested by the QD manufacturer
(QTracker®, Thermo Fisher Scientific). In our
experiment, good labeling efficacy and homogeneity
of intensity was confirmed by flow cytometry result
(data not shown). Second, as tissues have different
optical properties, cell detection efficacy might vary.
However, we observed that signal of a single cell
could be seen in all tissue types regardless of the
differences in tissue optical properties. We examined
raw cryo-imaging data and virtually found cells in all
tissue types. This was true even in the highly atten-
uated tissues such as bone marrow, fatty tissues, and
heart. We believe that this was due to the fact that
cell brightness was sufficiently high before the injec-
tion. Third, as subsurface cells can be seen, this might
affect cell counts. However, in our software, con-
nected fluorescence spots in 3D volume are counted
as a single cell cluster,?® eliminating this potential
confound. Fourth, photo-bleaching could affect
detection. However, QDs are known to be resistant to
photo-bleaching,'"*® and none was observed in our
experiments. Moreover, we have never observed
photobleaching in cryo-imaging, likely because the
sample is frozen and because fluorophores are pro-
tected from exposures by intervening tissues prior to
sectioning. In one surprising experiment, every few
seconds, we imaged a frozen tissue block face con-
taining GFP-labeled cancer cells for an hour without
sectioning and saw no diminution of signal. Previ-
ously, we have improved stem cell detection algo-
rithm using alpha multiplier technique to account for
signal variation of the stem cells.”” The program
could robustly detect low intensity signals (1/3 of the
standard brightness) with 99% accuracy. Also, please
note that in spite of these potential factors, in a heroic
experiment, we were able to detect 94% of the
100,000 stem cells implanted in a lung, a percentage
within experimental accuracy (manuscript in prep).

In conclusion, we have demonstrated applications
of cryo-imaging in whole body and local (i.e. organ
and tissue) stem cell biodistribution, and dynamics of
stem cell homing patterns. We believe that the cryo-
imaging technology will have a great impact on the
advancement of stem cell therapy and regenerative
medicine.
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