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Route of delivery influences biodistribution of human bone
marrow-derived mesenchymal stromal cells following
experimental bone marrow transplantation

Wang FJ%, Eid S? Dennis JE?, Cooke KR*, Auletta JJ*%7, Lee Z*

Mesenchymal stromal cells (MSCs) have shown promise as treatment for graft-versus-host disease (GvHD) following allogeneic bone marrow
transplantation (alloBMT). Mechanisms mediating in vivo effects of MSCs remain largely unknown, including their biodistribution following
infusion. To this end, human bone-marrow derived MSCs (hMSCs) were injected via carotid artery (I1A) or tail vein (TV) into allogeneic and
syngeneic BMT recipient mice. Following xenogeneic transplantation, MSC biodistribution was measured by bioluminescence imaging (BLI)
using hMSCs transduced with a reporter gene system containing luciferase and by scintigraphic imaging using hMSCs labeled with
[**™Tc]-HMPAO. Although hMSCs initially accumulated in the lungs in both transplant groups, more cells migrated to organs in alloBMT
recipient as measured by in vivo BLI and scintigraphy and confirmed by ex vivo BLI imaging, immunohistochemistry and quantitative
RT-PCR. IA injection resulted in persistent whole—body hMSC distribution in alloBMT recipients, while hMSCs were rapidly cleared in the
syngeneic animals within one week. In contrast, TV-injected hMSCs were mainly seen in the lungs with fewer cells traveling to other organs.
Summarily, these results demonstrate the potential use of IA injection to alter hMSC biodistribution in order to more effectively deliver hMSCs
to targeted tissues and microenvironments.
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Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) plays a
significant role in the treatment of wvarious malignant and
nonmalignant diseases, including hematological disorders, metabolic
storage disease, immune deficiencies and leukemia. Donor
T-lymphocytes assist hematopoietic engraftment, restore adaptive
immunity, mediate graft-versus-leukemia (GvL) activity, but also
cause acute graft- versus-host disease (GvHD). GvHD is a leadin
cause of morbidity and mortality in allogeneic HSCT patientst™,
resulting in mortality rates of around 20% despite the use of
immunosuppressive drugs largely targeting T-cell activation and
proliferation/?.

Mesenchymal stromal cells (MSCs) are multipotent adult
progenitors that possess immunosuppressive properties, including
the ability to attenuate lymphocyte activation, pro-inflammatory
cytokine induction and proliferation®!. Furthermore, MSCs from
numerous sources, including bone marrow and umbilical cord blood,
can be easily expanded and have minimal infusion-related toxicity
and side effects!”. Given their immunosuppressive and expansion
capabilities, MSCs have been used as cellular therapy for GvHDP!.
In this regard, we have recently shown that human bone marrow-
derived MSCs (hMSCs) injected via tail vein (TV) can attenuate
acute GvHD severity while maintaining potent GvL activity
following murine allogeneic bone marrow transplantation (BMT)!.

We used bioluminescence imaging (BLI) to show that hMSCs
migrated to GvHD target tissues including small and large bowel
wherein they reduced GvHD-mediated cytotoxicity. Furthermore,
novel cryoimaging demonstrated that MSCs decreased T-cell
proliferation in secondary lymphoid organs like the spleen, providing
mechanistic insight as to how hMSCs mediate in vivo effects!®.

Despite these observations, optimal delivery of hMSCs to attain
greatest clinical effect and use of in vivo imaging relevant to the
clinical setting remain undefined. For example, despite its
convenience, simplicity and minimal invasiveness, intravenous
injection results in significant hMSC deposition in the lung with
markedly reduced localization to target tissues of interest!®®, reflecting
disparity of size between the smaller lung capillaries (10-15 pum) and
larger MSCs (20-25 pm) as well as the adherent features of MSCs
themselves. Therefore, homogenous or targeted distribution of MSCs
to other target organs is suboptimal. Furthermore, rapid deterioration
in hMSC signal intensity occurs within two weeks after TV
injection®. Similar to hMSCs delivery, the techniques used to image
hMSCs in animal models are also restricted; as they are not readily
applicable to the clinical setting. Therefore, the purpose of the current
study was to investigate if delivery of hMSCs via intra-arterial (1A)
injection could enhance cell delivery to target organs and to validate
radionuclide imaging as an imaging modality to measure hMSC
biodistribution following xenogeneic transplantation.
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Materials and Methods
Lentiviral vector construction

The construction of the second-generation, self-inactivating lentiviral
vector pHR9-mnd-luc-mrfp-ttk was described previously!”.

Transient transfection and virus preparation

Viral particles were produced by triple transient co-transfection of
293T/17 cells (ATCC, Manassas, VA) with pHR’MND-LRT,
pCMVARS.91 (packaging vector) and pMD.G (VSVG pseudotyping
vector) as previously described®. Titer was determined by
transduction of 293T cells (ATCC) followed by flow cytometry (iCyt
Reflection, IL, USA) at the Cancer Center Core Facility of Case
Western Reserve University.

Isolation and transduction of human bone marrow-derived
mesenchymal stromal cells

Human mesenchymal stromal cells (hMSCs) were derived from bone
marrow (BM) aspirates from healthy donors who had given consent in
accordance with the Institutional Review Board of University
Hospitals Case Medical Center. Specimens were collected and
processed by the Hematopoietic Stem Cell Facility of the Case
Comprehensive Cancer Center (P30 CA 43703), wherein hMSCs
were expanded and characterized by surface protein expression
(CD45-, CD73+, CD105+) and differentiated into adipocytes,
chondrocytes and osteocytes as previously described™. Primary
MSCs were seeded in 175 cm? flasks to 30% confluence in hMSC
growth medium supplemented with 1 g/L glucose, 10% hMSC-tested
FBS (Gibco), 2 mM GlutaMAX, penicillin (100 U/mL) and
streptomycin (100 pg/mL). The hMSCs were incubated in virus
medium at a multiplicity of infection (MOI) of 4 in a total of 25 mL
hMSC growth medium containing 8 pg/mL polybrene. The
transfection protocol was repeated one time for all h(MSC cultures. In
each round, cells were incubated with viral supernatant for 8 hours,
then in hMSC growth medium for 16 hours. After the second round,
fresh medium was added to each flask and cells were incubated for an
additional 24-48 hours. Cells were then passaged 1:4 and grown to
80-100% confluence. Three days post-transduction, cells were viewed
on an Eclipse TE200 inverted microscope equipped with a fluorescent
source and CCD camera. Transduction efficiency was determined by
fluorescence-activated cell sorting (FACS) analysis of monomeric red
fluorescent protein (mrfp) expression with the same settings as
previously described!™.

Bone marrow transplantation and xenogeneic MSC transplantation

An established mouse model of allogeneic BMT was used*?. Briefly,
female C57BL/6J (H2°) and B6D2F1 (H2”%) mice aged 8 to 12 weeks
were purchased from Jackson Laboratory (Bar Harbor, ME). B6D2F1
(H2”% mice received 13 Gy (split dose) total body irradiation (TBI)
prior to receiving BM and splenic T-cells from either naive allogeneic
B6 or syngeneic B6D2F1 donors. Five million (5M) bone marrow and
two million (2M) T-cells were suspended in 200 pl Leibovitz L-15
media and injected intravenously into recipient mice on day 0 (DO).
On Days 1 and 4 following BMT, 1M culture-expanded, BM-derived
human MSCs were administered by either TV or IA injection. All
animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) at Case Western Reserve University.

Modes of human bone marrow-derived mesenchymal stromal cell
(hMSC) injection

The hMSCs were administered either by TV or IA injection. For IA
injection, mice were anesthetized with isoflurane and shaved at the
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sites of incision. With the animal laying supine, an incision was
made in the lateral neck. After locating the carotid artery via blunt
dissection, surrounding tissue and nerves were carefully dissected
away to completely expose the artery. A string was fed under and
through the artery and cut at the folded end, making the sutures into
two separate stitches. The cranial suture was tied tightly, while the
caudal suture was tied loosely. A clamp was positioned over the
artery as distal as possible from the caudal ligature, giving at least 0.5
to 0.8 cm of vessel between the clamp and the ligature. A small hole
was cut on top of the vessel, one quarter the distance from the cranial
ligature. The loose suture was gently pulled as close to the vessel
clamp as possible. A cannula was placed into the artery and then the
vessel clamp was carefully removed. The cannula was inserted to the
point where the two parts of the arterial catheter meet and then tied
up with the suture tightly. A 25G tuberculin syringe replaced the
0.02 mm metal wire. The needle holder was removed and the blood
in the line was slowly drawn into the syringe until all bubbles were
removed from the arterial line. Blood was pushed back into the line
and then the syringe with 0.2 mL PBS containing hMSCs was
inserted. Injection was done gradually to ensure a more homogenous
distribution into the blood stream. After the injection, the line was
flushed to ensure all the injectable had been taken up by the animal.
The cannula was slightly pulled back, and the string was tied up
tightly. After complete removal of the cannula, the back tie was tied
two more times and the animal’s neck was sutured.

Bioluminescence imaging (BLI)

Fresh and confluent hMSCs were detached from the cultured flasks,
counted and resuspended in FBS-free fresh medium. One million
hMSCs in 0.2 mL PBS were injected into the animal either via tail
vein or artery on day 4 after BMT. Fresh medium without any cells
was also injected into the mice as “vehicle” control. After injection,
mice were imaged at a preset time sequence: 30 min, 24 h, 48 h,
96 h and once a week for up to two months under isoflurane
anesthesia. Before each scan, 2 mg D-luciferin in 0.2 mL sterile PBS
was injected into the peritoneum (IP). After 10 minutes injection, the
animals were imaged by the PerkinElmer/Xenogen IVIS 200 System
(Palo Alto, California) for 5 minutes. Data were analyzed with
Living Image software (Xenogen).

After in vivo BLI at the last time point, mice were injected with an
additional dose of 200 pL D-luciferin (150 pg/g body weight IP) and
10 min later, animals were sacrificed. Their chests were opened and
imaged ex vivo for 5 minutes. Tissue processing itself occurred
within the subsequent three minutes post-imaging. Selected tissues
were placed in culture dishes and D-luciferin was added directly to
the exposed organs. BLI was performed for 5 minutes. Ex vivo BLI
resulted in high-resolution images displaying signal foci within
organs of interest and showed the gene expression in a more direct
way. Imaging data were analyzed and quantified with Living Image
software (Xenogen).

Scintigraphic (radionuclide) imaging

On day 4 post-BMT, non-transduced hMSCs were detached from the
culture flasks using 0.25% EDTA-trypsin (Invitrogen) and pelleted
via centrifugation. Fifteen million resuspended cells were delivered
to Tyco Health Company (Cleveland, OH) for radiolabeling with 10
mCi [99mTc]-HMPAO. Radiolabeled cells were counted, and cell
death was calculated using the trypan blue exclusion dye.
Radiolabeled hMSCs and reporter gene labeled hMSCs were mixed
ata 1:1 ratio and TV or 1A injected into transplant mice as described
above. Mice underwent scintigraphic imaging and X-ray imaging at
5 h, 10 h and 1 d after injection. The X-ray anatomic structure was
overlaid with the scintigraphic data by using Image J (NIH,
Maryland). Pixels of some radiographic images were smoothed in the
Matlab.
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Histology and immunohistochemistry (IHC)

After sacrifice, harvested organs, including lungs, liver, spleen,
small and large intestines were fixed immediately in 10% buffered
formalin and then embedded in paraffin. Five micrometer frozen
sections were cut from fixed tissues, placed on uncoated slides, and
stained with hematoxyline-eosin (H&E) for histology. For IHC,
sections were first treated with xylene twice for 5 minutes each,
followed by serial rehydration with 100%, 95%, 70% and 50%
alcohol aqueous solutions for 3 minutes in each solution. After
rehydration in PBS for 30 minutes, slides were treated with 0.2%
Triton 100X to permeabilize the cell membranes, followed by
incubation with 0.5% trypsin for antigen retrieval at 37°C for 30
minutes. Treated slides were blocked with hydrogen peroxide block
(Ultravision) for 20 minutes, washed, and then treated with V-block
(Ultravision) for 8 minutes. After incubation with a goat blocking
serum (1:10 dilution, Invitrogen) for 30 minutes, the slides were
stained with a rabbit polyclonal anti-mrfp antibody (1:250,
Clontech, Mountainview, CA). Primary antibodies were detected
by goat anti-rabbit IgG poly-HRP amplification agent (Millipore,
Temecula, CA). The color was developed with diaminobenzidine
(DAB) after incubation for 5 min and then slides were counter
stained with Mayer’s hematoxyline solution (Sigma-Aldrich).
Negative isotype control was used to verify the presence of positive
stained cells. In order to further confirm mrfp staining, in situ
nuclear hybridization staining of hMSCs using human Alu
sequence was performed at the Pathology Department at Case
Western Reserve University using established protocols to verify
the IHC results obtained from mrfp staining (Alu Positive Control
Probe I1, Ventana Medical Systems).

Quantitative real time PCR

Real time quantitative PCR (RT gqPCR) was used to detect the
presence or engraftment of hMSCs in mouse recipients
quantitatively. The harvested tissues were kept frozen at -80°C until
total genomic DNA was isolated using Genomic DNA Mini
purification kit (Invitrogen). The DNA sequence of the luciferase
was obtained from the gene vector map provided by Sam Gambhir
at Stanford University. TagMan probes and forward and reverse
primers were designed and synthesized by Applied Biosystems
(Foster City, CA, USA). The sequences of primers and the probe
include: forward primer:
CATCACGGTTTTGGAATGTTTACTACA, reverse  primer:
GCTCCTCAGAAACAGCTCTTC, and the probe sequence
ACGACTCGAAATCCAC. Briefly, extracted DNA served as a
template for RT gPCR, in which a fluorescent reporter dye (6-
carboxy-fluorescein; FAM) was released and quantified during
each specific replication of the template. 9 uL DNA (7 ng/pL) was
mixed with TagMan Universal PCR Master Mix (Applied
Biosystems) and TagMan Gene Expression Assays (Applied
Biosystems) for the detection of luc specific gene. Reactions were
incubated in a 7500 Fast Real Time PCR Systems (Applied
Biosystems) with the following parameters: 50°C for 2 min, 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for
1 min. The threshold cycle (Ct) of the target gene was calculated by
the Sequence Detection System software (Applied Biosystems).
Each sample was quantified in triplicate.

To construct standard curves for the luc reporter in each specific
tissue, hMSCs that were used to inject into the mice were processed
for genomic DNA, and then serially diluted by the genomic DNA
of the corresponding tissues of the mice that received no hMSCs
injection, and subjected to quantitative real time PCR assay in
triplicate using the same procedures. The generated threshold cycle
(Ct) of the target gene from the real time PCR reaction was plotted

against the hMSCs concentration in the logarithmic format. In
TagMan reactions, individual replicates of both DNA sample and
the standards were always performed on the same plate in the same
experimental run so as to reduce inter experimental noise. The
rapsyn gene from the mouse sequence was used as an endogenous
control to compare the difference from different tissues®®*l. The
value of DNA contained in each somatic cell (diploid) was 6.16 pg
with two copies of non-repeated genes. The results were expressed
as the percentage of human genes in the mouse tissue.

Statistical analysis

All values are expressed as the mean plus or minus standard
deviation (£SD). Statistical comparisons between groups were
completed using the Mann-Whitney test (non-parametric data) and
unpaired t-test (parametric data).

Results

Patterns of hMSC biodistribution differ between types of bone
marrow transplantation

To study their biodistribution in transplant recipient mice using
BLI, hMSCs were lentiviral-transduced with a triple-fusion, firefly
luciferase reporter gene. Specifically, one million hMSCs were tail-
vein (TV) injected on days 1 and 4 following BMT and daily BLI
was performed in animals for up to six weeks post-BMT. hMSCs
initially migrated to the pulmonary circuit in both syngeneic and
allogeneic BMT mice, but only in allogeneic BMT mice did
hMSCs eventually redistribute throughout the animal with greatest
BLI signal intensity noted in the gastrointestinal (GI) tract
(Figure 1). Further, more hMSCs initially migrated to the abdomen
within the first week post-BMT in allogeneic versus syngeneic
mice, reflecting the early induction in gastrointestinal acute GvHD
in the mouse model®®*?. Only after several weeks did TV-injected
hMSCs more widely biodistribute throughout alloBMT mice.

Intra-arterial injection increases the biodistribution of human
MSCs in transplant mice

Having observed the differences in hMSC biodistribution between
syngeneic and allogeneic BMT mice, method of hMSC
administration itself was next studied to determine its effect on
hMSC biodistribution patterns in transplant recipients. To this end,
hMSCs were labeled with either the luciferase reporter or 99mTC
radionuclide for BLI and radionuclide imaging, respectively.
Transplant recipients received one million hMSCs injected via TV
or IA catheter and underwent whole-body imaging for 5 h, 10 h and
one day following hMSC administration (Figure 2). At 5 h, hMSCs
initially migrated to the lungs and abdomen in both transplant
recipient groups irrespective of how they were injected. However,
both TV and IA injection led to longer cell retention in the Gl tract
in allogeneic animals versus less retention in syngeneic animals, an
observation noted at early (Figure 2) as well as later transplant
times (Figure 3A). Furthermore, sustained, whole-body hMSCs
signal intensity as measured by photon flux was only noted in IA-
injected allogeneic animals (Figure 3B), while hMSC signal
decreased in the GI tract of both TV-injected allogeneic and
syngeneic animals over time (Figure 3C). Taken together, these
results show that IA administration increases early hMSC
biodistribution in both syngeneic and allogeneic animals, but
causes sustained hMSC signal intensity in only allogeneic BMT
mice. In addition, radionuclide imaging, similar to what is currently
being used in the clinical setting, can be used as an imaging
modality for in vivo hMSC biodistribution.
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Allogeneic
N=3

Syngeneic

N=2
Figure 1. Bioluminescence imaging
(BLI) of allogeneic (n=3) and
syngeneic (n=2) transplant mice tail
vein injected with one million hMSCs
on days 1 and 4 after indicated
transplant. Results from one of two

representative experiments are shown.
Allogeneic
N=3
Syngeneic
N=2
IA injection TV injection IA injection TV injection
Syngeneic  Allogeneic Syngeneic  Allogeneic Syngeneic  Allogeneic Syngeneic  Allogeneic

1hr
Figure 2. Radionuclide images (left) and
BLI (right) for syngeneic and allogeneic
mice receiving IA or TV injected
hMSCs. Mice were imaged four days 10 hr
after BMT.

24 hr
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Figure 3. (A) BLI of syngeneic and allogeneic transplant mice receiving one million hMSCs via IA and TV injection on days 1 and 4 after BMT. Indicated days refer to
days after BMT. Results from one of two representative experiments are shown. (B) Quantitative analysis of the photon flux by drawing a region of interest (ROI) in the
whole body. p < 0.05 (*) for mean photon flux between the 1A allogeneic and the TV allogeneic group before day 17, and p < 0.05 (**) for mean photon flux between the
1A allogeneic and IA syngeneic groups after day 7. (C) Quantitative analysis of the photon flux by drawing a region of interest (ROI) in the abdominal area. p < 0.05 (*)
for mean photon flux between the IA allogeneic group and the TV allogeneic group before day 7; and p < 0.05 (**) for mean photon flux between IA allogeneic and 1A
syngeneic groups on days 7 and 10.
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Figure 4. In vivo and ex-vivo BLI in allogeneic
and syngeneic transplant groups receiving 1A

4000 or TV injected hMSCs and sacrificed on D7
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two representative experiments are shown.
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Human MSCs migrate to and are present in graft-versus-host
disease target tissues

In general, BLI signal intensity was noted to be greater in the
abdomens of allogeneic versus syngeneic animals following either
TV or IA injection at later time points following BMT. Yet IA
injection of hMSCs resulted in similar whole-body distribution
patterns in both transplant recipient mice within the first day
(Figure 2) and week (Figure 3) following administration. Ex vivo
BLI on intestines from animals sacrificed 7 days after BMT was
next performed to determine if hMSCs tracked to GvHD target
tissues in alloBMT mice at earlier post-transplant times to support
that microenvironmental differences in the GI tract existed
between transplant groups. Allogeneic mice had strong BLI signal
intensity noted in the abdomen upon necropsy (Figure 4). As
previously seen, TV-injected hMSCs were localized primarily in
the lungs, while lA-injected hMSCs were more holistically
distributed in both allogeneic and syngeneic BMT mice at this
early post-transplant time (Figure 4). Yet when these same
animals were sacrificed, only the 1A allogeneic mice had strong
homogenous signal intensity throughout the intestines, whereas
the 1A syngeneic mice had heterogeneous signal intensity in their
intestines (Figure 4). These results suggest that hMSCs indeed
track to sites of Gl inflammation and damage (i.e., radiation-
induced in syngeneic mice), but that the alloreactive
microenvironment in allogeneic mice provides an additional

IA, Allogeneic A

Figure 5. Immunohistochemistry of
the large intestines of the allogeneic
and syngeneic mice with intra-arterial
injected hMSCs. The slides on the left
panel were stained with mrfp, while
the slides on the right were stained
against Alu human repeat sequence.
Mice were sacrificed on D7 after
indicated BMT. Negative isotype
control was used to verify the
presence of positive stained cells (data
not shown).
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tracking signal resulting in more robust migration of hMSCs into
the Gl tract of these animals.

Confirmation of hMSCs in tissues

Immunohistochemistry (IHC) was performed on tissue samples of
animals sacrificed on Day 7 post-BMT to confirm the presence of
hMSCs in GvHD target tissues (Figure 5). Specifically, hMSCs
labeled with the mrfp reporter gene were administered via 1A
injection and large intestines from both allogeneic and syngeneic
animals were processed for IHC (Figure 5, left column). First,
intestinal architecture in allogeneic mice (Figure 5, panels A and
B) was distorted relative to syngeneic mice (Figure 5, panels E
and F) consistent with GvHD-associated changes. Secondly, large
conglomerates of brown-colored, mrfp-stained cells were seen in
the intestines in transplant animals (Figure 5, panels A and E). At
higher magnification, nuclei were clearly seen in these mrfp-
positive cells (Figure 5, panels C and G). To verify that these cells
were human in origin, mouse tissues were also stained against
human-specific Alu repeat DNA sequence (Figure 5, right
column). Blue-stained cellular aggregates were noted at low
magnification (Figure 5, panels B and F), which were noted to
contain nuclei at higher power (Figure 5, panels D and H).
Positive human-Alu specific cells were also seen in other tissues
including lung (Figure 6, panels A and B) and spleen (Figure 6,
panels C and D) of allogeneic and syngeneic mice following 1A
administration of hMSCs.

mRFP Human Alu
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MSC biodistribution after BMT

1A Allogeneic | I

1A Syngeneic

Spleen (20x) | 8 ;

N
|

1.5 4

hMSCDNA % in mouse tissues %
o
wm =
| l

o
|

lung

lung

large intestine

>

small intestine

large intestine

o]

small intestine

large intestine

0

small intestine

Real time PCR was used to quantify hMSCs presence in the organs
of transplant recipients (Figure 6, panel B). Specifically, TagMan
probe specific to the luciferase gene in transduced hMSCs was
used. In the lung, both IA and TV injection led to increased hMSC
detection. In contrast to TV injection, 1A injection resulted in more
detectable hMSCs in the small (IA 0.76 + 0.15% vs. TV 0.10 +
0.02%, p=0.025) and large intestines (IA 1.49 + 0.49% vs. TV 0.15
+ 0.007%, p=0.060). Also, IA injection resulted in more detectable
hMSCs in the small (allo 0.76 + 0.15% vs. syn 0.22 + 0.049%,
p=0.040) and large (allo 1.49 + 0.49 vs. syn 0.093 + 0.039,
p=0.057) intestines of allogeneic (allo) mice in contrast to
syngeneic (syn) mice. Taken together, IHC and PCR data correlate
with in vivo and ex vivo BLI, confirm the presence of hMSCs in
GvHD target tissues, and substantiate that IA injection leads to
greater hMSCs migration into the Gl tract.

Discussion

Effective and targeted delivery of cells to injured organs is critical
to the therapeutic success of cell-based therapies. In this regard,
hMSCs have been used to treat acute GvHD®!. However, clinical
results using hMSCs have been inconsistent, likely reflecting, in
part, suboptimal and non-standardized delivery with respect to

Figure 6. (A) Immunohistochemistry
of the lungs (A, B) and spleens (C, D)
of allogeneic (A, C) and syngeneic (B,
D) mice with intra-arterial injection. All
the tissues were stained against Alu
human repeat sequence. Mice were
sacrificed on D7 after BMT. (B) Real
time gPCR results. A = allogeneic
group with artery injection, B =
syngeneic group with artery injection,
C = tail vein injection for allogeneic
group, D = syngeneic group.

large intestine

small intestine

)

route, timing and frequency of administration™. Qur previous
studies using TV injection for hMSCs delivery showed that the
majority of cells remained in the lung with transient migration into
GvHD target tissues including intestines and secondary lymphoid
organs like the spleen!®™). The focus of the current study was to
investigate how the method of cell administration might affect in
vivo xenogeneic hMSCs biodistribution. To this end, we have
demonstrated that |A injection is feasible and enables
biodistribution throughout the body with preferential localization to
sites of radiation-induced injury™™®. Therefore, the current study
applied in vivo BLI and radionuclide imaging to track hMSCs
migration following TV and IA injection in the BMT animals after
reporter gene-tagged and radiolabeled hMSCs were equally mixed
for co-injection. A injection resulted in widely dispersed initial and
sustained hMSCs biodistribution versus TV injection, which
remained largely entrapped in the pulmonary circulation. hMSCs
biodistribution into GvHD target tissues was verified using ex vivo
BLI, IHC and real time PCR. These observations complement our
previous mechanistic study in which hMSCs modulated GvHD by
decreasing in vivo T-cell proliferation within secondary lymphoid
organs through production of immunomodulatory soluble factors
like prostaglandin E2 (PGE2)™®. In addition, radionuclide imaging
used in these animal models has potential translational application
for studying cellular therapy migration in the clinical setting
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and is identical to clinical protocols for red and white blood cells
using Tc-99m labeling to determine sites of bleeding and infection,
respectively 71,

IA injection resulted in earlier, wider hMSC biodistribution in both
allogeneic and syngeneic transplant recipients relative to TV
injection, which resulted in more localized hMSC retention in the
lungs. Wel™ and others!*®?? have observed that intravenous injection
results in hMSCs entrapment in the mouse lungs. Consequently,
hMSCs migration to target organs and tissues is impeded, ultimately
hindering their intended clinical effect, particularly if such an effect
requires activation by specific microenvironments®? or close
proximity to cells that h(MSC paracrine soluble factors modulate®®. In
contrast, A injection bypasses the pulmonary circulation and delivers
larger numbers of cells directly to sites of radiation and alloimmune-
induced injury as seen in syngeneic and allogeneic transplant
recipients, respectively. Therefore, we believe the combination of
more effective delivery via IA injection and sustained pro-
inflammatory response induced by alloreactivity resulted in greater
biodistribution of xenogeneic hMSCs.

BLI signal was initially strong, but declined in TV-injected animals
whereas BLI signal remained stronger in IA injected animals,
particularly in allogeneic animals (Figure 1). Thus, IA injection
clearly prolonged cell retention. Furthermore, in contrast to TV-
injected hMSCs, I|A-injected hMSCs assumed more extensive
biodistribution in both syngeneic and allogeneic animals, which then
transitioned to strong BLI signal localizing to the abdomen and lungs
in allogeneic animals only (Figure 3). General factors contributing to
BLI signal degradation include gradual cell loss or redistribution in
organs and cell apoptosis. Irrespective of reasons for attenuated BLI
intensity, ex vivo BLI imaging (Figure 4), IHC (Figure 5) and real-
time PCR (Figure 6) confirmed the presence of hMSCs in the GI tract
of IA-injected allogeneic recipient mice.

The positive IHC stains using mrfp antibody against mrfp, one of the
fused reporter gene components, suggested that hMSCs migrate to
large intestine (Figure 5) and spleen (Figure 6). The human Alu
nuclear staining, which identified human cells in the mouse
background®! of the same intestinal tissue further validates this
finding and extends our previous findings for the spleen’® to now
include the large intestine as a site for hMSCs migration and potential
attenuation in T-cell activation and proliferation. Similar to the
spleen, the intestine is a secondary lymphoid organ (SLO) containing
mucosa-associated lymphoid tissue (MALT), which is involved in
GvHD pathophysiology®®. Using BLI in allogeneic transplant
recipient mice, Beilhack and colleagues found that alloreactive T-cell
proliferation associated with GvHD occurs in secondary lymphoid
organs followed by T-cell homing to the intestines?). Furthermore,
T-cell activation and proliferation occur rapidly within the first week
after transplant. Applying this knowledge to our current study,
hMSCs migrated to the Gl tract in allogeneic recipients, specifically
the large intestines, wherein, they may potentially attenuate T-cell
proliferation similar to how hMSCs attenuated T-cell proliferation in
the white pulp of spleen!®..

Although IA injection delivers more xenogeneic hMSCs throughout
the body and prolongs hMSCs retention in allogeneic transplant mice,
we did observe that some mice receiving IA injection did not survive
as long as TV-injected mice. A potential reason may be the surgery
for 1A catheter placement, causing vascular occlusion over time in
mice as has been observed in other mouse models incorporating
stromal cells!*®*%],
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BLI was primarily used as an imaging tool to track hMSCs
distribution following TV and IA injection in syngeneic and
allogeneic transplant recipient mice. Advantages to BLI include its
simplicity, convenience, real-time imaging and low cost. In
particular, ATP-dependent reaction of luciferase with D-luciferin
substrate enables imaging only living cells. However, tissue
scattering and absorption make BLI only a semi-quantitative imaging
method. Radionuclide imaging and BLI were used in combination to
study initial hMSC biodistribution. Given the short half-life of *™Tc
(6 hours), scintigraphic imaging would provide quantitative
information regarding initial deposition of injected cells and their
ensuing migration, maximally for one day due to the radio decay of
the %™Tc label. However, this radionuclide imaging approach is an
established clinical diagnostic imaging modality; therefore, it is
readily available for translational applications for in vivo imaging of
hMSCs transplantation in the clinical setting. One way to extend
radionuclide imaging time is to affix hMSCs with an isotope having
a longer half-life. Indium (**In) is a candidate isotope; as it has a
longer half-life (2.8 days) and has not been shown to affect viability
or functionality of either lymphocytes®lor hMSCs!®!.

Conclusions

Using a murine model of allogeneic BMT, xenogeneic hMSCs
biodisbtribution patterns were compared following TV and 1A
injection, whereby IA injection led to stronger, longer and more
dispersed hMSCs biodistribution. In contrast, TV injection resulted
in hMSCs entrapped mainly in the lungs and then cleared within one
week with smaller fractions of cells transiently migrating to the
intestines. Cell deposition in the intestinal area was clearly observed
via BLI in the allogeneic mice despite the injection technique, with
mice receiving IA injection having significantly stronger signal by
day 7. Results herein show that BLI can be easily used to track
xenogeneic hMSCs in diseases models and that arterial injection has
the potential to effectively alter hMSC distribution patterns by
enhancing delivery to target tissues in combination with allo-induced
inflammation.
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