The role of stem cell fusion in (re)programming
somatic cells both in vitro and in vivo:
implications for cardiac regeneration

by

Brian T. Freeman

A dissertation submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

(Biomedical Engineering)

at the
UNIVERSITY OF WISCONSIN-MADISON

2015

Date of final oral examination: 7/27/2015

The dissertation is approved by the following members of the Final Oral Committee:
M. Elizabeth Meyerand, Professor, Biomedical Engineering

Sean P. Palecek, Professor, Chemical and Biological Engineering

David J. Beebe, Professor, Biomedical Engineering

Peiman Hematti, Associate Professor, Medicine and Pediatrics

Timothy J. Kamp, Professor, Medicine and Public Health

Brenda M. Ogle, Associate Professor, Biomedical Engineering



© Copyright Brian T. Freeman 2015
All Rights Reserved



Abstract

Every year hundreds of thousands of Americans will suffer a myocardial
infarction, which makes it one of the most prevalent health problems in the United
States. One promising therapy is the delivery of mesenchymal/multipotent stem/stromal
cells (MSCs) to regions around the infarct, which has been shown to improve cardiac
recovery. MSCs home to injured tissues and several mechanisms for MSC-based
recovery have been proposed, including MSC differentiation into cardiac cells and the
release of pro-survival signals from the MSCs. Some of these studies have reported
evidence of cell fusion between stem cells and cardiac cells, but the impact of this cell
fusion and subsequent (re)programming on cardiac function at the cellular and tissue
scale is not well understood. This thesis describes three independent studies analyzing
the affects of cell fusion between MSCs and cardiomyocytes both in vivo and in vitro. In
the first study, the amount of fusion after MSC transplantation to the heart and other
organ systems was quantified and fusion products were observed in the heart, liver,
small intestine and stomach through fluorescent microscopy. Once MSC fusion was
confirmed by the first study, the second study examined the affect MSC fusion has on
the infarcted murine heart. This study found that augmenting fusion of MSCs in the
infarcted heart hindered cardiac healing via decreased vascularization and immune
modulation. The negative affect of cell fusion on cardiac function was unanticipated,
which led to a final study that sought to uncover the transcriptional reprogramming that

occurred after cell fusion by single-cell RNA-seq. The transcriptomes of fusion products
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revealed extensive diversification after fusion and activation of latent pluripotency genes

and oncogenes.
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List of Figures

Figure 1-1. Bimolecular Fluorescence Complementation (BiFC) method. Schematic for the
bimolecular fluorescence complementation (BiFC) system. Fusion products were detected with

fluorescence microscopy for BiFC (green).

Figure 1-2. Cre-LoxP biophotonic fusion detection system. If fusion between Cre-
expressing mouse cells and transplanted cells expressing a floxed luciferase plasmid occurs,
luciferase will be expressed. Luciferase can be detected by injecting the enzymatic substrate, D-
luciferin, into the mouse and then imaging the mouse using a Xenogen Biophotonic Imaging

System.

Figure 1-3. Possible outcomes after cell fusion. The three outcomes of fusion between
MSCs and cardiomyocytes are 1) the MSC phenotype could dominate resulting in a more stem
cell-like transcriptional profile (RED), 2) the cardiomyocyte phenotype could dominate resulting
in a more cardiac-like transcriptional profile (GREEN), or 3) a new phenotype could be formed

from a mixing of the cytoplasmic and nuclear elements of the two cells (ORANGE).

Figure 1-4. Model describing the state conflicts and collision of merged cellular systems.
The top model is based on the notion that gene expression patterns correspond to points in the
Waddington epigenetic landscape (sketched with the gray line), with the stable patterns (cell
types) corresponding to the “valleys” known as attractors. Merging different cells nearly instantly
creates a new pattern, which is initially an average of the two, on a slope of a “hill” in the
landscape [55]. The bottom model describes how fusion of different cells causes the collision of
merged cellular systems, resulting in death or leading to symphiliosis, or reconciliation.
Symphiliosis is manifested by interrelated instabilities summarily named symphilial instabilities
(SIN) that are a result of integrating distinct sets of parental networks into one. Symphiliosis can
produce emergent phenotypes, cause death, senescence, or continue permanently. “Other”
systems can include mitochondria, which have their own genome, and interactions with other

cells to give just two examples [55].

Figure 3-1. Frequency of fusion following delivery of MSCs to infarcted murine heart via

TissueMend (TM) collagen-based patch. A, Representative optical section (multiphoton
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microscopy) of human MSCs following two days on the TM patch and stained for MSC-marker
CD105 (green) and DAPI (blue). Greater than 95% of cells imaged were CD105 positive.
Regions with high intensity (CD105) indicate cells aligned with planes other than the focal plane,
perhaps indicative of cells migrating into the patch. Scale bars are 50 ym. B, MSCs and VSV-
G-transfected MSCs (vMSCs) fused with murine cells in an infarcted heart after delivery via
TissueMend patch (TM). There was a significant increase in the percent of fusion products
present in the TissueMend for untransfected MSCs (TM + MSCs), 22% + 17% (10 images/area),
compared to the TM only control with no cells, 2% + 2% (10 images/area) (*, P < 0.05). The
percent of fusion products present in the BorderZone increased as well for untransfected MSCs
(14% + 9%, 10 images/area), but it was not significantly different than the TM only control (0.2%
+ 0.5%, 10 images/area). The percent of fusion products in the TissueMend and BorderZone
increases (albeit not significantly) to 24% + 16% and 23% + 15% when the MSCs were
transfected with VSV-G (TM + vMSC) prior to delivery (10 images/area)(**, P < 0.01, compared
to the TM only control). There was no significant difference between the TM control and both
MSC and vMSCs in the unhealthy heart and healthy heart regions. All percentages represent
10 randomly selected images for each region in the tissue sections. C, Representative images
of murine heart following transplantation stained for human (red) and mouse (green)
centromeres using FISH. The top row contains a field of view from the TissueMend patch; the
bottom row contains a field of view from the BorderZone between the TissueMend and infarcted

myocardium. Scale bars are 50 ym

Figure 3-2. Detection of cell fusion in living mice. A, Average bioluminescent radiance
(photons/second/cm?/steradian) of chest and abdomen of mice receiving MSCs 2 and 8 days
following transplantation to the heart. B, Representative IVIS imaging of one control and two
treated mice (Mouse 1, Mouse 3). C, Average bioluminescent radiance
(photons/second/cm?/steradian) of heart, stomach, small intestine, liver and kidney (n=4 mice).
Signal from heart, stomach, and small intestine was significantly higher than that of
corresponding control organs and kidney tissue of treated mice (** P < 0.01, * P < 0.05). D,
Representative images for each organ. From top to bottom: photograph, bioluminescence

emission, overlay. Scale bar equals 10 mm.

Figure 3-3. Detection of cell fusion in living mice peaks at 1 week. A, Average radiance of

chest and abdomen of mice at 1, 2, 3 and 4 weeks following transplantation of MSCs to the
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heart. Values were normalized to the week 1 average radiance. B, Representative VIS image

of a mouse at each time point.

Figure 3-4. Frequency of fusion following delivery of vMSCs to healthy, noninfarcted,
murine myocardium via TissueMend (TM) collagen-based patch. VSV-G-transfected human
MSCs (vMSCs) fused with recipient cells in the murine heart after delivery via TissueMend
patch. A, Significantly more fusion products were detected in the TissueMend patch and
BorderZone than in the healthy heart distant from the patch (** P < 0.01). B, Bright field cross
section of the heart. C, FISH images are stained for mouse centromeres (green), human
centromeres (red) and nuclei (blue). Representative fusion products, defined as dual color
fluorescence within individual nuclei, are designated with a white arrowhead. Insets are
magnified views of representative fusion products. Background signal in the healthy heart is
due to autofluorescence of cardiac sarcomeres, this was left intentionally to appreciate position
of fusion products relative to healthy myocardial tissue. Scale bar is 50 um. D,

Immunohistochemistry for HLA-A,B,C (green) and nuclei (blue). Scale bar is 50 um.

Figure 3-5. Frequency of fusion following delivery of vMSCs to murine myocardium via
bolus injection. A, VSV-G-transfected human MSCs (vMSCs) fused with recipient cells in the
murine heart after bolus injection directly into the myocardium. Fusion hybrids were prevalent in
a discrete region assumed to be associated with the point of injection (49% + 10% fusion
products). Human cells were found in regions beyond the borders of the discrete region (10% +
11% fusion products) and were more prevalent (not significant) than fusion hybrids located in
the healthy myocardium following transplantation with the TissueMend patch (3% *+ 5%). B,
Representative images of murine heart following transplantation stained for human (red) and
mouse (green) centromeres using FISH. The top row contains a field of view from the Bolus
injection; the bottom row contains a field of view from the Healthy Heart. Background (green)
signal in the healthy heart is due to autofluorescence of cardiac sarcomeres; this was left
intentionally to appreciate position of fusion products relative to healthy myocardial tissue.

Scale bars are 50 ym.

Figure 3-6. Detection of fusion products in the murine small intestine using FISH. Fusion
products (white arrowhead) and unfused human cells (white arrow) were detected in the murine

small intestine using a human centromere probe (red) and a murine centromere probe (green).
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A, Bright field cross section of the small intestine. B, FISH images are stained for mouse
centromeres (green), human centromeres (red) and nuclei (blue). Insets are magnified views of
representative fusion products. Scale bar is 50 ym. C, Immunohistochemistry for HLA-A,B,C

(green) and nuclei (blue). Scale bar is 50 um.

Figure 3-7. Detection of fusion hybrids in the murine stomach using FISH. Fusion
products (white arrowhead) and unfused human cells (white arrow) were detected in the murine
stomach using a human centromere probe (red) and a murine centromere probe (green). A,
Bright field cross section of the stomach. B, FISH images are stained for mouse centromeres
(green), human centromeres (red) and nuclei (blue). Insets are magnified views of
representative fusion products. Scale bar is 50 ym. C, Immunohistochemistry for HLA-A,B,C

(green) and nuclei (blue). Scale bar is 50 uym.

Figure 3-8. Detection of fusion products near the vasculature in the murine stomach.
Fusion products (white arrowhead) were detected adjacent to the vasculature in the murine
stomach using a human centromere probe (red) and a murine centromere probe (green) as well
as an antibody for von Willebrand Factor (VWF), a marker for endothelial cells. A, Bright field
cross section of the stomach. B, Immunohistochemistry for vWF (red) and nuclei (blue). Scale
bar is 100 um. C, FISH staining for mouse centromeres (green), human centromeres (red) and
nuclei (blue). Insets are magnified views of a representative fusion product near a blood vessel

(dashed line). Scale bar is 50 pm.

Figure 4-1. Detection and Augmentation of MSC Cell Fusion in vivo

(A): Schematic of the in vivo Cre/LoxP biophotonic detection system. The MSCs are
transfected with a LoxP-stop codon-LoxP-luciferase plasmid prior to cell transplantation. The
MSCs are transplanted into mice constitutively expressing Cre recombinase. Upon fusion
between MSCs and a cell of the Cre mouse, Cre recombinase excises the LoxP-stop codon-
LoxP sequence and luciferase is expressed in the fusion product. The fusion product can then
emit a bioluminescent signal after the addition of the luciferin substrate. (B). Quantification of
the day 7 mean luminescent signal (photons/centimeters?’second/steradian, photons/cm?/s/sr)
for each treatment group (Sham, MSC, and MSC-VSVG). The MSC and MSC-VSVG emitted a
significantly higher mean luminescent signal compared to the Sham control group (*P < 0.05,
data is displayed as average (Avg) + standard deviation (SD)). Three representative

luminescent overlay images for each group are shown below graph.
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Figure 4-2. Augmented MSC Cell Fusion Affects Function of Infarcted Myocardium

Cardiac functional improvement is displayed relative to the values at 3 days after infarction/cell
delivery for (A) fractional area change (FAC) and (B) cardiac output (CO). The Sham group
displayed the highest fold increase over the 28 days monitored. The augmented fusion group
(MSC-VSVG) showed the lowest fold change. To demonstrate the variability between samples
in the treatment groups, the mean luminescent signal for each mouse was plotted against the
(C) FAC (%) or (D) CO (mL/min) for each time point. At day 7 a positive correlation emerges
between mean luminescent signal (fusion) and cardiac function, but this correlation is lost at

later time points.

Figure 4-3. Human MSC Retention and Vascular Response in Infarcted Murine Heart

(A). Quantification at day 56 after infarction/cell delivery of human leukocyte antigen (HLA)
expression (area) normalized to DAPI signal (area) for four regions in the infarcted heart
(TissueMend, BorderZone, Infarct and Healthy Heart) (5-20 images per region per sample, data
displayed as Avg + SD). (B). Mean luminescent signal for each mouse was plotted against the
HLA area/DAPI area for each mouse. The MSC group showed a negative correlation between
mean luminescent signal (fusion) and MSC retention. (C). Representative images for MSC and
MSC-VSVG groups in the BorderZone (HLA, green and DAPI, blue) (Scale bar = 50 um). (D).
Quantification at day 56 after infarction/cell delivery of vessel density (CD31 expression area)
normalized to DAPI signal (area) for four regions in the infarcted heart (5-20 images per region
per sample, data displayed as Avg + SD, *** P < 0.001 compared to the MSC-VSVG group).
(E). Mean luminescent signal for each mouse was plotted against the CD31 area/DAPI area for
each mouse. The MSC group showed a negative correlation between mean luminescent signal
(fusion) and vessel density. (C). Representative images in the Healthy Heart (CD31, green and
DAPI, blue) (Scale bar = 50 um).

Figure 4-4. Inmune Modulation Response to Treatments

(A). Quantification at day 56 after infarction/cell delivery of T-cell concentration (CD3 expression
area) normalized to DAPI signal (area) for four regions in the infarcted heart (5-20 images per
region per sample, data displayed as Avg + SD, ** P < 0.005 compared to the MSC-VSVG
group). (B). Mean luminescent signal for each mouse was plotted against the CD3 area/DAPI
area for each mouse. (C). Representative images in the BorderZone (CD3, green and DAPI,
blue) (Scale bar = 50 um). (D). Colocalization of regulatory T-cells (CD25, red) and T-cells (CD3,



green) seen in the BorderZone of a mouse from the MSC group (DAPI, blue) (Scale bar = 50

um).

Figure 5-1. Workflow for identification, isolation and RNA-seq of mMSC-cardiomyocyte
fusion products and associated controls, Related to Experimental Procedures.

Fusion products were identified via detection of green fluorescence associated with the intact
BiFC construct or dual color expression of both GFP and mCherry (and therefore cell fusion) via
fluorescence microscopy, upper left panel. Merged image of bright field (to discern cell
membranes) and BiFC (green). Scale bar = 50 um. After identification, cells were removed
from culture dishes and sorted for GFP" cells using FACS. Sorted cells were injected into the
Fluidigm C1 chip and again visualized via fluorescence microscopy to ensure successful
capture and to confirm cell viability (cells were also stained with DEAD cell viability assay).
Cells of interest were lysed and RNA extraction and cDNA synthesis were performed on the
chip. Library preparation followed using lllumina Nextera XT and then sequencing using
MiSeqv3.

Figure 5-2. Induction and detection of cell fusion via the measles virus system and
bimolecular fluorescence complementation (BIiFC) and dual-color fluorescence,
respectively. A. DNA content of HL1cm was analyzed via DAPI staining with flow cytometry
and DNA content of experimental cocultures (H-F/hSLAM and F-H/hSLAM) was compared to
coculture controls (no fusogen/no fusogen, H-F/no fusogen, F-H/no fusogen, and hSLAM/no
fusogen) (*p < 0.05). Data are represented as mean + standard deviation (SD). B.
Immunocytochemistry for hemagglutinin (H) on hMSC (green) and hSLAM on HL1cm (green).
Nuclei stained with DAPI (blue). Scale bar = 50 mm. C. Greater than 50% of detected fusion
products contained 2 nuclei. Data are represented as mean + SD. (*p < 0.05, **p < 0.01). D.
Approximately 50% of the total nuclei of fusion products were of human origin, supporting the
specificity of the system. E. Schematic for the bimolecular fluorescence complementation (BiFC)
system. Fusion products were detected with fluorescence microscopy for BiFC (green). Cells
were then labeled for human nuclear antigen (HNA, red, only present in the hMSC nuclei).
Representative fusion products were detected with BiFC (green), HNA (red), and nuclei
detected with DAPI (blue). Scale bar = 50 mm. F. Schematic for the dual color fluorescence
system. Fusion products were detected with fluorescence microscopy for dual expression of
GFP from HL1cm and mCherry from mMSC. Representative fusion product is shown below

schematic. Scale bar = 50 mm.
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Figure 5-3. Hierarchal clustering (HC) and principal component analysis (PCA) of
differentially expressed genes between mMSC-cardiomyocyte fusion products and
parental controls. A. A global view of differential gene expression between hybrids
(BiFC_D1_F1-5, DC_D1_F1-16, and DC_D3_F1-7), parental cells (mMMSC_1-15, mMSC_D1_1-
5, HL1cm_1-15, and HL1cm_D1_1-5) and population controls (mMSC_PC, HL1cm_PC, and
Mix_D1). Global Z-Score reflects the number of standard deviations away from the mean of
expression of all genes in the display. Gene expression is shown in fragments per kilobase of
exon per million fragments mapped (FPKM). Differential expression was defined as a log, fold
change of greater than 1 and a false discovery rate (FDR)-adjusted P-value below 0.05. B.

PCA analysis of hybrids, parental cells and population controls.

Figure 5-4. Hierarchal clustering of differentially expressed genes of individual hybrids
organized according to chromosome. To determine whether gain or loss of gene expression
between parental cells and fusion products favored particular chromosomes we plotted
differentially expressed genes as a function of chromosome number for BIFC_D1_F1-5 hybrids.
Differentially expressed genes of fusion products versus HL1cms (A) or mMSCs (B) were
organized into chromosomal groups and hierarchal clustering was performed. There were no
specific chromosome(s) that experienced extensive increase or decrease in FPKM per gene,
but BIFC_D1_F4 and BIFC_D1_F5 displayed global reduction of FPKM of many genes on most

chromosomes compared to the parental controls and even the other three BiFC fusion products.

Figure 5-5. Differentially expressed genes of individual hybrids organized according to
chromosome. Total number of increased FPKM values (red) or decreased FPKM values (blue)
were normalized to the total number of genes on each chromosome for each fusion product (vs.
HL-1cm: open bars, vs. mMMSC: closed bars). Increases in FPKM values varied from
chromosome to chromosome and between hybrids and, as shown in Figure 5-3, occurred most
often of chromosomes 2, 11 and 17. Decrease in FPKM values was universal and not
chromosome specific. (*P < 0.05 via LSD post-hoc analysis). Data are represented as mean +
SD.

Figure 5-6. Gene Ontology of BiFC Fusion Products and all hybrids with a unique
transcriptome. P-value of functional annotation for differentially expressed genes (increased
FPKM values (A, red) or decreased FPKM values (B, blue)) for each BiFC fusion product. C.
Gene ontology analysis after combining the ten hybrids with unique transcriptomes (vs. HL1cm:

open bars, vs. mMSC: closed bars). The dashed line represents a P-value of 0.05.
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Figure 5-7. mMSC-cardiomyocyte fusion products can express a cardiomyocyte cell-like,
stem cell-like or distinct transcriptome. A. HC of fusion products in relation to a set of genes
related to stemness (*), adipogenic differentiation (e), osteogenic differentiation (+), or
chondrogenic differentiation (x). B. PCA analysis of fusion products and controls. D. HC of
fusion products for a set of genes related to cardiac development (+) or contractile ability (x). E.
PCA analysis of fusion products and controls. G. HC of fusion products, a population of tumor
initiating cancer cells (TIC-PC), a population of nontumorigenic cancer cells (NTC-PC), and
controls for a set of oncogenes and a set of tumor suppressor genes. H. PCA analysis of fusion
products, cancer populations and controls for the combined oncogene tumor suppressor gene
set. C, F, I. gPCR confirmation of RNA-seq data. See also Table S4 and Figure 5-8.

Figure 5-8. PCA loading plot and PCA Score plot for the cancer gene set, The score plot is
a summary of the relationship between single-cell samples (or population controls, PC). The
loading plot is a summary of the genes and provides a means to interpret patterns seen in the
score plot. Genes in the loading plot that fall far from zero on a PC axis are those that most
significantly impact on the PC score of individual samples. In this case, Fos and Jun gene
expression have a high negative contribution to the PC2 score, whereas Fas and Trp53
expression have a high positive contribution to PC2. Therefore, if a cell has high expression of
Fos and Jun, but low expression of Fas and Trp53 it will have a negative PC2 value, as seen
with BiFC_D1_F4 and DC_D1_F16 and the cancer populations. Interestingly, if BIFC_D1_F4
had lower expression of oncogenes Fos and Jun and increased expression of tumor suppressor
genes Trp53 and Fas, it would cluster more closely with the breast cancer cells on the PCA

score plot.

Figure A1-1. Schematic of Technique to Detect Cell Fusion In Vivo. If fusion between Cre-
expressing mouse cells and transplanted cells expressing a floxed luciferase plasmid occurs,
luciferase will be expressed. Luciferase can be detected by injecting the enzymatic substrate, D-
luciferin, into the mouse and then imaging the mouse using a Xenogen Biophotonic Imaging

System (Adapted from reference 19).

Figure A1-2. Sensitivity of detection of luciferase-expressing cells in cardiac tissue with
biophotonic imaging. A cell line which constitutively expresses luciferase (231-LUC-D3H1,
Xenogen) was delivered to the intramyocardial space of C57/BI6 mice at various total cell

numbers. Representative images of mice receiving 1 x 106, 1 x 103 and 1 x 101 cells (left to
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right) are shown, imaging was conducted approximately 6 hours after injection.

Figure A1-3. Quantification of In Vivo Luminescence Indicative of Cell Fusion. MSCs were
transfected with the LoxP-Stop-LoxP-Luciferase plasmid and delivered to the myocardium of
Cre-expressing mice. Approximately one week and two weeks after cell delivery, Cre mice were
imaged using the Xenogen Biophotonic Imaging System to measure the intensity of
luminescence indicative of cell fusion. (A) Overlay of photograph and intensity of luminescence
of sham and mice 1-4 (left to right) 17 days after cell delivery. (B) Intensity of luminescence of
sham and mice 1-4 (left to right) 17 days after cell delivery. A region of interest was selected
(yellow) corresponding to the injection site and intensity levels were determined using ImageJ
(free source) software20. (C) Intensity of luminescence was normalized to the same region of
interest on sham mouse for all experimental conditions. At one week, mice 3 and 4 showed
positive luminescence signal suggesting spontaneous fusion of a mouse cell and transplanted
MSC. The signal persisted in mouse 3 at two weeks. To determine organ-specific localization of
the signal corresponding to mouse 3, the thoracic cavity was exposed and primary organs
excised and imaged. (D) Overlay of photograph and intensity of luminescence of mouse 3. Note
localization of intensity signal in the small intestine. (E) Intensity of luminescence of mouse 3.
(F) Overlay of photograph and intensity of luminescence of sham mouse. (G) Intensity of

luminescence of sham mouse.

Figure A2-1. Single-cell mMMSCs express genes associated with MSC multipotency A.
Hierarchal clustering (HC) of mMSCs for a set of genes related to MSC multipotency. Genes
are organized either by genes expressed highly in mMSCs (red), genes expressed
moderately/heterogeneously in mMSCs (pink), genes that are lowly expressed in mMSCs (blue)
or housekeeping genes (green). Global Z-Score reflects the number of standard deviations
away from the mean of expression in the reference. B. Principal component analysis (PCA)
analysis of single cell mMSCs (1-16) (red), negative control single cells (HL1cm1-HL1cm5)
(brown), and population controls (PC and HL1cmPC). C. Quantitative reverse transcriptase

polymerase chain reaction (qQPCR) confirmation of RNA-seq data.

Figure A2-2. Individual mMSCs express genes from multiple differentiation pathways. A.
HC of single cell mMMSCs and mMSC population control (mMMSC-PC) for a set of genes related
to osteogenesis, chondrogenesis, adipogenesis, vascular smooth muscle, neurogenesis, and
housekeeping genes. B. PCA analysis of single cell MMSCs (1-16) and population control (PC).
C. PCA loading plot showing individual differentiation genes represented in B. D. qPCR
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confirmation of RNA-seq data. E. A key transcription factor was selected for each differentiation

lineage and expression was normalized to Gapdh for each sample.

Figure A2-3. Expression of each lineage gene normalized to Gapdh. A. Osteogenic gene
profile. B. Chondrogenic gene profile. C. Adipogenic gene profile. D. Vascular smooth muscle

gene profile. E. Neurogenic gene profile.

Figure A2-4. Single cell mMSCs exhibit minimal but measureable differences in
expression of immunomodulatory genes. A. HC of single cell mMSCs, negative control
single cells (HL1cm1-5), and population controls (MMSC-PC and HL1cmPC) for a set of genes
related to immunomodulatory function. B. PCA analysis of single cell mMSCs (1-16) and
population control (PC). C. PCA loading plot showing individual differentiation genes

represented in B. //6 expressing cells clustered together (yellow).

Figure A2-5. HC and PCA of mMSCs show transcriptome heterogeneity and gene
ontology of subpopulations. A. A global view of differential gene expression between single
cell mMMSCs and the population control (mMMSC-PC). Gene Z-Score reflects the number of
standard deviations away from the mean of expression in the reference. B. PCA analysis of
single cell MMSCs (1-16) and population control (PC). C. Gene onotology of five subpopulations
of single-cell mMMSCs (green, blue, yellow, purple and red clusters). Ontology groups are
plotted with the P value on the y-axis. Upregulated groups have bars extending in the positive

y-direction and down regulated groups have bars extending in the negative y-direction.
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Chapter 1 Introduction

1.1. Introduction to Cell Fusion

1.1.1 Rationale

The American Heart Association reported that in 2013 over 715,000 Americans suffer a
new or recurrent myocardial infarction each year [1]. One promising therapy is the
delivery of MSCs to the damaged myocardium, which has been shown to improve
cardiac recovery [2-8]. MSCs home to injured tissues [9,10] and several mechanisms
for MSC-based recovery have been proposed. For example, MSCs may
transdifferentiate into cardiac cells to replace the dead and damaged cells, [11-14]. As
a second mechanism, the transplanted MSCs could act through secretion of paracrine
factors that limit immune responses [15] and/or increase angiogenesis [10, 16-23]. A
third possible mechanism is nuclear reprogramming via fusion between the MSCs and
cells of the pericardium, epicardium, or myocardium [24]. Recent studies have
uncovered evidence of cell fusion between stem cells and cardiac cells [25-30] but the
impact of this cell fusion and subsequent reprogramming on cardiac function at the

cellular and tissue scale is not well understood.

1.1.2 Reprogramming due to cell fusion in vitro

Fusion of MSCs with cardiac cell types may improve cardiac function if the fusion
products adopt the phenotype and associated function of cardiac cell types including
cardiomyocytes, smooth muscle cells and endothelial cells. Evidence from the literature

suggests stem cells and somatic cells can give rise to fusion products with



characteristics of the somatic cell, thereby effectively programming the stem cells. For
example, Blau et al. fused differentiated mouse muscle cells and human amniocytes
and found that the mature cell phenotype dominated such that the amniocytes
expressed human muscle proteins via exchange of cytomplasmic component[31].
Recent studies have shown that fusion of bone marrow-derived cells with hepatocytes
has a therapeutic effect on the liver because the bone marrow-derived cells repopulate
damaged liver tissue and adopt the biochemical functions of hepatocytes, including
maintaining correct levels of serum transaminases, bilirubin and amino acids [32-34].
However, fusion of MSCs with cardiac cell types may also improve cardiac function if
the fusion products adopt the phenotype and associated function of mesenchymal stem
cells, such self-renewal and anti-inflammatory properties. Evidence from the literature
suggests fusion products of stem cells and somatic cells can serve to effectively
reprogram the somatic cell to a less mature state. For example, Cowan et al. reverted
human fibroblasts to a pluripotent-like state after fusion with embryonic stem cells [36].
Tada et al. observed a similar pluripotent hybrid cell after fusing embryonic germ cells
and lymphocytes [37].  Alternatively, fusion of MSCs with cardiac cell types may
worsen cardiac function if the fusion products adopt a phenotype and associated
function distinct from either cardiac cell types or mesenchymal stem cells. Blau et al.
found heterokaryons formed from muscle cells and keratinocytes, expressed a
combination of both gene profiles [38]. A similar result was seen after fusing intestinal
epithelial cells and macrophages in a murine model of intestinal cancer [39] while
Powell et al. found that cell fusion hybrids retained the transcriptome identity

characteristic of both parental cells, but also expressed genes not activated in either



parent cell type. The activation of previously unexpressed genes is postulated to be
responsible for the creation of cancer stem cells through fusion between tumor cells and
bone marrow-derived cells [40, 41]. Another result of cell fusion is chromosomal
instability (CIN), which is an increased and continuous rate of large chromosomal
aberrations, including deletions, duplications, or translocations as well as loss or gain of
whole chromosomes [40]. CIN can randomize normal diploid human cells so
extensively that each cell has a unique karyotype [42]. This phenomenon is one
possible explanation of the unique transcription profiles observed in the hybrid fusion

products described previously [38,39].

1.1.3 Reprogramming after In vivo cell fusion

The biologic outcome of fusion of stem cells at the tissue and organ level (i.e., in vivo)
has been even more challenging to discern than at the cellular scale (i.e., in vitro) due to
the difficulty of detecting and tracking fusion products in living organisms. Studies of the
liver found that cell fusion is the principal means by which bone-marrow-derived cells
acquire a hepatocyte-like phenotype. In vitro fusion of bone marrow-derived cells with
hepatocytes was detected using Southern blots and fluorescent in situ hybridization
(FISH) on harvested tissue using probes specific for mouse donor X chromosome and
the host mouse Y chromosome [33,34]. Vassilopoulos et al. also found that
transplanted bone marrow regenerated the liver by cell fusion via detection of donor
GFP labeled bone marrow cells in host hepatic nodules and detection of donor bone
marrow cells expressing a hepatic specific profile [43]. Reprogramming after cell fusion

in vivo was observed by Quintana-Bustamante et al., who utilized microarrays to show



that bone marrow-derived hepatocytes had a unique gene profile relative to both
hematopoetic cells and hepatocytes of the host [44]. Cancer research has also
provided some evidence for in vivo cell fusion in malignant tumors [45-47]. Cell fusion
of bone-marrow derived hematopoietic cells and cardiomyocytes has been reported in
vivo, albeit at a low frequency [48-50]. However, all of these studies only detected
fusion when analyzing the tissue or protein levels after sacrificing the host animal (thus
limiting studies of the kinetics and functional outcomes of fusion) and typically analysis
is done in target organs and not the entire animal (thus limiting knowledge of the
potential breadth of cell fusion). Lacking is a means to accurately detect fusion in vivo

in the entire organism over time.

1.1.4 Tools for studying cell fusion

Detection of fusion, whether in vitro or in vivo, is technically challenging as fusion
products often resemble fusion partners based on phenotype alone, especially if the
nuclear content from the two cells merge to form a synkaryon or if the fusion product
sheds one of the nuclei. The challenge of identification causes cell fusion to be
overlooked in many cases. However, recent technological advances have given the
scientific community a few tools to overcome these challenges. Fluorescent
cytoplasmic dyes can be used to show fusion by observing a mixing of two different
cellular dyes in co-culture. However, this technique is only good in vitro and for short
term studies due to the signal being lost over time. Also, the cytoplasmic dye method is
reliant on fluorescent microscopy to observe the fusion events, which can be difficult if

cells are densely packed or overlapping. A second technique utilized to detect cell



fusion is bimolecular fluorescence complementation (BiFC) (Figure 1-1). BIiFC uses
two non-fluorescent fragments of a fluorescent molecule that are attached to two
separate proteins. If the two proteins interact, the two non-fluorescent fragments will
interact and mature into the fluorescent molecule. The BiFC system is inducible, giving
the user control of when and where the signal is observed. This is beneficial for
studying cell fusion by allowing the researcher to give half the system to one cell type
and the other half to a different cell type, thus the only time a signal is seen is after cell
fusion and mixing of both cells cytoplasmic and nuclear content. Inducible methods
such as BiFC give a high confidence level in the signal and a lower chance of seeing a

false positive.

Coculture of MSCs and Fused cells are revealed
HL1cms by fluorescence

BN
i

MSC HL1cm BiFC Fusion Product

Figure 1-1. Bimolecular Fluorescence Complementation (BiFC) method. Schematic for the
bimolecular fluorescence complementation (BiFC) system. Fusion products were detected with

fluorescence microscopy for BiFC (green).



Another method to identify cell fusion utilizes genetic engineering and the Cre-LoxP
system (Figure 1-2). In the Cre-LoxP system, one fusion partner expresses the
enzyme Cre recombinase and the other contains a reporter gene that is downstream of
a stop codon flanked by LoxP sites. If fusion occurs and the Cre enzyme is exposed to
the LoxP sites, the stop codon is excised and the reporter gene is then expressed. The
Cre-LoxP method allows for detection of only true fusion events both in vitro and in vivo,
however there is a delay between the event of fusion and expression and translation of
the reporter. We utilize a construct encoding the firefly luciferase (Photinus pyralis)
gene adjacent to the floxed stop codon as a method of detecting fusion in vivo. Also to
increase the frequency of fusion, we can simultaneously transfected cells with a viral
fusogen, vesicular stomatitis virus (the glycoprotein, VSVG) along with the LoxP-
luciferase reporter plasmid. Because bioluminescence can be reliably detected in living
organisms, an inducible “living” detection signal is produced that can be tracked in real

time.
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Figure 1-2. Cre-LoxP biophotonic fusion detection system. If fusion between Cre-
expressing mouse cells and transplanted cells expressing a floxed luciferase plasmid occurs,
luciferase will be expressed. Luciferase can be detected by injecting the enzymatic substrate, D-
luciferin, into the mouse and then imaging the mouse using a Xenogen Biophotonic Imaging

System.



1.1.5 Possible outcomes after MSC-cardiomyocyte fusion

The three outcomes of fusion between MSCs and cardiomyocytes are 1) the MSC
phenotype could dominate resulting in a more stem cell-like transcriptional profile, 2) the
cardiomyocyte phenotype could dominate resulting in a more cardiac-like transcriptional
profile, or 3) a new phenotype could be formed from a mixing of the cytoplasmic and
nuclear elements of the two cells (Figure 1-3). If a stem cell-like hybrid is formed, the
hybrid would adapt MSC functionality and be able to proliferate, release positive
paracrine signaling, and exhibit immunological advantages. For example, MSC
cytoplasmic and nuclear elements might affect the expression of the transcription factor
Meis1, which has been found to be a critical regulator of the cardiomyocytes cell cycle
[51]. Meis1 becomes active by postnatal day 7 in mice and suppresses cardiomyocyte
proliferative ability. However, if Meis1 expression was silenced or down regulated by
MSC components after fusion, a hybrid could then proliferate and repopulate the
myocardium. However, the stem cell-like hybrid could also have issues incorporating
into the myocardium. Without the proper ion channels and sarcomeres, the stem cell-
like hybrid might cause arrhythmias or a change in electrophysiological properties of the
heart [52]. Repopulating an infarct, releasing survival paracrine signals, and decreasing
rejection after transplantation would be beneficial in stem cell therapy after a myocardial
infarction, but if the cells cannot integrate into the local myocardium and help the heart

beat more effectively there could be adverse affects.
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Figure 1-3. Possible outcomes after cell fusion. The three outcomes of fusion between
MSCs and cardiomyocytes are 1) the MSC phenotype could dominate resulting in a more stem
cell-like transcriptional profile (RED), 2) the cardiomyocyte phenotype could dominate resulting
in a more cardiac-like transcriptional profile (GREEN), or 3) a new phenotype could be formed

from a mixing of the cytoplasmic and nuclear elements of the two cells (ORANGE).

The second possible outcome of MSC-cardiomyocyte fusion involves the cardiac
phenotype dominating and turning the hybrid into a cardiomyocyte-like cell. A
cardiomyocyte-like hybrid has the potential to match the action potentials of the local
myocardium since it would be expressing all the necessary proteins to receive and
transmit the signal to surrounding cells. This integration would be useful if there is not
an extensive amount of damage to the myocardium after an infarct. However, mature
cardiomyocytes proliferate at a low level [53], so a cardiomyocyte-like hybrid might only
have a small effect on decreasing scar size or other measurable functionality. A recent
study looked at the electrophysiology of fusion products formed between human MSC
and rat neonatal ventricular myocytes [54]. Shadrin et al. found that this type of fusion

product produced electrically active hybrids, but they are non-contractile. If fusion



products between MSCs and myocytes are not able to contract, then perhaps

increasing fusion in the heart would yield negative effects to cardiac functionality.

The final outcome of cell fusion between MSCs and cardiomyocytes is the creation of a
new phenotype [38-41]. The fusion hybrid could express a combination of proteins from
both cell types or a totally new set of genes unexpressed in both parental cells. It is
unknown how the hybrid would affect a damaged myocardium. The fusion hybrid may
express the therapeutic advantages of both parental cells and the hybrid could not only
integrate into the local myocardium, but it would be able to repopulate the damaged
tissue and prevent an immune response. On the contrary, the fusion hybrid may lose all
of the beneficial abilities of each cell type and have a negative effect on the surrounding
myocardium. One study proposed that cell fusion is a method to create emergent cell
phenotypes due to state conflicts and colliding molecular systems [55]. The goal of this
study is to begin to probe which of the above three cell fates is favored after fusion

between MSCs and cardiomyocytes.
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Figure 1-4. Model describing the state conflicts and collision of merged cellular systems.
The top model is based on the notion that gene expression patterns correspond to points in the
Waddington epigenetic landscape (sketched with the gray line), with the stable patterns (cell
types) corresponding to the “valleys” known as attractors. Merging different cells nearly instantly
creates a new pattern, which is initially an average of the two, on a slope of a “hill” in the
landscape [55]. The bottom model describes how fusion of different cells causes the collision of
merged cellular systems, resulting in death or leading to symphiliosis, or reconciliation.
Symphiliosis is manifested by interrelated instabilities summarily named symphilial instabilities
(SIN) that are a result of integrating distinct sets of parental networks into one. Symphiliosis can
produce emergent phenotypes, cause death, senescence, or continue permanently. “Other”
systems can include mitochondria, which have their own genome, and interactions with other

cells to give just two examples [55].
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Thus, in this study we aim to discern the extent to which the transcriptome of hybrids
can change globally and over time, to develop better tools to study hybrid formation in
the heart with stem cell transplantation and to study cell and tissue scale changes that
occur as a consequence. We anticipate that the results from these investigations will
increase the knowledge of the biological impacts of cell fusion and functional affects

after cell transplantation.
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Chapter 2 Objectives

2.1. Thesis Approach

In this work, | propose to examine cell fusion between MSCs and cardiomyocytes both
in vivo and in vitro. We propose that when MSCs are delivered to an infarcted
myocardium, MSCs will fuse with cardiac cells and improve functional properties of the
infarcted heart. Furthermore, | hypothesize that fusion between MSCs and
cardiomyocytes in vitro will result in shifts in the transcriptome of the resultant fusion
product, either towards a cardiomyocytes-like profile or a mixed profile of the two cell

types.

2.2 Objective 1: Develop tool to detect and quantify cell fusion in vivo.

In order to properly study the affects of MSC fusion in a mouse myocardial infarction
model, a method to detect and quantify fusion was developed. Prior to this thesis, the
methods used to detect cell fusion all involved sacrifice of the mouse and histological
analysis of the tissue. This methodology allowed for fusion detection only at fixed time
points and any study attempting to track fusion over time was not possible. In this thesis,
a new tool for the study of fusion is proposed utilizing the Cre/LoxP system and
bioluminescence imaging which allows for detection and quantification of fusion

throughout the entire body of a live mouse.

2.3 Objective 2: Measure the impact of MSC-cardiac cell fusion on macroscale

myocardial function following MSC transplantation in a murine model of myocardial
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infarction and determine the mechanism of any affect by examining cellular-scale

changes.

The delivery of MSCs to an ischemic heart has been a used as a therapy to improve
cardiac recovery. No clear mechanism has emerged to fully explain how the MSCs help
repair the infarcted heart, but researchers have proposed several possibilities.
Mechanisms of MSC cardiac repair that have been studied include the secretion of
paracrine factors, differentiation into cardiomyocytes to repopulate damaged tissue, and
induction of neovascularization. However, fusion between MSCs and the cardiac cells
may also contribute to functional outcomes, but the extent to which it may is unclear. In
this objective it is proposed that fusion between MSCs and cells of the heart will affect
the myocardial function in a murine model through improved engraftment of MSCs and
possible programming of fusion products into a different phenotype. This hypothesis
will be tested by utilizing an in vivo imaging system and echocardiography. Functional
parameters such as percent fractional area change and cardiac output will be measured
over a month in parallel with quantification of fusion in each mouse to determine how

fusion affects the functionality of the heart.

2.4 Objective 3: Determine whether heterotypic cell fusion between MSCs and

cardiomyocytes can drive transcriptional programming of the resultant fusion product.

Fusion of MSCs and cardiomyocytes allows exchange of cytoplasmic elements and
even genetic components if nuclear fusion occurs. This could lead to altered gene and
protein expression if the nuclear and cytoplasmic elements from one cell type activate

genes previously unexpressed in its fusion partner. To test this possibility, we will first
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co-opt viral fusogens to increase the frequency of cell fusion in vitro. After increasing
the frequency of fusion, we will isolate the fusion products and examine the
transcriptome via single-cell RNA-sequencing and compare the results to a culture of

cardiomyocytes and a culture of MSCs both with and without co-culture.
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Chapter 3 Tracking fusion of human mesenchymal

stem cells following transplantation to the heart

Elements of this work have been published as:
Freeman BT, Kouris NA, Ogle BM. Tracking fusion of human mesenchymal stem
cells following transplantation to the heart. Stem Cells Translational Medicine, 4

(6), 685-694. 2015.

3.1 Abstract

Evidence suggests that transplanted mesenchymal stem cells (MSCs) may aid recovery
of damaged myocardium caused by a myocardial infarction. One possible mechanism
for MSC-mediated recovery is (re)programming after cell fusion between transplanted
MSCs and recipient cardiac cells. Here we utilize a Cre/LoxP-based luciferase reporter
system coupled to biophotonic imaging to detect fusion of transplanted human
pluripotent stem cell-derived MSCs to cells of organs of living mice. Human MSCs, with
transient expression of a viral fusogen, were delivered to the murine heart via a collagen
patch. Two days and one week later, living mice were probed for bioluminescence
indicative of cell fusion. Cell fusion was detected at the site of delivery (heart) as well
as distal tissues (stomach, small intestine, and liver). Fusion was confirmed at the

cellular scale via fluorescence in situ hybridization (FISH) for human-specific and
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mouse-specific centromeres. Human cells in organs distal to the heart were typically
located near the vasculature suggesting MSCs and perhaps MSC fusion products have
the ability to migrate via the circulatory system to distal organs and engraft with local
cells. This study reveals previously unknown migratory patterns of delivered human
MSCs and associated fusion products in the healthy murine heart. The study also sets
the stage for follow-on studies to determine the functional effects of cell fusion in a

model of myocardial damage or disease.

3.2 Introduction

More than 715,000 Americans suffer a new or recurrent myocardial infarction each year
leading to cell death in cardiac tissue distal to the lesion and a progressive loss of
cardiac function [1]. One promising therapy to recover or at least sustain cardiac
function is the delivery of MSCs to the damaged myocardium [2-8]. MSCs home to
injured tissues [9, 10] and several mechanisms for MSC-based recovery have been
proposed. First, MSCs may differentiate into cardiac cells to replace the dead and
damaged cells [11-14]. Alternatively, the transplanted MSCs could act through
secretion of paracrine factors that limit immune responses [15] and/or increase
angiogenesis [10, 16-22]. A third possible mechanism is nuclear (re)programming via
fusion between the MSCs and cells of the pericardium, epicardium, or myocardium [23].
Recent studies have uncovered evidence of cell fusion between stem cells and cardiac
cells [24-29] but the impact of cell fusion and subsequent (re)programming on cardiac

function at the cellular and tissue scale is not well understood.
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The biologic outcome of fusion of stem cells at the tissue and organ level has been
even more challenging to discern than at the cellular scale due to the difficulty of
detecting and tracking fusion products in living organisms. To date, all methods to
assess fusion in vivo have relied on tissue procurement and histologic analysis. For
example, to study the contribution of fusion of bone marrow-derived cells to liver
regeneration, female mice expressing green fluorescent protein (GFP) in all
hematopoietic-derived cells were used as bone marrow donors (GFP™ cells) for male
mice with liver injury. Fusion in this case was defined as binucleated, GFP+ cells with
one Y chromosome observed in histologic tissue sections. The authors showed that
bone marrow-derived hepatocytes had a unique gene profile relative to both
hematopoietic cells and hepatocytes of the host, suggesting reprogramming after cell
fusion [30, 31]. Cell fusion of bone marrow derived hematopoietic cells and
cardiomyocytes has also been reported in vivo, albeit at a low frequency [23, 29, 32].
However, as with the liver, these studies rely on tissue analysis after sacrificing the host
animal (thus limiting studies of the kinetics and outcomes of fusion) and typically
analysis is done in target organs and not the entire animal (thus limiting knowledge of

the potential breadth of cell fusion).

Lacking is a means to accurately detect fusion in vivo in the entire organism over time.
To address this gap, we previously developed a molecular approach wherein
bioluminescence is induced upon fusion [28]. We utilize a construct encoding the firefly
luciferase (Photinus pyralis) gene adjacent to a floxed stop codon. When cells

expressing this gene fuse with cells expressing the Cre recombinase protein, the LoxP
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sites are cleaved, excising the stop signal thereby allowing transcription of luciferase.
To increase the frequency of fusion, we simultaneously transfect the cells with a viral
fusogen, vesicular stomatitus virus (the glycoprotein, VSV-G), along with the LoxP-
luciferase reporter plasmid [33, 34]. Because bioluminescence can be reliably detected
in living organisms, an inducible “living” detection signal is produced that can be tracked

in real time.

Here we utilize this Cre/LoxP-based molecular approach to detect fusion of transplanted
cells to cells of organs of living mice. Using this approach, we found that human
mesenchymal stem cells delivered to the murine heart via a collagen-based patch can
fuse after delivery and that hybrids formed in this way can be detected in vivo in the
target organ and in surrounding organ systems. We confirmed the inducible fusion
detection system with fluorescence in situ hybridization (FISH) for human and mouse
centromeres and immunohistochemistry for human leukocyte antigen (HLA-A,B,C).
This paper illustrates the potential of this molecular methodology applied to the study of
fusion in living organisms especially with cellular transplantation. In addition, we show
for the first time the substantial dissemination of human mesenchymal stem cells and
human-mouse hybrid cells to stomach and small intestine following transplantation to a
healthy murine heart. Follow-on studies will investigate functional effects of cell fusion

in a small animal model of myocardial damage or disease.

3.3 Materials and Methods

3.3.1Transgenic Mice




26

We utilized C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) (5 mice, Figure 3-1
only) or transgenic mice that constitutively express Cre recombinase (B6.C-Tg(CMV-
cre)1Cgn/J, Jackson Laboratory, Bar Harbor, ME) such that deletion of LoxP-flanked
genes occurs in all tissues, including germ cells. The Cre gene is under transcriptional
control of the cytomegalovirus(CMV) minimal promoter and is X-linked. The Cre
sequence was introduced to BALB/cJ derived BALB/c-I embryonic stem (ES) cells. The
resulting mice were backcrossed to the BALB/c background for 8 generations and then
backcrossed to the C57BL/6J background for 10 generations [35]. Only male Cre mice
(4 mice, 2 months of age) were used for Figures 3-2 through 3-6 in the study due to a
false positive signal detected when imaging these female transgenic mice (data not

shown).

3.3.2 Cell Culture

Human MSCs derived from human embryonic stem cells (hMSCs from WA-01 or WA-
09 (Figure 1 only), a gift of Dr. Peiman Hematti of University of Wisconsin-Madison)
were expanded and cultured as previously described [36]. Briefly, hMSCs were
cultured on a 0.1% gelatin (Sigma Aldrich, St. Louis, MO) pretreated flask containing a-
minimum essential medium (MEM) complete. Alpha-MEM-complete consisted of a-
MEM (Invitrogen, Carlsbad, CA), 10% fetal bovine serum (Hyclone, Logan, UT), 0.1 mM
nonessential amino acids (Invitrogen), and 2mM L-glutamine (Invitrogen). hMSC
cultures were allowed to grow to 60-70% confluence and were replated at a

concentration of 1,500 cells/cm?. These human ESC-derived MSCs have cell surface
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markers, differentiation potential, and immunological properties in vitro that are similar

to adult BM-derived MSCs [36].

3.3.3 Gene Transfer

hMSCs were transiently transfected with viral fusogen VSV-G [24, 37] to promote cell-
cell fusion. In addition, they were simultaneously transfected with the luciferase gene
adjacent to a floxed stop codon (p231 pCMVe-betaAc-STOP-luc, Addgene, Cambridge,
MA) [28]. Transfection was accomplished using the Neon Transfection System
(Invitrogen, Carlsbad, CA) as previously described [38]. All recombinant DNA research
was conducted according to NIH guidelines and in accord with the University of
Wisconsin-Madison and University of Minnesota-Twin Cities Institutional Biosafety

Committee.

3.3.4 Myocardial Infarction and Cell Delivery

Mice underwent an infarction procedure by left coronary artery ligation (Figure 3-1 only)
as is routinely performed in the University of Wisconsin Cardiovascular Physiology Core
Facility [28, 39, 40]. All animal procedures were performed in accordance with the
guidelines of the American Association for Laboratory Animal Science and the

University of Wisconsin-Madison Animal Care and Use Committee.

3.3.5 Delivery of Transfected hMSCs via the TissueMend Matrix to the Murine

Myocardium
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Co-transfected hMSCs were delivered to the myocardium of mice two days after
infarction (Figure 3-1 only) or to a healthy heart (Figures 3-2 through 3-6) via a
collagen patch (TissueMend, TEI Biosciences, Boston, MA) as previously described [24,
39]. TissueMend matrices (2 x 2 x 0.8 mm) were placed in a 24-well plate (Falcon,
Fischer Scientific, Pittsburgh, PA) and hydrated with a-MEM-complete culture medium.

Following electroporation, hMSCs were seeded on the TissueMend sections at a

concentration of 1 x 10°cells/mL (Figure 3-1A). Medium was changed at 24 and 48h,

at which point the TissueMend matrix containing approximately 1 x 10° transfected
hMSCs was attached to the myocardium with a single suture (7-0 prolene Ethicon,
Johnson & Johnson, New Brunswick, NJ) at each corner of the matrix. A matrix was
placed such that it was in contact with both the infarct and the peri-infarct regions of the
myocardium (Figure 3-1 only) [24, 39]. In the follow up study, two matrices were placed
on a healthy, noninfarted mouse heart such that they were in contact with the

myocardium (Figures 3-2 through 3-6).

3.3.6 Bioluminescence Imaging

Recipient mice constitutively expressed Cre recombinase, therefore when transplanted
human MSCs fused with cells of the recipient, the LoxP sites were cleaved and the stop
signal excised, allowing expression of luciferase. Luciferase expression was detected
two and eight days after cell transplantation in living mice with an IVIS (In vivo
llluminescence System, IVIS Spectrum, Caliper Life Sciences, Hopkinton, MA) imaging

system as previously described [28]. Average radiance was determined by measuring
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the emitted photons per second per cm? per steradian of each organ with the Living

Image In Vivo Imaging Software (PerkinElmer, Waltham, MA).

3.3.7 Optical Analysis of Heart/Tissue Explants

Murine hearts, stomachs, small intestines, livers, and kidneys were harvested eight
days after matrix implantation to determine the incidence of fusion at the cellular level.
Following excision, hearts were bisected longitudinally through the matrix and other
organs were bisected longitudinally near the site of the bioluminescent signal. The

tissues were immediately placed into 10% buffered formalin (pH = 7.2; Fisher Scientific,

Pittsburgh, PA) for 24 h followed by 24 h of fresh 10% buffered formalin, and a final 24 h

incubation in 70% ethanol. Samples were further processed for paraffin embedding and
sectioning as previously described [41]. A tissue digestion kit with all human
centromere probe (PlatinumBright550) and all mouse centromere probe
(PlatinumBright495) (Kreatech, Amsterdam, the Netherlands) was used to performed
FISH on sections [24]. Samples were processed by the Cytogenetics Laboratory (WiCell
Research Institute, Madison, WI) according to manufacturer's protocol. Briefly, slides
with paraffin embedded sections were baked for 4 h at 56°C. Specimens were
incubated with pepsin (Fischer Scientific, Pittsburgh, PA) for 70 min for tissue digestion
prior to sequential hybridization of the human probe followed by the mouse probe. After
hybridization, slides were stained with DAPI (Sigma Aldrich, St. Louis, MO). Images
were acquired with a 60X UPlanSApo (NA = 1.35 Qil), DAPI, Green, and Orange filters,
on an Olympus BX41 Upright Fluorescence Microscope (Olympus Valley, PA), and

analyzed with FISHView Version 5.5 software (Applied Spectral Imaging, Vista, CA). In
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the studies with a myocardial infarction (Figure 3-1 only), three different hearts were
stained with FISH and 10 images per region were analyzed (approximately 40 to 150
cells per image depending on the heart region). Control mice received either the
TissueMend patch (without cells) or the TissueMend patch with untransfected MSCs
following induction of infarction as described above. In the cases without myocardial
infarction, three different hearts were stained with FISH and 6 images per region were
analyzed (approximately 20 to 100 cells per image depending on heart region). The
small intestine and stomach from the mouse with the highest abdominal
bioluminescence emission were stained with FISH and at least 8 images per organ
were analyzed (approximately 100 cells per image). Fusion events were defined as
nuclei with positive staining for both human centromeres (red) and mouse centromeres
(green). The frequency of fusion was quantified for each image and defined as the
number of fusion events divided by the total number of nuclei and reported as a

percentage (% Fusion Products).

For immunohistochemistry (IHC) analysis, organ sections were deparaffinized by
incubating at 60°C for 1 hour and then washed for 6 minutes in Xylene twice. The
sections were rehydrated by dipping sections 15 times each in 100% ethanol, 100%
ethanol, 95% ethanol, and then finally ultrapure water. Antigen retrieval was
accomplished by incubating the sections for 20 minutes at 37°C in 0.5% pepsin (Fischer
Scientific, Pittsburgh, PA) in 5mM HCI. The sections were removed and allowed to cool
for 10 minutes at room temperature. Sections were rinsed in 1X PBS twice for 3

minutes. Sections were incubated with 1:10 dilution of Unconjugated AffiniPure Fab
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Fragment Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Labs, West Grove,
PA) in PBS for 1 hour at room temperature. Sections were rinsed again in 1X PBS twice
for 3 minutes. A 1:50 dilution of the anti-HLA-A,B,C (EMR8-5, MBL International,
Woburn, MA) antibody or a 1:25 dilution of anti-von Willebrand Factor (F8/86, Thermo
Fisher, Minneapolis, MN) was made with dilution buffer containing 5% Bovine Serum
Albumin (Hyclone, Logan, UT), 2% goat serum (MP Biomedical, Solon, OH), 1% glycine
(Sigma Aldrich, St. Louis, MO), and 0.1% triton-X (MP Biomedical, Solon, OH). 40 uL of
this antibody solution were placed on each tissue section overnight at 4°C. Sections
were washed with 1X PBS and incubated for 45 minutes at 4°C with 40 pL of a 1:200
dilution of the secondary antibody (AF647 goat anti-mouse, Invitrogen, Carlsbad, CA) in
dilution buffer. Sections were washed with 1X PBS and mounted using DABCO/DAPI
solution composed of 5% DABCO (Sigma Aldrich, St. Louis, MO) and 0.01% DAPI
(Sigma Aldrich, St. Louis, MO) in a mixture of 50% glycerol (Fischer Scientific,
Pittsburgh, PA) and 50% 2XPBS on a microscope coverslip sealed with nail polish.
Fluorescence emission was detected on an IX71 inverted deconvolution fluorescence
microscope (Olympus). Images were acquired with a 20X UPlanFluor objective (NA =
0.5), using Slidebook software (Intelligent Imaging Innovations Denver, CO, USA) and

analyzed with ImageJ (Fiji; open source software, http://pacific.mpi-

cbg.de/wiki/index.php/Fiji). Background fluorescence was determined using a

secondary antibody only control.

To confirm that MSCs retained their phenotype after seeding onto the TissueMend

patch and prior to transplantation, MSCs were seeded onto TissueMend patches at a
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concentration of 1 x 10° cells per mL and allowed to attach overnight. Medium was

changed at 24 h and 48h, at which point the cells were fixed with 4% paraformaldehyde

for 15 minutes and then washed twice with 1X PBS. A 1:25 dilution of goat anti-CD105
(GKY02, R&D Systems, Minneapolis, MN, USA) was made with dilution buffer
containing 5% Bovine Serum Albumin (Hyclone, Logan, UT), 2% goat serum (MP
Biomedical, Solon, OH), 1% glycine (Sigma Aldrich, St. Louis, MO), and 0.1% triton-X
(MP Biomedical, Solon, OH). 200 uL of this antibody solution was placed on patches
seeded with MSCs overnight at 4°C. The patches seeded with MSCs were washed with
1X PBS and incubated for 45 minutes at 4°C with 200 uL of a 1:200 dilution of the
secondary antibody (AF488 donkey anti-goat, Invitrogen, Carlsbad, CA) in dilution
buffer. Patches seeded with MSCs were washed with 1X PBS and stained with
DABCO/DAPI solution. Fluorescence emission was detected using a multiphoton
fluorescence microscope (Prairie Technologies, Madison, WI). Images were acquired
with a 40X objective (NA = 0.80), using Prairie View 5.0 software and analyzed with
Imaged. Background fluorescence was determined using a secondary antibody only

control.

3.3.8 Statistical Analysis

Statistical analyses were performed by ANOVA with Tukey’'s Honest Significant
Difference (HSD) post hoc test for multiple comparisons or Student’s t-test for two
independent samples, where P values lower than 0.05 were considered to be significant.

Data were analyzed with SigmaPlot (Systat Software Inc, San Jose, CA).
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3.4 Results

3.4.1 Fusion of MSCs occurs both spontaneously and with the aid of viral

fusogens following transplantation to the murine heart

Previously, we have shown that fusion of transplanted MSCs with recipient cells occurs
spontaneously in the murine heart [24]. In this case, a myocardial infarction was
induced in C57BL/6 mice and then treated with either a TissueMend patch without cells
(TM only) or a TissueMend patch with human MSCs (TM+MSCs). MSCs seeded on the
patch and incubated for two days prior to transplantation maintained expression of
CD105 (>95% of cells imaged; Figure 3-1A). Mice were sacrificed after three weeks
and the hearts of each were fixed and sectioned. Histological sections were probed
using FISH for human-specific and mouse-specific centromeres and all nuclei
containing both probes were considered fusion products. Fusion products were
identified in the TissueMend patch, BorderZone (area between patch and myocardium),
unhealthy heart (the infarct scar), and healthy heart (areas distant from the infarct).
Recently we have conducted a more comprehensive quantitative analysis of these
tissues by systematically counting 10 images, selected randomly for each region. In
each region the percentage of fusion products was determined by dividing the number
of fusion products by the total number of cells imaged. We detected substantial
numbers of fusion products in the TissueMend patch group, (TM+MSCs, 22% *+ 17%),
relative to the TM only control (2% + 2%, P < 0.05, Figure 3-1B and Table 3-1). A
similar result was observed in the BorderZone group, (TM+MSCs, 14% + 9%; group TM
only, 0.2% + 0.5%). Representative images of the TissueMend and BorderZone

regions can be seen in Figure 3-1C (inset shows magnified view).
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Figure 3-1. Frequency of fusion following delivery of MSCs to infarcted murine heart via
TissueMend (TM) collagen-based patch. A, Representative optical section (multiphoton
microscopy) of human MSCs following two days on the TM patch and stained for MSC-marker
CD105 (green) and DAPI (blue). Greater than 95% of cells imaged were CD105 positive.
Regions with high intensity (CD105) indicate cells aligned with planes other than the focal plane,
perhaps indicative of cells migrating into the patch. Scale bars are 50 ym. B, MSCs and VSV-
G-transfected MSCs (vMSCs) fused with murine cells in an infarcted heart after delivery via
TissueMend patch (TM). There was a significant increase in the percent of fusion products
present in the TissueMend for untransfected MSCs (TM + MSCs), 22% + 17% (10 images/area),
compared to the TM only control with no cells, 2% + 2% (10 images/area) (*, P < 0.05). The
percent of fusion products present in the BorderZone increased as well for untransfected MSCs
(14% + 9%, 10 images/area), but it was not significantly different than the TM only control (0.2%
+ 0.5%, 10 images/area). The percent of fusion products in the TissueMend and BorderZone
increases (albeit not significantly) to 24% + 16% and 23% + 15% when the MSCs were
transfected with VSV-G (TM + vMSC) prior to delivery (10 images/area)(**, P < 0.01, compared
to the TM only control). There was no significant difference between the TM control and both
MSC and vMSCs in the unhealthy heart and healthy heart regions. All percentages represent
10 randomly selected images for each region in the tissue sections. C, Representative images
of murine heart following transplantation stained for human (red) and mouse (green)
centromeres using FISH. The top row contains a field of view from the TissueMend patch; the
bottom row contains a field of view from the BorderZone between the TissueMend and infarcted

myocardium. Scale bars are 50 um.



Treatment Location % Fusion % Unfused
Products of Total | Human Cells of
Cells Total Human
Cells
TissueMend 2% + 2% 10.0% + 0.2%
TM Only BorderZone 0.2% + 0.5% 0% + 0%
(No Cells) Infarct 0% + 0% 0% + 0%
Healthy 0% + 0% 0% + 0%
TissueMend 22% + 17% 3% + 9%
TM + MSCs BorderZone 14% + 9% 3% + 6%
Infarct 0.6% + 1% 14% + 20%
Healthy 0% + 0% 0% + 0%
TissueMend 24% + 16% 3% + 6%
TM + vMSCs BorderZone 23% + 15% 2% + 3%
(with VSVG) Infarct 0.2% + 0.6% 0% + 0%
Healthy 0.6% + 1% 0% + 0%
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Table 3-1. Fusion in regions of the heart for different treatments. TM = TissueMend, MSCS

= human Mesenchymal Stem Cells, vMSCs = Transfected human Mesenchymal Stem Cells,

VSVG = Vesicular Stomatitis Virus-Glycoprotein

In the same study, we asked whether transfection of MSCs with the fusogen of the

vesicular stomatitis virus (VSV-G) prior to transplantation augments fusion. The percent

of fusion products in the TissueMend patch and BorderZone was higher (though not
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statistically higher) with addition of the fusogen (24% + 16% and 23% + 15%, Figure 3-
1B and Table 3-1). Based on this augmented analysis of tissues of previous studies
and in an effort to realize as much cell fusion as possible in a healthy mouse model, we
elected to implement our in vivo tracking method using MSCs transfected with the VSV-
G viral fusogen. Of note, the current study could have been conducted without the

fusogen (as is the case for most preclinical and clinical MSC grafts).

3.4.2 Cell fusion can be detected at the delivery site and at distal organs in living

mice

To test the hypothesis that cell fusion between hMSCs and cells of the heart occurs and
can be detected in living animals, we transplanted hMSCs expressing viral fusogen
VSV-G and floxed luciferase to the healthy murine myocardium. To determine whether
transplanted cells could fuse with the cells of the ventricle and persist for at least a week,
live animal imaging for bioluminescence (and therefore cell fusion) was conducted at
two and eight days after transplantation. Interestingly, bioluminescence was detected
both in the chest region and the mid/lower abdomen (Figure 3-2A, B) suggesting
transplanted cells could fuse with recipient cells both in the heart (chest region) and also
in organs distal to the heart (abdominal region). The average radiance was unchanged
or increasing from 2 to 8 days suggesting either fusion can occur over an extended
period or that cells that fuse early after transplantation are capable of proliferation. A
similar increase in average radiance due to MSC proliferation in vivo has recently been

shown to occur in mice who received MSCs injected subcutaneously [42].
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Figure 3-2. Detection of cell fusion in living mice. A, Average bioluminescent radiance
(photons/second/cm?/steradian) of chest and abdomen of mice receiving MSCs 2 and 8 days
following transplantation to the heart. B, Representative IVIS imaging of one control and two
treated mice (Mouse 1, Mouse 3). C, Average bioluminescent radiance
(photons/second/cm?/steradian) of heart, stomach, small intestine, liver and kidney (n=4 mice).
Signal from heart, stomach, and small intestine was significantly higher than that of
corresponding control organs and kidney tissue of treated mice (** P < 0.01, * P < 0.05). D,
Representative images for each organ. From top to bottom: photograph, bioluminescence

emission, overlay. Scale bar equals 10 mm.

At eight days bioluminescence peaks before dropping off (Figure 3-3), therefore mice
were euthanized and the heart and organs in the vicinity of the bioluminescent signal
were extracted and imaged independently. A distinct bioluminescent emission was
detected in the excised heart of all (n = 4) mice receiving transplanted cells (2090 +
1008 photons/second/cm?/steradian (p/s/cm?/sr), P < 0.05 when compared to average
radiance in non bioluminescent organs (e.g., kidney), (Figure 3-2C, D). Interestingly,
bioluminescence was also detected in the stomach and small intestine of transplanted
mice, at levels similar to that observed in the heart. The stomach had the highest
emission (3673 + 996.8 p/s/cm?/sr), while the small intestine emission was slightly lower
(2723 + 590.6 p/sicm?/sr), (n=4 mice, P < 0.01 when compared to average radiance in
non bioluminescent organs ( e.g., kidney)). Some of the mice receiving cell transplants
also exhibited low levels of bioluminescence in the liver (1149 + 119.0 p/s/cm?/sr) (n=4,
not significant when compared to average radiance in non bioluminescent organs ( e.g.,
kidney)). Other distal organs exhibited no bioluminescence ( e.g., kidneys, spleen and
lungs) and were not excised for quantification. However, the kidneys were used as a

negative control organ for comparison (399.4 + 102.1 p/s/cm?/sr). The detected
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luciferase activity is a reflection of the number of cells expressing luciferase and

therefore a reflection of the relative number of cell fusion events.
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Figure 3-3. Detection of cell fusion in living mice peaks at 1 week. A, Average radiance of
chest and abdomen of mice at 1, 2, 3 and 4 weeks following transplantation of MSCs to the
heart. Values were normalized to the week 1 average radiance. B, Representative VIS image

of a mouse at each time point.

3.4.3 Confirmation of hMSC-mouse cell fusion at the cellular level

To assess fusion at the cellular level, Fluorescence In Situ Hybridization (FISH) was
used to distinguish centromeres of the donor (human) from those of the recipient
(mouse). Cells exhibiting fluorescence signals indicative of both human and mouse

centromeres were considered fusion products. Using this criterion, fusion products
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were detected and quantified in organs emitting a bioluminescent signal. In the heart,
fusion products were 52% + 24% of total cells imaged in the collagen patch (n = 17
fields of view containing fusion products of interest, 358 total cells) and 44% + 27% of
total cells imaged in scar-like tissue (BorderZone) between the patch and damaged
myocardium (n = 17 fields of view containing fusion products of interest, 1693 total cells)
(Figure 3-4A and Table 3-2). A few fusion products were localized to the healthy heart
(3% *+ 5% of total cells imaged, n=4 fields of view containing fusion products of interest,
553 total cells). The background fluorescence signal (green) in the healthy heart image
is due to autofluorescence of cardiac sarcomeres (cytoplasmic), which did not interfere
with the nuclear staining of the centromeres (Figure 3-4C). The result was not a
function of the TissueMend delivery vehicle as similar results were obtained following
bolus injection of vMSCs directly to the myocardium (Figure 3-5).
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Figure 3-4. Frequency of fusion following delivery of vMSCs to healthy, noninfarcted,
murine myocardium via TissueMend (TM) collagen-based patch. VSV-G-transfected human
MSCs (vMSCs) fused with recipient cells in the murine heart after delivery via TissueMend
patch. A, Significantly more fusion products were detected in the TissueMend patch and
BorderZone than in the healthy heart distant from the patch (** P < 0.01). B, Bright field cross
section of the heart. C, FISH images are stained for mouse centromeres (green), human
centromeres (red) and nuclei (blue). Representative fusion products, defined as dual color
fluorescence within individual nuclei, are designated with a white arrowhead. Insets are
magnified views of representative fusion products. Background signal in the healthy heart is
due to autofluorescence of cardiac sarcomeres, this was left intentionally to appreciate position
of fusion products relative to healthy myocardial tissue. Scale bar is 50 um. D,

Immunohistochemistry for HLA-A,B,C (green) and nuclei (blue). Scale bar is 50 um.

Organ % Fusion % Unfused Human % Fusion
Products of Cells of Total Products of Total
Total Cells Human Cells Human Cells
Heart — TissueMend 52% + 24% 7% + 8% 93% + 8%
Heart — BorderZone 44% + 27% 9% + 9% 91% + 9%
Heart — Healthy Heart 3% + 5% 0% + 0% 100% + 0%
Stomach 5% + 5% 12.5% + 28% 87.5% + 28%
Small Intestine 11% + 5% 71% + 11% 92.9% + 11%

Table 3-2. Frequency of Fusion in organs and tissues of mice following

transplantation of MSCs expressing viral fusogens (vVMSCs)



44

100
90
80
70
60
50
40
30
20

% Fusion Products

1 .

Bolus Healthy Heart

*I"/ mouse
. 4

. o

Healthy Heart

Figure 3-5: Frequency of fusion following delivery of vMSCs to murine myocardium via
bolus injection. A, VSV-G-transfected human MSCs (vMSCs) fused with recipient cells in the
murine heart after bolus injection directly into the myocardium. Fusion hybrids were prevalent in
a discrete region assumed to be associated with the point of injection (49% + 10% fusion
products). Human cells were found in regions beyond the borders of the discrete region (10% +

11% fusion products) and were more prevalent (not significant) than fusion hybrids located in
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the healthy myocardium following transplantation with the TissueMend patch (3% *+ 5%). B,
Representative images of murine heart following transplantation stained for human (red) and
mouse (green) centromeres using FISH. The top row contains a field of view from the Bolus
injection; the bottom row contains a field of view from the Healthy Heart. Background (green)
signal in the healthy heart is due to autofluorescence of cardiac sarcomeres; this was left
intentionally to appreciate position of fusion products relative to healthy myocardial tissue.

Scale bars are 50 ym.

The small intestine exhibited extensive fusion (11% + 5% of total cells imaged, n=8
fields of view containing fusion products of interest, 880 total cells), with most of the
fusion products localized to the lamina propria of the villi (34% *+ 18% of cells in lamina
propria, 222 total cells) (Figure 3-6 and Table 3-2). No fusion products were detected
in the epithelium of the small intestinal villi (n = 72 villi). Unfused human cells were seen
in the small intestine (7.1% of human cells detected via FISH, n = 8 fields of view, 98
total human cells). In the stomach, fusion products were 5% + 5% of total cells imaged
(n=14 fields of view containing fusion products of interest, 913 total cells) and fusion
products were primarily detected in regions close to the vasculature (Figure 3-7, 3-8
and Table 3-2). Unfused human cells were seen in the stomach (12.5% of human cells
detected via FISH, n = 14 fields of view, 32 total human cells). These results confirm the

bioluminescent emission detected in the live animals in a variety of organs.
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Figure 3-6: Detection of fusion products in the murine small intestine using FISH. Fusion
products (white arrowhead) and unfused human cells (white arrow) were detected in the murine
small intestine using a human centromere probe (red) and a murine centromere probe (green).
A, Bright field cross section of the small intestine. B, FISH images are stained for mouse
centromeres (green), human centromeres (red) and nuclei (blue). Insets are magnified views of
representative fusion products. Scale bar is 50 ym. C, Immunohistochemistry for HLA-A,B,C

(green) and nuclei (blue). Scale bar is 50 um.
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Figure 3-7: Detection of fusion hybrids in the murine stomach using FISH. Fusion
products (white arrowhead) and unfused human cells (white arrow) were detected in the murine
stomach using a human centromere probe (red) and a murine centromere probe (green). A,
Bright field cross section of the stomach. B, FISH images are stained for mouse centromeres
(green), human centromeres (red) and nuclei (blue). Insets are magnified views of
representative fusion products. Scale bar is 50 ym. C, Immunohistochemistry for HLA-A,B,C

(green) and nuclei (blue). Scale bar is 50 uym.
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3.4.4 HLA A B.C expressing cells are detected at delivery site and distal organs

To further confirm the translocation of human MSCs from the site of delivery (the heart)
to the small intestine and stomach, IHC was conducted with an anti-HLA A,B,C antibody.
Using this method, human cells were found in tissues harboring a bioluminescent signal
(Figure 3-4D, 3-6C, 3-7C). As with the FISH analysis in the heart, the human cells
were concentrated in the collagen patch and in the scar-like tissue between the patch
and damaged myocardium. The small intestine proved difficult to probe due to high
levels of autofluorescence. However, a few human cells expressing high levels of HLA
A,B,C (at an intensity level above background) were detected in the lamina propria. In
the stomach, human cells were observed in regions near blood vessel-like structures,
similar to what was seen in the FISH analysis. These results further confirm the

movement of human MSCs from the mouse heart to the small intestine and stomach.

3.4.5 Detection of fusion products near the vasculature in the murine stomach

To test whether the observed fusion products were located near blood vessels in a
distal organ, the stomach was stained with an anti-von Willebrand Factor (VWF)
antibody, a marker for endothelial cells. By staining a stomach section adjacent to the
section used for FISH analysis, the location of the fusion products relative to the blood
vessels could be ascertained. Fusion products were usually found near vVWF positive
cells (Figure 3-8). One fusion product (Figure 3-8, inset) was located directly next to a
blood vessels (dashed line). This result supports the possibility that human cells or

human cell hybrids transit via the vasculature to distal organs.
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Figure 3-8: Detection of fusion products near the vasculature in the murine stomach.

Fusion products (white arrowhead) were detected adjacent to the vasculature in the murine
stomach using a human centromere probe (red) and a murine centromere probe (green) as well
as an antibody for von Willebrand Factor (VWF), a marker for endothelial cells. A, Bright field
cross section of the stomach. B, Immunohistochemistry for vWF (red) and nuclei (blue). Scale
bar is 100 um. C, FISH staining for mouse centromeres (green), human centromeres (red) and
nuclei (blue). Insets are magnified views of a representative fusion product near a blood vessel

(dashed line). Scale bar is 50 pm.

3.5 Discussion

In this study, we took advantage of a Cre/LoxP-based molecular approach to detect
fusion of hMSCs following transplantation to the heart. In this way, we were able to
determine the presence of fusion in the heart and in other tissues and organ systems of

the mouse. We found (i) fusion of hMSCs with cells of the mouse can occur at the
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delivery site and at distal organs, (ii) fusion is not a prerequisite nor does it appear to
hinder movement of hMSCs away from the delivery site since unfused human cells
were found in the stomach and small intestine, and (iii) fusion products in distal organs
were localized around vasculature. This is the first study to specifically track fusion of

MSCs after transplantation and to do so at the whole organism scale.

Migration of MSCs has been indentified in studies conducted to monitor homing and
engraftment of MSCs. MSC migration in disease models or injured tissue has been
reported in tumors [43], arthritic joints [44], middle cerebral artery occlusion [45], and
myocardial infarction [46, 47]. In a disease model for Chagas disease, which affects
heart function, MSCs injected intravenously migrated to a limited degree to the heart
and to a greater extent to the liver, lungs, and spleen [48]. Similarly, other studies show
that the majority of MSCs injected to the venous system were found in the liver, lung,
and spleen [47, 49]. We also observed hMSC fusion products in the liver, though most
hMSC fusion products were detected in the heart, stomach and intestine. This
difference from previous studies could reflect the delivery method or the fact that
transplanted cells expressed a viral fusogen. In our study hMSCs were delivered on a
myocardial patch rather than an intravenous injection as used in other studies. hMSC
fusion products in the heart were found primarily in the collagen patch and in scar-like
tissue between the patch and damaged myocardium. Homing of hMSCs or hMSC
fusion products of our study may also have been impacted by the expression of fusogen,
VSV-G. The fusogen may enable fusion of hMSCs with circulating cells thereby altering

their migratory properties and subsequent tissue targets. Also, our analysis of tissue



51

sections followed detection of fusion at the organ level. Thus it is possible we missed
organs that contained only human cells or that contained fused human cells at levels

too low to detect with our approach.

Interestingly, hMSC fusion products in organs distal to the heart (i.e., stomach and small
intestine) were found primarily near the vasculature, suggesting blood vessels were the
likely path for mobility. Another possibility is that h(MSCs remained in tissues where the
fusogen was most likely to be active (pH of approximately 5.5) and therefore most likely
to fuse with recipient cells. Similarly, the proximity of cells of the stomach to acidic
digestion conditions may also activate the fusogen, stimulating fusion. Yet unclear is
whether hMSCs fuse with cells of the murine heart, then migrate or migrate first to fuse
with cells of distal tissues. Of note, unfused hMSCs were detected in the stomach and
small intestine, suggesting that hMSCs migrate to and infiltrate the distal organs without
fusion. Also unclear is what cell type(s) of the recipient serve as fusion partners.
Possible candidates include those previously reported to fuse with transplanted MSCs,
1) cardiomyocytes of the heart [23, 29, 32],and 2) hepatocytes of the liver [30, 31]. In
addition, macrophages may fuse with transplanted MSCs as they have well-defined
fusion machinery used to fuse with other macrophages for the formation of giant cells

[50].

The detection of fusion products was made possible by combining an inducible,
Cre/LoxP-based molecular strategy with whole animal imaging using the IVIS system.

The Cre/LoxP system utilizes the enzyme Cre recombinase, which only cuts at LoxP
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sites, to excise the floxed stop codon from the LoxP-luciferase construct thus
expressing the reporter only when both the Cre recombinase enzyme (mouse cells) and
LoxP-luciferase plasmid (hMSCs) are present in the same cell. This inducible method
ensures detection of only true fusion products (and their progeny) both in vitro and in
vivo. Also, the IVIS system allows imaging of bioluminescence intensity of the entire
animal, not just regions of interest. We used this macro scale imaging technology to
detect fusion in locations that were not necessarily expected following delivery of our
transfected cells. In addition, imaging was conducted while the animal was still alive,
which makes imaging of successive time points possible. A more in depth study of the
kinetics of fusion in vivo will be an important next step applying this approach. In the
current study, the LoxP-luciferase plasmid was expressed transiently thus the signal is
lost once the plasmid is degraded within the cell, which occurs about one week after
transfection. If the LoxP-luciferase construct was redesigned to be expressed for a
longer period or if it were incorporated into the genome, the kinetics experiment could
be performed to examine long-term survival (greater than 1 week) and migration of the

fusion products.

The Cre/LoxP -based approach, as well as the IVIS system, is limited in certain ways.
First, the inducible Cre/LoxP system detects only true fusion products, however the
generation of a signal requires time to remove the stop codon, then transcription and
translation of the reporter gene. This temporal delay prevents detection of fusion
immediately after the event. As a result, the actual frequency of cell fusion is likely to be

underrepresented in our findings. Second, the detection limit of the IVIS system for
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internal organs including the heart is approximately 10,000 cells [28]. The resolution
limit makes finding very rare events nearly impossible. For example, hMSC fusion
products might have been present in other distal organs in the mouse, but if the
threshold was not above the background level, fusion would be undetectable. Recent
developments in the field of live animal imaging could help address this limitation. For
example, a 100-fold stronger synthetic luciferase substrate has been engineered that
increases the sensitivity of the system and theoretically decreases the detection

threshold to less than 100 events [51].

3.6 Conclusions

In conclusion, this study establishes the efficacy of utilizing a bioluminescent Cre/LoxP
system, in conjunction with whole animal imaging, to examine cell fusion following
transplantation in live animals. Not only were we able to detect fusion events in live
mice, our results suggest that hMSCs, and possibly hMSC fusion products, have the
ability to migrate to distal organs and engraft with local cells. This knowledge is
important for the clinical transplantation of hMSCs, as it appears hMSCs can home,
reside and possibly fuse in unanticipated organs of the recipient, which could cause
potential complications in a patient. Similarly while cell fusion occurs at a much lower
level without a fusogen, hMSCs are able to spontaneously fuse with other cells [52, 53],
therefore additional information about cell fusion and its role in regeneration is essential
when assessing the clinical potential and possible side effects of cell transplantation.
The work presented here provides not only additional insights into MSC cell fusion and

translocation but also establishes a technological platform for further study of cell fusion
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in vivo with other types of cellular grafts. These results also provide rationale for future
studies to determine how hMSC fusion products affect the functional profile of a
diseased murine heart and the mechanisms that govern the functional capacity of fusion

products.
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Chapter 4 viral-mediated fusion of human
mesenchymal stem cells with murine cells of the
infarcted heart hinders cardiac healing via decreased
vascularization and immune modulation

Elements of this work will be published as:
Freeman BT, Ogle BM. Viral-mediated fusion of human mesenchymal stem cells
with murine cells of the infarcted heart hinders cardiac healing via decreased

vascularization and immune modulation. (Submitted)

4.1 Abstract

Cell fusion can occur between mesenchymal stem cells (MSCs) transplanted to improve
cardiac function and cells of the recipient. The therapeutic benefit or detriment of
resultant cell hybrids is unknown. Here we augment fusion of transplanted MSCs with
recipient cardiac cell types via viral fusogens to determine how cardiac function is
impacted and via which mechanism(s). Using a Cre/LoxP-based luciferase reporter
system coupled to biophotonic imaging and echocardiography, we found that
augmenting fusion with the vesicular stomatitis virus glycoprotein (VSVG) increased the
amount of fusion in the recipient mouse heart, but led to diminished cardiac function.
Specifically, MSCs transfected with VSVG (MSC-VSVG) had the lowest mean fold
increase in fractional area change (FAC) and cardiac output (CO) over the first 28 days
after infarction and cell transplantation. And although the amount of fusion detected
had a positive correlation with FAC and CO at day 7, this effect was lost by day 28. The

decrease in cardiac function seen with MSC-VSVG treatment vs. MSC alone (no
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fusogen) or sham treatment (surgery only) was associated with decreased MSC
retention, altered immune cell responsiveness and reduced vascularization in the
healthy heart. Thus fusion of donor MSCs can be augmented in the heart after
transplantation, but the increase in fusion appears to hinder the cardiac healing
response. This outcome garners consideration in the context of cellular transplantation
to damaged tissues, those with viral infection or other microenvironmental conditions

that might promote fusion.

Non-standard Abbreviations and Acronyms
MSC: mesenchymal stem cells

IVIS: in vivo imaging system

VSVG: vesicular stomatitis virus-glycoprotein
FAC: fractional area change

CO: cardiac output

TissueMend: collagen based cell delivery patch

BorderZone: area between infarcted murine heart and patch

4.2 Introduction

One of the most prevalent health issues in first world countries continues to be
myocardial infarctions’. Mesenchymal/multipotent stem/stromal cell (MSC) therapy has

been viewed as a promising treatment to solve this issue?*®. MSCs have the ability to

home to injured tissues® '°, secrete paracrine factors that allow for immune evasion'""

10, 14-20

and/or increase angiogenesis In the course of these studies, many have
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observed fusion between MSCs and cardiac cells®'®

and new ones from SC paper].
However, the impact of cell fusion in this scenario and subsequent reprogramming on

cardiac function at the cellular and tissue scale is not well understood.

Fusion of MSCs with cardiac cell types may improve cardiac function if the fusion
products adopt the phenotype and associated function of cardiac cell types including
cardiomyocytes, smooth muscle cells and endothelial cells. Evidence from the literature
suggests stem cells and somatic cells can give rise to fusion products with
characteristics of the somatic cell, thereby effectively programming the stem cells. For
example, Blau et al. fused differentiated mouse muscle cells and human amniocytes
and found that the mature cell phenotype dominated such that the amniocytes
expressed human muscle proteins via exchange of cytoplasmic components®’. Recent
studies have shown that fusion of bone marrow-derived cells with hepatocytes has a
therapeutic effect on the liver because the bone marrow-derived cells repopulate
damaged liver tissue and adopt the biochemical functions of hepatocytes, including

maintaining correct levels of serum transaminases, bilirubin and amino acids>®*?.

Fusion of MSCs with cardiac cell types could also improve cardiac function if the fusion
products adopt the phenotype and associated function of mesenchymal stem cells, such
self-renewal, pro-angiogenic propensity and anti-inflammatory effects. Evidence from
the literature suggests fusion products of stem cells and somatic cells can serve to
effectively reprogram the somatic cell to a less mature state. For example, Cowan et al.

reverted human fibroblasts to a pluripotent-like state after fusion with embryonic stem
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cells**. Tada et al. observed a similar pluripotent hybrid cell after fusing embryonic

germ cells and lymphocytes™.

Alternatively, fusion of MSCs with cardiac cell types may hinder cardiac function if the
fusion products adopt a phenotype and associated function distinct from either cardiac
cell types or mesenchymal stem cells. Blau et al. found heterokaryons formed from
muscle cells and keratinocytes, expressed a combination of both gene profiles®®. A
similar result was seen after fusing intestinal epithelial cells and macrophages in a
murine model of intestinal cancer in that cell fusion hybrids retained the transcriptome
identity characteristic of both parental cells, but also expressed genes not activated in
either parent cell type*’. The activation of previously unexpressed genes is postulated
to be responsible for the creation of cancer stem cells through fusion between tumor

cells and bone marrow-derived cells*®.

In the present study, we use a Cre/LoxP-based molecular approach to detect fusion of
transplanted MSCs to cells of living mice and we utilize echocardiography to determine
how MSC fusion affects cardiac function. Using this approach, we found that human
mesenchymal stem cells delivered to the murine heart via a collagen-based patch fuse
after delivery and that augmented fusion of MSCs via viral fusogen appears to have a
detrimental affect on cardiac function. This negative outcome was associated with
decreased MSC retention, vascularization in the healthy heart and immune modulation

56 days after transplantation.
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4.3 Materials and Methods

4.3.1 Transgenic Mice

We used transgenic mice that constitutively express Cre recombinase (B6.C-Tg[CMV-
cre]1Cgn/J; Jackson Laboratory, Bar Harbor, ME) (15 total mice, 5 per treatment group,
2 months old), such that deletion of LoxP-flanked genes occurs in all tissues, including
germ cells. The Cre gene is under transcriptional control of the cytomegalovirus (CMV)
minimal promoter and is X-linked. The Cre sequence was introduced to BALB/cJ
derived BALB/c-I embryonic stem cells (ESCs). The resulting mice were backcrossed to
the BALB/c background for 8 generations and then backcrossed to the C57BL/6J
background for 10 generations®'. Only male Cre mice were used in the study owing to a
false-positive signal detected when imaging the female transgenic mice (data not

shown).

4.3.2 Cell Culture

Human MSCs derived from human embryonic stem cells (MSCs from WA-01, a gift from
Dr. Peiman Hematti, University of Wisconsin-Madison, Madison, WI) were expanded
and cultured, as previously described®. In brief, MSCs were cultured on a 0.1% gelatin
(Sigma-Aldrich, St. Louis, MO) pretreated flask containing a-minimum essential medium
(MEM)-complete. Complete a-MEM consisted of a-MEM (Invitrogen, Carlsbad, CA),
10% fetal bovine serum (HyClone Laboratories, Logan, UT), 0.1 mM nonessential
amino acids (Invitrogen), and 2 mM L-glutamine (Invitrogen). hMSC cultures were
allowed to grow to 60%—70% confluence and were replated at a concentration of 1,500

cells per cm? These human ESC-derived MSCs have cell surface markers,
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differentiation potential, and immunologic properties in vitro that are similar to those of

adult BM-derived MSCs®2.

4.3.3 Gene Transfer

MSCs were transiently transfected with viral fusogen VSV-G?" ** to promote cell-cell
fusion (MSC-VSVG) or no fusogen (MSC). In addition, MSCs were simultaneously
transfected with the luciferase gene adjacent to a floxed stop codon (p231 pCMVe-
betaAc-STOP-luc; Addgene, Cambridge, MA)?*. Transfection was accomplished using
the Neon Transfection System (Invitrogen), as previously described®. All recombinant
DNA research was conducted according to NIH guidelines and in accordance with the
University of Wisconsin-Madison and University of Minnesota-Twin Cities institutional

biosafety committees.

4.3.4 Myocardial Infarction and Cell Delivery

Mice underwent an infarction procedure by left coronary artery ligation, such as is
routinely performed at the University of Wisconsin Cardiovascular Physiology Core
Facility** °*> °°. Transfected MSCs (MSC or MSC-VSVG) were delivered to the
myocardium of mice immediately after infarction via a collagen patch (TissueMend; TEI
Biosciences, Boston, MA), as previously described®” °> °’. A control (Sham) was
performed with only the infarction and no patch delivery. TissueMend matrices (2 x 2 x
0.8 mm) were placed in a 24-well plate (Falcon; Thermo Fisher Scientific, Pittsburgh,
PA) and hydrated with a-MEM-complete culture medium. After electroporation, MSCs

were seeded on the TissueMend sections at a concentration of 1 x 10° cells per milliliter.
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The medium was changed at 24 and 48 hours, at which point the TissueMend matrix,

containing ~1 x 10° transfected MSCs, was attached to the myocardium with a single

suture (7-0 Prolene; Ethicon, Johnson & Johnson, New Brunswick, NJ) at each corner
of the matrix. A matrix was placed such that it was in contact with both the infarct and
the peri-infarct regions of the myocardium?' > ", All animal procedures were performed
in accordance with the guidelines of the American Association for Laboratory Animal
Science and the University of Wisconsin-Madison and the University of Minnesota-Twin

Cities Animal Care and Use Committee.

4.3.5 Bioluminescent Imaqging

Recipient mice constitutively expressed Cre recombinase; therefore, when transplanted
human MSCs fused with cells of the recipient, the LoxP sites were cleaved, and the
stop signal was excised, allowing expression of luciferase. Luciferase expression was
detected 7 days after cell transplantation in living mice using an in vivo imaging system
(IVIS) (IVIS Spectrum; Caliper Life Sciences, Hopkinton, MA), as previously described®*
" The average radiance was determined by measuring the emitted photons per second
per cm? per steradian of the heart region using the Living Image In Vivo Imaging

Software (PerkinElmer, Life and Analytical Sciences, Waltham, MA).

4.3.6 Echocardiography

Mice underwent echocardiography 3 days post-infarction/cell delivery to obtain a
baseline measurement of each mouse’s cardiac function. Further echocardiography

was repeated at 7, 14 and 28 days after infarction/cell delivery to track mouse cardiac



69

health over time. Transthoracic echocardiography was performed by using an Visual
Sonics 770 ultrasonograph with a 30-MHz transducer (RMV 707B) (Visual Sonics,
Toronto). Mice were lightly anesthestized with isoflurane (1%) and maintained on a
heated platform. Two-dimensionally guided M-mode images of the long axis of the LV
were acquired with the probe in different 3 planes, 1) sagittal plane, 2) 45% to the
sagittal plane and 3) frontal plane. Images were recorded and the LV endocardial area
traced at end-diastole and systole. Volumes were calculated from these areas and
function expressed as fractional area change (FAC, %) and cardiac output (CO,
mL/min). All parameters were measured over at least three consecutive cycles.
Echnocardiography was performed with the assistance of Jill Koch and Tim Hacker of

the University of Wisconsin Cardiovascular Physiology Core Facility.

4.3.7 Fluorescence Microscopy

Murine hearts were harvested 8 weeks after cell delivery to determine the amount of
MSC retention, vascularization and immune response at the cellular level. After excision,
the hearts were bisected longitudinally through the matrix. The hearts were immediately
placed into 10% buffered formalin (pH 7.2; Thermo Fisher Scientific) for 24 hours,
followed by 24 hours of fresh 10% buffered formalin, and a final 24-hour incubation in
70% ethanol. The samples were further processed for paraffin embedding and
sectioning, as previously described®®. For immunohistochemistry (IHC) analysis, heart
sections were deparaffinized by incubating at 60°C for 1 hour and then washed for 6
minutes in Xylene twice. The sections were rehydrated by dipping the sections 15 times

each in 100% ethanol, 100% ethanol, 95% ethanol, and, finally, ultrapure water. Antigen
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retrieval was accomplished either by incubating the sections for 20 minutes at 37°C in
0.5% pepsin (Thermo Fischer Scientific) in 5 mM HCI for human leukocyte antigen
(HLA) (monoclonal mouse anti-HLA-A,B,C; EMR8-5; MBL International Corp., Woburn,
MA) or by incubating the sections for 25 minutes at 95°C in citrate buffer (10 mM
sodium citrate (Fisher Scientific), pH 6, 0.01% Triton-X 100 (Sigma-Aldrich)) for CD31
(polyclonal rabbit anti-PECAM-1(CD31); M-185 sc-28188; Santa Cruz Biotechnology,
Santa Cruz, CA), CD3 (monoclonal mouse anti-CD3; F7.2.38; Dako, Carpinteria, CA)
and CD25 (monoclonal rat anti-mouse CD25; 7D4 (RUO); BD Pharmingen, San Jose,
CA). The sections were removed and allowed to cool for 10 minutes at room
temperature. The sections were rinsed in 1x phosphate-buffered saline (PBS) twice for
3 minutes. A 1:25 dilution of the anti-HLA-A,B,C antibody, a 1:50 dilution of anti-CD31
or a 1:25 dilution of anti-CD3 was made with dilution buffer containing 5% bovine serum
albumin (HyClone), 2% goat serum (MP Biomedical, Solon, OH), 1% glycine (Sigma-
Aldrich), and 0.1% triton-X (MP Biomedical). Next, 40 ul of this antibody solution was
placed on each tissue section overnight at 4°C. The sections were washed with 1x PBS
and incubated for 45 minutes at 4°C with 40 yl of a 1:200 dilution of the secondary
antibody (AF647 goat anti-mouse for HLA and CD3 or AF647 goat anti-rabbit for CD31;
Invitrogen) in dilution buffer. The sections were washed with 1x PBS and mounted using
1,4-diazabicyclo[2.2.2]octane (Dabco)/DAPI solution composed of 5% Dabco (Sigma-
Aldrich) and 0.01% DAPI (Sigma-Aldrich) in a mixture of 50% glycerol (Thermo Fischer
Scientific) and 50% 2x PBS on a microscope coverslip sealed with nail polish.
Fluorescence emission was detected using an IX71 inverted deconvolution

fluorescence microscope (Olympus, Center Valley, PA). The images were acquired with



71

a 10x or 20x UPlanFluor objective (NA = 0.5), using Metamorph software (Molecular
Devices, Sunnyvale, CA) and analyzed using Imaged (Fiji; open source

software, http://pacific.mpi-cbg.de/wiki/index.php/Fiji). All hearts were stained for each

antibody, and 5-20 images per region were quantified for positive expression with the
number depending on the size of the region in each heart. Background fluorescence
was determined using a secondary antibody-only control to set a threshold for antibody

detection.

4.3.8 Statistical Analysis

Statistical analyses were performed using analysis of variance with Tukey’s honest
significant difference post hoc test for multiple comparisons or Student’s t test for 2
independent samples; P < 0.05 was considered significant. Data were analyzed with

SigmaPlot (Systat Software Inc, San Jose, CA, http://www.systat.com).

4.4 Results

4.4.1 Detection and Augmentation of MSC Cell Fusion in vivo

Previously, we showed that fusion of MSCs occurs both spontaneously and with the aid
of exogenously supplied viral fusogens after transplantation to the murine heart®' > °7.
In this study, we once again utilized a Cre/LoxP-based luciferase inducible reporter
system coupled to biophotonic imaging to detect and quantify fusion between
transplanted MSCs and cells of mice constitutively expressing Cre recombinase (Figure
4-1A and 4-1B). The transplanted MSCs (both MSC and MSC-VSVG) were transfected

with a LoxP-stop codon-LoxP-luciferase construct such that luciferase expression is
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limited to hybrids between donor and recipient cells (Figure 4-1A). Importantly, this
imaging method is non-invasive and fusion can be quantified without sacrificing the
mice. Seven days following myocardial infarction and MSC cell transplantation via
collagen patch (TissueMend) to the heart, bioluminescence was measured for mice with
no treatment (Sham, 5 mice), mice receiving MSCs with no fusogen (MSC, 5 mice), and
mice receiving MSCs transfected with the VSVG fusogen (MSC-VSVG, 5 mice). The
sham mice were used as a negative control to determine the background
bioluminescent signal (2591 + 884.9 photons per second per cm? per steradian (p
s cm™sr")). This signal in the sham mice represents the background luminescence.
Fusion was increased in both the MSC (3818 + 762.6 p s~ cm™?sr™') and MSC-VSVG
(4557 + 1317 p s cm™?sr') groups compared to the Sham mice (* P < 0.05,
compared to the Sham group) (Figure 4-1B). The highest amount of bioluminescent
signal, and thus fusion, was observed in the MSC-VSVG (not significant compared to
MSC group). These data demonstrate a trend towards enhanced fusion between MSCs

and cardiac cell types via expression of viral fusogens in MSCs.
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Figure 4-1. Detection and Augmentation of MSC Cell Fusion in vivo

(A): Schematic of the in vivo Cre/LoxP biophotonic detection system. The MSCs are
transfected with a LoxP-stop codon-LoxP-luciferase plasmid prior to cell transplantation. The
MSCs are transplanted into mice constitutively expressing Cre recombinase. Upon fusion
between MSCs and a cell of the Cre mouse, Cre recombinase excises the LoxP-stop codon-
LoxP sequence and luciferase is expressed in the fusion product. The fusion product can then
emit a bioluminescent signal after the addition of the luciferin substrate. (B). Quantification of
the day 7 mean luminescent signal (photons/centimeters?/second/steradian, photons/cm?/s/sr)
for each treatment group (Sham, MSC, and MSC-VSVG). The MSC and MSC-VSVG emitted a
significantly higher mean luminescent signal compared to the Sham control group (*P < 0.05,
data is displayed as average (Avg) + standard deviation (SD)). Three representative

luminescent overlay images for each group are shown below graph.

4.4.2 Augmented MSC Cell Fusion Affects Function of Infarcted Myocardium

To determine the impact of MSC cell fusion on cardiac function, the mice also
underwent echocardiography at day 3, 7, 14 and 28 after infarction and cell delivery.
Fractional area change (%) and cardiac output (mL/min) were measured at each time
point for all 15 mice involved in this study. The FAC and CO measurements were
normalized to the day 3 time point to discern the relative improvement of each group
(Sham, MSC, MSC-VSVG) from the initial injury. The Sham group showed the largest
improvement at day 28 (2.23 + 2.06 fold increase in FAC and 3.02 + 2.80 fold increase
in CO), but there was high variability from mouse to mouse (Figure 4-2A and 4-2B).
Interestingly, at day 28 the MSC (1.31 + 0.48 fold increase in FAC and 1.99 + 1.29 fold
increase in CO) and MSC-VSVG (0.86 + 0.48 fold change in FAC and 1.81 + 1.41 fold
increase in CO) groups had a lower average fold change for both FAC and CO
compared to the Sham group, with the augmented fusion group MSC-VSVG having the

lowest relative improvement (Figure 4-2A and 4-2B). These results coupled with the
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observed increase in fusion from the bioluminescent data of the MSC and MSC-VSVG
groups (Figure 4-1B) suggests that MSC fusion with cells of the mouse heart could be
detrimental to the healing process in the mouse heart following myocardial infarction.
However, the variability was also substantial in the MSC and MSC-VSVG groups and
there were no significant differences between any group at any time point. To better
probe these outcomes, a focused analysis was performed where the bioluminescent
signal at day 7 for each mouse was plotted against the FAC (Figure 4-2C) and CO
(Figure 4-2D) for each mouse at each time point to determine if any trends emerged.
At day 7, a positive correlation was observed between bioluminescent signal (fusion)
and cardiac function (FAC and CO) for both MSC and MSC-VSVG mice. However, this
trend was mostly lost over time as the positive correlation decreased at later time points
(day 14 and day 28). The MSC group with no fusogen did exhibit a positive correlation
through day 14, but the strength of the correlation was decreased in FAC (R? = 0.516 at
day 7 to R? = 0.155 at day 14) and CO (R? = 0.420 at day 7 to R? = 0.113 at day 14).
Due to the high level of variability observed between mice within the same treatment
group in this study as well as the loss of effect seen in the correlations, the number of
mice was capped at five per group so that an in depth analysis could be performed to

determine the mechanism behind the differences in cardiac functionality.
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Figure 4-2. Augmented MSC Cell Fusion Affects Function of Infarcted Myocardium

Cardiac functional improvement is displayed relative to the values at 3 days after infarction/cell

delivery for (A) fractional area change (FAC) and (B) cardiac output (CO). The Sham group

displayed the highest fold increase over the 28 days monitored. The augmented fusion group

(MSC-VSVG) showed the lowest fold change. To demonstrate the variability between samples



77

in the treatment groups, the mean luminescent signal for each mouse was plotted against the
(C) FAC (%) or (D) CO (mL/min) for each time point. At day 7 a positive correlation emerges
between mean luminescent signal (fusion) and cardiac function, but this correlation is lost at

later time points.

4.4.3 Human MSC Retention in Infarcted Murine Heart

To assess if retention of the transplanted MSCs over time played a part in the observed
differences between the MSC and MSC-VSVG groups, the hearts of the infarcted mice
were explanted, fixed, sectioned at day 56 and probed for human leukocyte antigen
(HLA) (Figure 4-3A through 4-3C) via immunofluorescence. The analysis of the heart
tissues was separated into four regions (TissueMend patch, borderzone between the
patch and heart, infarcted heart tissue and healthy heart tissue) to more accurately
portray the spatial location in the tissue. The area of HLA positive signal was
normalized to the area of DAPI signal to account for the difference in cell density in a
given region. The MSC group showed the highest retention of human cells in the
BorderZone (0.526 + 1.06 HLA area/DAPI area), but human cells were also observed in
the BorderZone of the MSC-VSVG group (0.252 + 0.449 HLA area/DAPI area) albeit to
a lesser extent than the MSC group (not significant) (Figure 4-3A). Also of note, the
MSC group has a small negative correlation between bioluminescence signal and HLA
area/DAPI area (R = 0.502) (Figure 4-3B). This suggests that the spontaneous fusion
(i.e., not triggered by viral fusogen added ex vivo) observed in the MSC group could

hinder cell retention.
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(A). Quantification at day 56 after infarction/cell delivery of human leukocyte antigen (HLA)
expression (area) normalized to DAPI signal (area) for four regions in the infarcted heart
(TissueMend, BorderZone, Infarct and Healthy Heart) (5-20 images per region per sample, data
displayed as Avg + SD). (B). Mean luminescent signal for each mouse was plotted against the
HLA area/DAPI area for each mouse. The MSC group showed a negative correlation between
mean luminescent signal (fusion) and MSC retention. (C). Representative images for MSC and
MSC-VSVG groups in the BorderZone (HLA, green and DAPI, blue) (Scale bar = 50 um). (D).
Quantification at day 56 after infarction/cell delivery of vessel density (CD31 expression area)
normalized to DAPI signal (area) for four regions in the infarcted heart (5-20 images per region
region per sample, data displayed as Avg + SD, *** P < 0.001 compared to the MSC-VSVG
group). (E). Mean luminescent signal for each mouse was plotted against the CD31 area/DAPI
area for each mouse. The MSC group showed a negative correlation between mean
luminescent signal (fusion) and vessel density. (C). Representative images in the Healthy Heart
(CD31, green and DAPI, blue) (Scale bar = 50 um).

4.4.4 Vascular and Immune Response to Treatments

In the face of similar or nearly similar retention rates of MSCs with and without
augmented cell fusion, we sought to determine whether altered MSC function at the
cellular level could account for differences in tissue-level function. Specifically, we
probed for angiogenic stimulation and immune modulation. Vessel density in the four
different heart regions was probed via CD31 expression (fluorescence area) normalized
to cell number via DAPI (fluorescence area)(Figure 4-3D through 4-3F). Vessel
density was similar in the TissueMend, BorderZone, and infarct regions between the
different treatments. However, the Sham and MSC groups had significantly higher
CD31 area/DAPI area (1.20 + 1.15 and 1.14 + 0.744, respectively) compared to the
CD31 area/DAPI area in the MSC-VSVG group (0.493 + 0.455) (***P < 0.001) (Figure
4-3D). The MSC group again exhibited a negative correlation between bioluminescent

signal and CD31 area/DAPI area (Figure 4-3E) (R* = 0.842). This trend could imply
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that fused MSCs lose some ability to promote angiogenesis in an infarcted heart. The
healthy region of the infarcted heart typically has to compensate for the loss of
contractile tissue (which would require more energy) and the increase in vessel density
observed in the Sham and MSC groups might be an attempt to supply the healthy tissue
with more metabolites to match the demand due to the increased workload. However, if
fused MSCs lost their innate paracrine ability to promote angiogenesis or were
reprogrammed to prevent angiongenesis, the vessel density of the healthy heart could
not be increased. The loss of vessel density in the healthy heart region might explain

why the MSC-VSVG group had the lowest FAC and CO improvement.

Immune modulation to the treatments was analyzed via staining for T-cells (CD3
expression area) and normalizing the data to area of DAPI signal (Figure 4-4A through
4-4C). Adaptive immunity was probed since the time point was far later than typical
innate immune activation and since MSCs have been shown to modulate T cell function
in vitro and in vivo. CD3 positive cells were rare in the Sham treatment, which was
expected due to the lack of transplanted cells. CD3 positive cells were also rare for the
MSC and MSC-VSVG groups in the TissueMend, infarcted heart and healthy heart.
Unexpectedly, the MSC group had significantly more CD3 area/DAPI area (0.540 +
0.704) compared to the MSC-VSVG (0.185 + 0.244) (**P < 0.005) (Figure 4-4A), but
there were no correlations observed for the MSC group when assessing individual mice
(Figure 4-4B). This result was not anticipated since the MSC-VSVG group exhibited
diminished tissue level function as well as the fact that these cells express a cell surface

fusogen, which was expected to trigger a larger immune response than the MSC group
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with no fusogen. One potential explanation for this observation could be that all or a
portion of the T-cells detected in the MSC group are regulatory T-cells, which suppress
or downregulate induction and proliferation of effector T-cells. Multiple studies have
shown that transplanted human MSCs have the ability to expand regulatory T-cell
populations while inhibiting allostimulated T-cell proliferation®® ®°. This could also be the
reason for the higher concentration of HLA positive cells remaining the MSC group
compared to the MSC-VSVG group, since the regulatory T-cells might prevent
clearance of the foreign human MSCs. To determine if regulatory T-cells were the
cause of the T-cell population in the MSC group, the mouse with the highest CD3
concentration underwent immunofluorescent staining for CD25. CD25 positive cells
were observed in the BorderZone in regions that also stained positive for CD3 (Figure
4-4D). However, only a fraction (< 33%) of the CD3 positive cells were detected
colocalized with CD25 positive staining. Thus increased blood vessel density and higher
levels of regulatory T-cells and CD3 positive cells than the augmented MSC-VSVG
fusion group further demonstrates the potential loss of paracrine or immunomodulatory

function of MSCs after fusing.
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Figure 4-4. Inmune Modulation Response to Treatments

(A). Quantification at day 56 after infarction/cell delivery of T-cell concentration (CD3 expression
area) normalized to DAPI signal (area) for four regions in the infarcted heart (5-20 images per
region region per sample, data displayed as Avg + SD, ** P < 0.005 compared to the MSC-
VSVG group). (B). Mean luminescent signal for each mouse was plotted against the CD3
area/DAPI area for each mouse. (C). Representative images in the BorderZone (CD3, green
and DAPI, blue) (Scale bar = 50 um). (D). Colocalization of regulatory T-cells (CD25, red) and
T-cells (CD3, green) seen in the BorderZone of a mouse from the MSC group (DAPI, blue)
(Scale bar = 50 um).
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4.5 Discussion

The aim of this study was to discern the affect of MSC fusion after transplantation on
cardiac recovery following myocardial infarction. Three different treatment groups were
utilized to help test this aim: a sham treatment, a traditional MSC transplantation, and a
treatment wherein fusion was augmented in MSCs by the fusogen VSVG. Fusion was
observed in both the MSC and MSC-VSVG group with the MSC-VSVG group showing
the highest level of fusion. Unexpectedly, the Sham group demonstrated the highest
average fold increase in cardiac function (FAC and CO) with the augmented fusion
group performing the worst for cardiac recovery after an infarction. As noted earlier,
fusion of MSC with parenchymal cells has been shown to aid in recovery of function in
other tissues especially in the case of the liver®®*" *3 but up to this point it was still
unknown how MSC fusion in the heart could affect cardiac function. Our group and
others have observed fusion of MSC in the heart, although most report a low level of
fusion (<1% of transplanted cells) and thus the affect of the fusion on overall cardiac
function was minimal®® *. Here we report a decrease in function in the treatment group
in which fusion was directly augmented. To our knowledge this is the first study to

directly study the relationship between MSC fusion and cardiac function.

High variability in functional outcomes between groups, especially with fusion, led to a
shift in our study design from tissue outcomes and therefore more mice (here we report
five per study group) to per mouse correlative analyses and more in depth analysis of

cellular-scale outcomes. This led our group to separate each mouse in the study and
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directly compare the amount of fusion detected in each mouse to the FAC and CO
observed during the course of the study. Within one week of infarction and
transplantation, we observed a positive correlation between the amount of fusion and
cardiac functional parameters. However, this correlation was lost at later time points in
the study. This suggests that perhaps MSC fusion after transplantation may have a
transient positive affect due to increased cell retention at the site of injury as well as
increased immune evasion due to the acquisition of mouse major histocompatibility
complexes after fusion. This positive affect appears to be short lived, since the sham
treatment is observed to bypass both MSC treatments at day 28. Especially in the case
of the augmented fusion group (MSC-VSVG), it appears that forcing the MSCs to fuse
hinders the MSC’s ability to promote healing. This is in line with very recent in vitro
studies in which human MSCs that fused with rat neonatal ventricular myocytes
downregulated sarcomeric structures and acquired a non-proliferative and non-
contractile phenotype®’. The loss of contractility and proliferation of fusion products
between human MSCs and myocytes seen in this in vitro study helps to explain our in
vivo observations that MSC fusion reduces the improvement of fractional area change

and cardiac output in the infarcted heart.

After observing a decrease in cardiac function associated with MSC fusion, this study
sought to understand the mechanism for the decreased function on the cellular level
with a focus on MSC retention, vascularization, and immune modulation. The MSC
group with no fusogen had a higher average level of MSC retention in the BorderZone

(thought not significant), higher vessel density in the healthy heart as well as a higher
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concentration of T-cells in the BorderZone than the MSC-VSVG group with the VSVG
fusogen. These results could explain why the augmented fusion treatment saw
reduced tissue-level function compared to the Sham group. Forcing MSCs to fuse via
VSVG, while seeming to be positive at 7 days after transplantation, appear to prevent
the MSCs from aiding in recovery at later time points. This could be due to the MSCs
undergoing reprogramming after fusion and thus causing the MSCs to lose their innate
abilities such as angiogenesis and immune modulation. The reprogrammed MSCs in
the MSC-VSVG group might have lost essential paracrine capabilities, which rendered
them less effective in promoting tissue repair. One might speculate that fusion “forced”
via viral fusogen is artificial and therefore is not relevant in vivo. However, it is well-

21,55,62-68 | fact, it is possible

documented that viral infection can facilitate fusion in vivo
that viral infection may have been the cause of all or a portion of the “spontaneous”
fusion observed in the MSC group. Indeed, the MSC group saw a negative correlation
between amount of fusion and MSC retention as well as vascularization after 56 days.
This spontaneous fusion seen in the MSC group appears to negatively affect the MSC’s
ability to promote healing in the infarcted myocardium. The mice in the MSC group
with no fusogen that exhibited the highest amount of MSC retention and vascularization
were the mice with the lowest observed fusion levels. Interestingly, the MSC group with
no fusogen showed an increase in CD3 positive T-cells compared to the MSC-VSVG
group. The MSC-VSVG group was expected to have the highest immune response due

to the introduction of a foreign surface protein, but this was not what was detected. CD3

cells in the MSC group were found to colocalize with CD25 positive regulatory T-cells in
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parts the BorderZone. These regulatory T-cells might be the cause of higher MSC

retention and improved cardiac functional response seen in the MSC group.

4.6 Conclusions

Taken in whole, this study is the first to examine how MSC fusion after cell
transplantation affects cardiac function following myocardial infarction. The negative
impact observed, even with the small number of mice tested, should be considered for
future clinical trials. MSC transplantation has been shown to be an effective treatment
when cell fusion is reported at low levels. However, if cell fusion is somehow increased
due to viral infection or environmental conditions after transplantation, the treatment
could result in a loss of function and a negative prognosis (especially in the infarcted

heart).
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Chapter 5 single-cell RNA-seq reveals
activation of latent oncogenes and pluripotency
genes as a consequence of stem cell-
parenchymal cell fusion

Elements of this work will be published as:
Freeman BT, Jung PJ, Ogle BM. Single-cell RNA-seq reveals activation of latent
oncogenes and pluripotency genes as a consequence of stem cell-parenchymal cell

fusion. (Submitted)

5.1 Abstract

Fusion of donor mesenchymal stem cells with parenchymal cells of the recipient
can occur in the brain, liver, intestine and heart following transplantation. The
therapeutic benefit or detriment of resultant hybrids is unknown. Here we sought
to obtain a global view of phenotypic diversification of mesenchymal stem cell-
cardiomyocyte hybrids and associated time course. Using single-cell RNA-seq,
we found hybrids can express a transcriptome similar to individual fusion
partners, but can also acquire distinct expression profiles in one day. Some
hybrids underwent reprogramming, expressing pluripotency and cardiac
precursor genes latent in parental cells. Other hybrids differentially expressed
genes associated with ontologic cancer sets and two hybrids clustered with
breast cancer cells, expressing critical oncogenes and lacking tumor suppressor

genes. Rapid transcriptional diversification of this type garners consideration in
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the context of cellular transplantation to damaged tissues, those with viral

infection or other microenvironmental conditions that might promote fusion.

Non-standard Abbreviations and Acronyms

hMSC: human mesenchymal stem cells

mMSC: mouse mesenchymal stem cells

BiFC: Bimolecular Fluorescence Complementation
hSLAM: human signaling lymphocytic activation molecule
F: fusion protein

H: hemagglutinin

GFP: green fluorescent protein

HC: hierarchal clustering

PCA: principal component analysis

5.2 Introduction

Mesenchymal/multipotent stem/stromal cells (MSCs) can fuse with
parenchymal cells of the brain[1], liver[2], small intestine[3] and heart[1, 4-9]
following transplantation.  Fusion of this type might be tightly controlled and
restricted to certain cell types as with sperm-egg fusion and skeletal myoblast
fusion. However, it is more likely that regulation of fusion is bypassed in the
context of transplantation and the altered tissue environment of damaged or

diseased tissue. So-called “accidental cell fusion” can result from cell stress
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including nutrient deprivation and hypoxia which can render cell membranes
leaky or unstable[10, 11]. Unstable cell membranes are biophysically susceptible
to membrane fusion[12]. It may be for this reason that cell fusion appears to
occur more readily in the context of hypoxia than normoxia[13, 14]. Accidental
cell fusion can also be mediated by viral fusogenic proteins of an active virus or
activated elements of an endogenous virus[15-23]. It is estimated that more than
17 of 29 virus families that infect human cells have elements capable of fusing
cells[15].

We and others have proposed that accidental cell fusion can give rise to
fusion products capable of acquiring phenotypic and functional properties of
either or both fusion partners[2, 24-32]. The beneficial effects of such an
outcome include cell fusion between myeloma cells and B cells to form
hybridomas and associated monoclonal antibodies[33]. Similarly, fusion between
dendritic cells and tumor cells augments secretion of paracrine factors and can
be used as anti-tumor immunotherapy[34]. Return of liver function has been
reported after fusion between transplanted bone marrow MSCs and diseased
hepatocytes[2, 25, 35] and endogenous c-kit+ cells can form cardiomyocytes in
an infarcted murine heart as a result of cell fusion[36].

Accidental cell fusion might also enable catastrophic events including the
development of tumor cells and/or metastatic spread of tumor cells.
Spontaneous fusion has been reported between normal breast epithelium and
breast cancer cells[37, 38], among breast tumor cells themselves[39, 40], and

between breast cancer epithelium and tumor stromal cells including MSCs[41,
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42]. In vitro studies of hybrids formed between normal breast epithelium
(M13SV1-EGFP-Neo) and breast cancer cells (HS578T-Hyg) showed increased
“locomotory activity” compared to the normal parental line[43]. Fusion-enhanced
migration was associated with altered CCL21/CCR7 signaling, which was
previously linked to metastatic spreading of breast cancer to lymph nodes.
Increased metastatic potential of hybrids was also observed in vivo when breast
cancer cell variants (MDA-MB-231) with tropism for either lung or bone injected
in nude mice gave rise to hybrids capable of metastases to both organs[39].

Here we probe the extent of transcriptional diversification of hybrids
formed between MSCs and cardiomyocytes, and the beneficial or detrimental
outcomes of diversification at the single cell level. We probe this particular cell
pairing as hybrids of this type have been most frequently reported in the context
of MSC transplantation to the heart. We utilize single-cell RNA-seq since each
hybrid is predicted to be transcriptionally distinct and hence population analyses

may mute unique expression profiles.

5.3 Materials and Methods

Human MSCs (hMSC), mouse bone marrow MSCs (mMSC) and HL-1
cardiomyocytes (HL1cm) were expanded and cultured as previously described
[44, 45]. hMSCs were used only in Figure 5-2 to confirm specificity of the
measles virus system. mMSCs were used for single-cell RNA-seq experiments.
The first five fusion products were detected via the inducible bimolecular

fluorescence complementation (BiFC) system[46]. The remaining twenty-three
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hybrids were detected via the more commonly used two-color fluorescence
methodology. Briefly, GFP was constitutively expressed in HL1cms and mCherry
in mMMSCs. Hybrids in this case are dual-labeled with both GFP and mCherry.
BiFC positive (GFP) cells or dual-labeled cells were sorted using FACS. Sorted,
single-cell, fusion products were captured on chips using the Fluidigm C1 system.
MRNA libraries were constructed using the lllumina Nextera XT according to the
manufacturer’s protocol and sequenced on the lllumina Miseqv3 (Figure 5-1).
RNA-seq data has been uploaded to the Gene Expression Omnibus (GEO)
database and can be accessed via confidential link (to be made accessible to
public at time of publication,

http://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?token=ylkbseoaxpkjxsd&acc=GS

E69926). RNA-seq data was confirmed with gqPCR analysis on the cDNA from

the Fluidigm C1 chip for selected genes.

Fluidigm C1 single-cell capture

mmm| ysis & RT-PCR on
chip

Library Preparation
MlSeqvS 75bp

Single-cell suspension
9 P lllumina Nextera XT

Sequencing

Figure 5-1. Workflow for identification, isolation and RNA-seq of mMSC-
cardiomyocyte fusion products and associated controls, Related to Experimental

Procedures.
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Fusion products were identified via detection of green fluorescence associated with the
intact BiFC construct or dual color expression of both GFP and mCherry (and therefore
cell fusion) via fluorescence microscopy, upper left panel. Merged image of bright field
(to discern cell membranes) and BiFC (green). Scale bar = 50 um. After identification,
cells were removed from culture dishes and sorted for GFP* cells using FACS. Sorted
cells were injected into the Fluidigm C1 chip and again visualized via fluorescence
microscopy to ensure successful capture and to confirm cell viability (cells were also
stained with DEAD cell viability assay). Cells of interest were lysed and RNA extraction
and cDNA synthesis were performed on the chip. Library preparation followed using

lllumina Nextera XT and then sequencing using MiSeqv3.

5.3.1 Cell Culture

Human MSCs derived from human embryonic stem cells (hnMSCs from WA-01), a
gift of Dr. Peiman Hematti (University of Wisconsin-Madison) were expanded and
cultured as previously described [44]. Also, mouse bone marrow mesenchymal
stem cells (MMSCs) were purchased (3 month-old male C57BL mice, Georgia
Reagents University, Augusta, GA and expanded and cultured with the same
protocol as the hMSCs. Briefly, MSCs were cultured on a 0.1% gelatin (Sigma
Aldrich, St. Louis, MO) pretreated flask containing a-minimum essential medium
(MEM) complete. Alpha-MEM-complete consisted of a-MEM (Invitrogen,
Carlsbad, CA), 10% fetal bovine serum (Hyclone, Logan, UT), 0.1 mM
nonessential amino acids (Invitrogen), and 2 mM L-glutamine (Invitrogen). MSC
cultures were allowed to grow to 60-70% confluence and were replated at a
concentration of 1,500 cells/cm?. HL-1 cardiomyocytes (HL1cm) (a gift of Dr.
William Claycomb) were also expanded and cultured as previously described [45].
HL1cms were cultured on fibronectin/gelatin (1.25 mg fibronectin/100 mL, 0.02%

gelatin) (Sigma Aldrich) pretreated flasks containing Claycomb-complete.
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Claycomb-complete medium was comprised of Claycomb medium (SAFC
Biosciences, St. Louis, MO, USA), 10% fetal bovine serum qualified for CMs
(SAFC Biosciences), 100 U/mL: 100 ug/mL penicillin-streptomycin (Lonza,
Walkersville, MD, USA), 0.1 mM norepinephrine (Sigma-Aldrich), and 2 mM L-
glutamine (Invitrogen). HL1cms were passaged at 100% confluence and split 1:3.
HL1cm coating and HL1cm medium was used when the two cell types were co-
cultured. Experiments were performed using passages 6 — 11 and 70 — 85 for
MSCs and HL1cms, respectively. All cultures were maintained at 37°C in 5%
CO,. hMSCs were used only in Figure 5-2 to confirm specificity of the measles

virus system. mMSCs were used for single-cell RNA-seq experiments.

5.3.2 Cell Fusion Induction and Detection of Fusion

To induce “accidental cell fusion” between MSCs (hMSCs or mMSCs) and
HL1cms, we utilized the measles virus to create a recombinant DNA fusion
system. The recombinant DNA system contains three components and enables
fusion only when the hemagglutinin (H) protein of the virus binds to the human
signaling lymphocytic activation molecule (hSLAM) of the human cell, which then
forms a trimeric complex with the fusion protein (F) of the virus to initiate fusion.
HL1cms are transfected with the receptor component, hSLAM, while MSCs are
transfected with the hemagglutinin (H) and fusion (F) proteins (viral fusogens
provided by Yoshihiro Kawaoka of the University of Wisconsin-Madison). Fusion
only occurs when all three proteins are present and we utilized this ability to

induce fusion between MSCs and HL1cms (Figure 5-2A). The first five fusion



105

products (BiFC_D1_F1-5) were detected via the inducible bimolecular
fluorescence complementation (BiFC) system [46]. In this system, fluorescence
will only be seen in cells that express both the VNH3.1 and YCH3.1 proteins,
which are both encoded on separate plasmids and are linked to histones so that
the fluorescence will occur in the nucleus. In our system the MSCs were given
the YCH3.1 protein and HL1cms were given the VNH3.1 protein, so fluorescence
will be detected only after fusion between MSCs and HL1cms. The remaining
twenty-three hybrids (DC_D1_F1-16 and DC_D3 _F1-7) were detected via the
more commonly used two-color fluorescence methodology. Briefly, GFP was
constitutively expressed in HL1 cardiomyocytes and mCherry in mMSCs via
transfection. Hybrids in this case are dual-labeled with both GFP and mCherry
after the HL1cm and mMSC share cytoplasm following fusion. Importantly there
were five putative fusion products isolated using the dual color system that were
deemed false-positive based on punctate fluorescence of one fluorophore or the
other indicating likely endocytosis of cell debris and not bona fide fusion. These
five false positive were not included in this manuscript.  Transfection was
accomplished using the Neon Transfection System (Invitrogen, Carlsbad, CA),
according to the manufacturer's protocol. Briefly, 5 x 10° HL1cms were
transfected with 2 ug of hSLAM and 2 ug of the detection system plasmid
(VNH3.1 BiFC or pCAGS-GFP) with one 1,300 V pulse for 30 msec and plated
into 6-well plates (Falcon, Fisher Scientific, Forest Lawn, NJ) containing
Claycomb-complete medium without penicillin-streptomycin as per Neon

Transfection System protocol. The HL1cm electroporation was repeated and
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added to the same well to obtain approximately 1 x 10° total cells transfected.
Eighteen hours later, fresh Claycomb-complete medium without penicillin-
streptomycin was added to the transfected HL1cm and 5 x 10° MSCs were
transfected with 2 ug of F-H and 2 ug of the detection system plasmid (YCH3.1
BiFC plasmid or pCAGS-mCherry) with one 1,500 V pulse for 20 msec and
plated directly onto the previously electroporated HL1cms in the 6-well plate.
The co-culture was allowed to incubate overnight and the fusion products were
analyzed at 24 and 72 hours and identified using fluorescence microscopy for

GFP or dual GFP and mCherry.

5.3.3 Immunocytochemistry

To confirm delivery of the vectors as well as detection of human nuclei,
electroporated hMSCs and HL1cms were plated for 24 hours and
immunocytochemistry (ICC) was performed to detect the H protein in MSCs, the
hSLAM protein in HL1cms, or human nuclei in fusion products. We did not probe
for the F protein because of the bicistronic nature of the F-H construct. Briefly,
cells were washed with two rinses and two incubations of 1X PBS. Cell fixation
was performed with 4% PFA for 15 min, followed by another set of washes, and
probed with the 1:25 dilution of mouse anti-hemagglutinin antibody (35-614,
ProSci Incorporated, Poway, CA), mouse anti-hSLAM antibody (ab2604, Abcam,
Cambridge, MA) or mouse anti-human nuclear antigen (MAB1281, Millipore,
Temecula, CA) in a dilution buffer of 5% bovine serum albumin (Hyclone, Logan,

UT), 2% goat serum (MP Biomedical, Solon, OH), 1% glycine (Sigma Aldrich, St.
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Louis, MO), and 0.1% triton-X (MP Biomedical, Solon, OH). Forty microliters of
this antibody solution were placed on fixed co-cultures overnight at 4°C.
Sections were washed with 1X PBS and incubated for 45 minutes at 4°C with 40
ML of a 1:200 dilution of the secondary antibody (AF647 donkey anti-mouse,
Invitrogen, Carlsbad, CA) in dilution buffer. Cultures were washed a final time
and mounted in DABCO/DAPI  mounting medium (2.5% 1,4-
diazabicyclo[2.2.2]octane (Sigma-Aldrich), 50% glycerol (Fisher Scientific, Forest
Lawn, NJ, USA), and 0.005% 4',6-diamidino-2-phenylindole (Sigma-Aldrich) in
PBS). Fluorescence emission was detected on an 1X71 inverted deconvolution
fluorescence microscope (Olympus, Center Valley, PA). Images were acquired
with a 20X UPlanFluor objective (NA = 0.5), using Metamorph software
(Molecular Devices, Sunnyvale, CA) and analyzed with Imaged (Fiji; open source

software, http://pacific.mpi-cbg.de/wiki/index.php/Fiji). Background fluorescence

was determined using a secondary antibody only control.

5.3.4 Flow Cytometry Analysis

To test the specificity of the system, two separate populations of HL-1
cardiomyocytes were transfected with the bicistronic H-F, bicistronic F-H, hSLAM,
or no construct. Co-cultures were generated containing HL-1 cardiomyocytes
transfected with each combination and monitored for seven days. Transfected
HL-1 cardiomyocytes were trypsinized (0.25% trypsin, Mediatech, Inc. Manassas,
VA) and fixed with 4% paraformaldehye in suspension after seven days in culture.

The DNA content was analyzed via DAPI staining (0.005% 4',6-diamidino-2-
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phenylindole in PBS) with flow cytometry and DNA content of experimental co-
cultures (H-F/hSLAM and F-H/hSLAM) was compared to coculture controls (no
fusogen/no fusogen, H-F/no fusogen, F-H/no fusogen, and hSLAM/no fusogen).
The unfused cells should have normal diploid (2n) DNA content, but any cell that
is undergoing division or has fused will result in DNA content greater than 2n.
The percent of cells greater than 2n was quantified by setting a threshold past

the 2n peak in the negative control histogram.

5.3.5 Single-cell Capture and RNA-seq

For the first five fusion products isolated (BiFC_D1 _F1-5), co-cultures of
transfected mMMSCs and HL1cms were trypsinized after 18 hours and suspended
in 1X PBS. For the twenty-three dual color hybrids isolated, co-cultures of
transfected mMSCs and HL1cms were trypsinized after 18 hours (DC_D1_F1-
16) or 72 hours (DC_D3_F1-7) and suspended in 1X PBS. BiFC positive (GFP™)
or dual color positive cells (GFP* and mCherry*) were sorted using FACS (Aria I,
BD Biosciences) into Claycomb-complete medium in a 6-well plate. The sorted
cells were imaged with phase-contrast and fluorescent microscopy to confirm the
BiFC or dual color signal. The sorted cells (approximately 300-1000 cells) were
centrifuged and resuspended in 5 uL of Claycomb-complete medium for addition
to the capture chip. Sorted, single-cell, BiFC-positive or dual color-positive,
fusion products were captured on a large-sized (17-25 um cell diameter) chip
using the Fluidigm C1 system. Cells were loaded into the chip at approximately

20-50 cells/uL. The BIiFC fusion products were stained for viability (DEAD cell
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viability assay; Molecular Probes, Life Technologies, Grand Island, NY).
Captured fusion products were imaged with phase-contrast and fluorescence
microscopy to confirm cell number, viability and BiFC or dual color positivity at
each capture point. Only single, live, BiFC or dual color positive cells were
included in the fusion analysis. mMMSCs and HL1cms controls without co-culture
were captured in a separate Fluidigm C1 device with the HL1cm labeled with a
green cytoplasmic dye (1 um CellTracker Green CMFDA, Molecular Probes,
Eugene, OR). Fifteen single, live cells of each control were selected for analysis
(mMSC_1-15 and HL1cm_1-15). Also, five mMSCs and five HL1cms that were
captured in the same chip as the dual color day one fusion products and were
selected for analysis (MMSC_D1_1-5 and HL1cm_D1_1-5). These ten controls
underwent co-culture for 24 hours after transfection without fusing. Once cells
were captured in the device, cDNAs were prepared from each cell on the chip
using the SMARTer Ultra Low RNA kit for Fluidigm C1 System (Clontech,
Mountain View, CA). RNA spike-in Mix (Ambion, Life Technologies) was added
to the lyses reaction and processed along side to cellular mRNA. mRNA library
was constructed using the lllumina Nextera XT preparation kit (lllumina, San
Diego, CA) according to the manufacturer's protocol and sequenced on the
lllumina MiSeqv3 using paired end reads with a length of 75 bp to a depth of 18
to 22 million reads with the Multiplex on one MiSeq lane to create *.fastq files.
For each experiment, a bulk population RNA control of both mMSCs and HL1cm
was run in parallel to the single-cell samples. In addition, a population containing

a mixture of both parental cells and fusion products obtained 24 hours after co-
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culture was included (Mix_D1). Single-cell capture, cDNA preparation and RNA-
seq was performed with the help of Kenneth Beckman, Adam Hauge and Jerry

Daniel of the University of Minnesota Genomics Center.

5.3.6 Gene Expression Analysis

Gene expression analysis was performed with Galaxy software (Minnesota
Supercomputing Institute (MSI), University of Minnesota, Minneapolis, MN).
Reads were processed and aligned to the mouse reference genome
(mm10_genes 2012_05_23.gtf and canonical_mm10.fa) using Tophat (version
2.0.12, open source software, http://ccb.jhu.edu/software/tophat/index.shtml).
The default options supplied with the software were used and the aligned read
files produced by Tophat were processed using Cufflinks software (version 2.2.1,

open source software, http://cole-trapnell-lab.github.io/cufflinks/), for further

analysis, including assembling transcripts, estimating their abundance, and
testing for the differential expression between single-cell RNA-seq samples.
Read counts were normalized to FPKM according to the gene length and total
mapped reads. Genes with a log, fold change greater than 1 from the control
cells to the fusion products and had a false discovery rate (FDR)-adjusted P-
value (also called Q-value) of less than 0.05 were considered “differentially
expressed” and further analyzed for gene ontology. Gene ontology and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses
were performed with DAVID informatics resources 6.7 of the National Institute of

Allergy and Infectious Diseases (NIAID) and of the National Institutes of Health
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(NIH). RNA-seq data was analyzed with the assistance of Josh Baller and John
Garbe of the Minnesota Supercomputing Institute (MSI, University of Minnesota-

Twin Cities).

5.3.7 Gene cluster analysis

Up-stream filtering of the data was done in the SingulaR package. A threshold of
1 FPKM was set as the limit of detection. Outlier analysis was then performed in
SingulaR with the identifyOutliers() command. No outliers were identified based
on the gene expression. Over 12,000 differentially expressed genes were used
to obtain the HC analysis in Figure 5-3A and 5-3B. Average linkage hierarchical
clustering of gene expression intensity was performed using the Pearson
distance to measure distance between gene and single cells. SingulaR (Fluidigm,
San Francisco, CA) was used to compute and create the hierarchical clustering

and principle component analysis plots.

5.3.8 Statistical Analysis

For comparison of DNA content and significant gene changes per chromosome a
normal distribution was assumed and one-way analyses of variance and post-
hoc test (Least Significant Difference, LSD) were used. To determine
association between day of co-culture and phenotypic tendency to cardiomyocyte
or mMSC (two by two table) the Yates corrected Chi-squared test was used.
Data were analyzed with Microsoft Excel (Microsoft, Redmond, WA, USA). RNA-

seq data was analyzed with the Cuffdiff or SingulaR programs.
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5.3.9 Quantitative real-time polymerase chain reactions (QRT-PCR)

Complementary DNA (cDNA) was synthesized following the instructions from the
Maxima First Strand cDNA Synthesis Kit (cat# K1642, Thermo Scientific). The
cDNA was amplified from the cDNA from the single-cell reaction performed in the
lllumina chip. Primers of qRT-PCR were purchased from Biorad (Hercules, CA)
and the sequence of Gapdh primers (FOR: CATGGCCTTCCGTGTTCCTA, REV:
CCTGCTTCACCACCTTCTTGAT) was obtained from a previous reported.
Primer efficiencies were extracted from RealPlex? software and verified with
melting curves. The comparative C; method was employed to determine the
relative changes in gene expression. For comparison to the single-cell RNA-seq
results, each gene’s FPKM values were normalized to each cell’s Gapdh FPKM
value, which was then normalized to that of the control cells. Nkx2-5 and Nanog
were also probed for expression via gqPCR analysis but were not detected in any
cell probed. This may reflect the fact that PCR was conducted on residual cDNA
from the RNA-seq procedure. In cases where gRT-PCR outcompetes RNA-seq
in sensitivity, sequencing reads are limited and PCR amplification is conducted

on an alternate cell of a given population.

5.3.10 Normalization of FPKM Values

For comparison of single cells between multiple experiments, FPKM values for
each cell were normalized to the Gapdh FPKM value for each cell. This

normalization step allowed for direct comparison between samples in Figures 5-
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3 and 5-7. However, for Figure 5-6 the gene ontology was performed without
this normalization due to limitations of the cuffdiff program input in the Galaxy

software.

5.4 Results and Discussion

5.4.1 Accidental Fusion via Measles Virus Fusogens

Here we take the case of fusion of MSCs with cardiomyocytes, which has
been detected by multiple investigators in vivo[1, 4-9]. Single-cell transcriptome
analysis of hybrids by RNA-seq should enable direct comparison of individual
fusion products with parental cells to determine the degree of
programming/reprogramming in hybrid cells toward one or both of the parental
cells, the rapidity with which programming/reprogramming occurs and the extent
to which unique advantageous or deleterious transcriptome features emerge. To
this end we developed means to efficiently induce accidental cell fusion between
MSCs and cardiomyocytes in vivo (previously published[9]) and in vitro (shown
here) via expression of viral fusogens. The in vitro system mimics the measles
virus and associate receptor and enables fusion only when the hemagglutinin (H)
protein binds to the human signaling lymphocytic activation molecule (hSLAM),
which then forms a trimeric complex with the fusion protein (F) to initiate fusion.
To test the specificity of the system, two separate populations of HL1cm were
transfected with a bicistronic H-F, bicistronic F-H, hSLAM, or no construct.
Cocultures were generated containing HL1cm transfected with each combination

(i.e., H-F/hSLAM, F-H/hSLAM, H-F/no construct, etc.) and monitored for seven
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days. When all three parts of the fusion system were delivered (either H-
F/hSLAM or F-H/hSLAM, Figure 5-2A, B), the percentage of cells with DNA
content greater than 2n increased from about 30% in controls to 59.1% + 26.6%
(not significant, P = 0.226) and 69.5% + 16.7% (*P = 0.044) respectively, which

confirms the specificity of the system.
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respectively. A. DNA content of HL1cm was analyzed via DAPI staining with flow
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cytometry and DNA content of experimental cocultures (H-F/hSLAM and F-H/hSLAM)
was compared to coculture controls (no fusogen/no fusogen, H-F/no fusogen, F-H/no
fusogen, and hSLAM/no fusogen) (*p < 0.05). Data are represented as mean +
standard deviation (SD). B. Immunocytochemistry for hemagglutinin (H) on hMSC
(green) and hSLAM on HL1cm (green). Nuclei stained with DAPI (blue). Scale bar = 50
mm. C. Greater than 50% of detected fusion products contained 2 nuclei. Data are
represented as mean + SD. (*p < 0.05, **p < 0.01). D. Approximately 50% of the total
nuclei of fusion products were of human origin, supporting the specificity of the system.
E. Schematic for the bimolecular fluorescence complementation (BiFC) system. Fusion
products were detected with fluorescence microscopy for BiFC (green). Cells were then
labeled for human nuclear antigen (HNA, red, only present in the hMSC nuclei).
Representative fusion products were detected with BiFC (green), HNA (red), and nuclei
detected with DAPI (blue). Scale bar = 50 mm. F. Schematic for the dual color
fluorescence system. Fusion products were detected with fluorescence microscopy for
dual expression of GFP from HL1cm and mCherry from mMSC. Representative fusion

product is shown below schematic. Scale bar = 50 mm.

To ensure that fusion occurred between two discrete fusion partners, we
induced fusion between mouse HL1cm and human H1 MSCs (hMSC) and
detected fusion products using a bimolecular complementation (BiFC)-based
reporter assay we previously described[46] (Figure 5-2E). This technique is a
powerful tool for detecting fusion in vitro and its use was essential for these
studies to ensure that single-cell transcriptomes emerged from bona fide fusion
products due to the inducible nature of the signal. After identifying fusion
products via fluorescence microscopy (Figure 5-2E), cells were fixed and stained
for human nuclear antigen (HNA; present on hMSCs and not HL1cm). Over half
of the detected fusion products had two nuclei (53.3% + 15.7%, *P = 0.027 vs.
three nuclei and **P = 0.003 vs. 4+ nuclei) (Figure 5-2C). Of the fusion products

with two nuclei, 47.2% + 32.0% were of human origin confirming the ability of the
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fusion system to merge at least one cell of each type (i.e., MSCs and HL1cm) in
any given fusion product (Figure 5-2D). Together, these data confirm the ability
of the measles virus-based system to promote accidental cell fusion between
hMSCs and cardiomyocytes and of the BiFC-based detection method to robustly
identify hybrids. To ensure that the BIiFC complex did not introduce
transcriptional bias unrelated to fusion, we also used a two-color approach
wherein different fluorescence reporter genes were expressed in each fusion

partner (Figure 5-2F).

5.4.2 Transcriptome Diversification of MSC-Cardiomyocyte Fusion

Products

Single-cell RNA-seq was performed on isolated mMSC-HL1cm hybrids.
Hierarchical clustering (HC) and principal component analysis (PCA) were
executed to compare transcripts of five fusion products (BiFC_D1_F1-5, 24
hours) identified using BiFC, twenty-three fusion products (DC_D1_F1-16, 24
hours; DC_D3_F1-7, 72 hours) identified using dual color (DC) expression of
GFP and mCherry, the parental controls, and the population controls (mMSC_PC
and HL1cm_PC). Parental controls included 15 cells of each parental type
isolated prior to co-culture (mMMSC_1-15 and HL1cm_1-15) and 5 cells of each
parental cell type isolated 24 hours after co-culture (mMMSC D1 _1-5 and
HL1cm_D1_1-5). In addition, a population containing a mixture of both parental
cells and fusion products obtained 24 hours after co-culture was included

(Mix_D1). Resulting HC (Figure 5-3A, shown are top ~12,000 differentially
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expressed genes, which include all genes with Fragments Per Kilobase of
transcript per Million mapped reads (FPKM) >1 for any sample) and PCA plots
(Figure 5-3B) showed population-level controls correlated with the average of
the single cells of that population supporting the accuracy of the single-cell data.
The Mix_D1 population control was positioned approximately midway between
parental cells reflecting the higher relative fraction of parental cells to fusion
products in this population. Analysis of fusion products revealed extensive
heterogeneity with ten expressing a unique transcriptome, seven clustering
closely with cardiomyocytes and eleven clustering more closely with mMSCs
(Figure 5-3A and 5-3B). Gain or loss of gene expression did not favor
particular chromosomes in a substantive way, though minor nuances were noted

(Figures 5-4 and 5-5).
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Figure 5-3. Hierarchal clustering (HC) and principal component analysis (PCA) of

differentially expressed genes between mMSC-cardiomyocyte fusion products

and parental controls. A. A global view of differential gene expression between hybrids
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(BiFC_D1_F1-5, DC_D1_F1-16, and DC_D3 F1-7), parental cells (mMSC_1-15,
mMSC_D1_1-5, HL1cm_1-15, and HL1cm_D1_1-5) and population controls (mMSC_PC,
HL1cm_PC, and Mix_D1). Global Z-Score reflects the number of standard deviations
away from the mean of expression of all genes in the display. Gene expression is shown
in fragments per kilobase of exon per million fragments mapped (FPKM). Differential
expression was defined as a log, fold change of greater than 1 and a false discovery
rate (FDR)-adjusted P-value below 0.05. B. PCA analysis of hybrids, parental cells and

population controls.
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Figure 5-4. Hierarchal clustering of differentially expressed genes of individual
hybrids organized according to chromosome. To determine whether gain or loss of
gene expression between parental cells and fusion products favored particular
chromosomes we plotted differentially expressed genes as a function of chromosome
number for BIFC_D1_F1-5 hybrids. Differentially expressed genes of fusion products
versus HL1cms (A) or mMSCs (B) were organized into chromosomal groups and

hierarchal clustering was performed. There were no specific chromosome(s) that
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experienced extensive increase or decrease in FPKM per gene, but BIFC_D1_F4 and

BIFC_D1_F5 displayed global reduction of FPKM of many genes on most chromosomes

compared to the parental controls and even the other three BiFC fusion products.
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Figure 5-5. Differentially expressed genes of individual hybrids organized
according to chromosome. Total number of increased FPKM values (red) or
decreased FPKM values (blue) were normalized to the total number of genes on each
chromosome for each fusion product (vs. HL-1cm: open bars, vs. mMSC: closed bars).
Increases in FPKM values varied from chromosome to chromosome and between
hybrids and, as shown in Figure 5-3, occurred most often of chromosomes 2, 11 and 17.
Decrease in FPKM values was universal and not chromosome specific. (*P < 0.05 via

LSD post-hoc analysis). Data are represented as mean + SD.

To identify enriched function-related gene groups and to isolate interacting
proteins of BiFC fusion products (individual) and the ten hybrids with unique
transcriptomes (combined) relative to parental cells, we used the Database for
Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics
resources. Significant genes were identified relative to parental controls and
separated according to increased or decreased FPKM values. From the large list
of functional clusters that emerged from our analysis certain trends were
identified. All five BiFC fusion products realized significant increase of ribosomal
genes (Figure 5-6A). This was coupled with an almost universal decrease in
FPKM values associated with non membrane bounded organelles, membrane
enclosed lumen, and the cytoskeleton suggesting that fusion products detect
increased cytoplasmic mass following fusion and as a consequence might
prepare to recalibrate protein synthesis (Figure 5-6B). In addition, many cellular
maintenance functions are decreased during the first 24 hours after fusion as
noted by the decrease in FPKM values of the genes associated with the cell
cycle, translation, and generation of precursor metabolites and energy. Also

dominant was an increase in FPKM values of genes associated with methylation
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including genes associated with nucleotide binding proteins (Gng11, Gbp2),
histone related genes (H3f3a, Hnrnph1, Hnrpdl, Hist2h2bb, Hist1H3f, H3f3b,
H2afy) and other genes affecting gene expression (Runx1, Rhob, Ubb, Ubl3,
Nras, Piwil4). This result supports the large number of genes with decreased
FPKM observed in HC (Figure 5-3A, Figures 5-4 and 5-5). Analysis of the ten
combined hybrids showed conservation of primary ontologic outcomes of
individual hybrids including an increase in FPKM values associated with
ribosomes and antigen processing and presentation (Figure 5-6C). This
conservation also occurred for ontologic groups with decreased FPKM values
associated with generation of precursor metabolites and energy, membrane
enclosed lumen/intracellular organelle lumen, and chromosomes. The
combination of decreased metabolism with increased ribosomes is perhaps
counterintuitive, but could reflect a shift of priorities in the cell such that the
hybrids emphasize production of ribosomes while downregulating the expression
of other genes with a net reduction in energy demands. Generally, combining
hybrids for this analysis resulted in loss or muting of differentially expressed
genes and associated ontology. Interestingly, the fusion products with a unique
transcriptome combined showed a decrease in genes associated with muscle
protein, vascular smooth muscle contraction and cytoskeletal binding suggesting
a loss of cardiomyocyte contractile function, which was similar to the results
found in an in vitro functional study of hybrids formed between human MSCs and

rat neonatal ventricular myocytes [32].
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fusion product. C. Gene ontology analysis after combining the ten hybrids with unique
transcriptomes (vs. HL1cm: open bars, vs. mMSC: closed bars). The dashed line

represents a P-value of 0.05.

5.4.3 Function-related Gene Groups of Hybrids Can Mirror Parental Groups

To probe more deeply the contribution of parental lines to
programming/reprogramming of hybrid transcriptomes, we defined specific genes
sets relevant to each parental cell type including genes related to the
differentiation of each parental cell (i.e., mesoderm and cardiac precursors for
cardiomyocytes and pluripotent cells for MSCs) and, in the case of MSCs, genes
related to mesodermal cell types that can arise from MSCs (i.e., adipocytes,
osteoblasts, chondrocytes). For the MSC gene set, thirteen of twenty-eight
hybrids (BiFC_D1_F1, DC_D1_1-5, 8-12, 15, DC_D3 F5) had a profile quite
similar to mMSCs (Figure 5-7A and 5-7B). These thirteen expressed genes
related to stemness (Ly6a, CD44, Itgb1, Iltgav, and Gnl3) and mesodermal
differentiation (Spp1, Sox9, Col1al, Scd1 and Fn1). RNA-seq data was
confirmed with qPCR analysis of Ly6a (Figure 5-7C). BiFC_D1 F3 and
BiFC_D1_F5 (which do not cluster with mMSCs) expressed high levels of the
pluripotency gene, Nanog (68.8 and 124.5 FPKM in BiFC_D1_F3 and
BiFC_D1_F5 respectively). This was unexpected since neither mMMSCs (average
1.92 £ 5.34 FPKM) nor HL1cm (average 3.57 + 6.03 FPKM) express Nanog at a
high level. Nanog is a transcription factor, known for its control of proliferation
and self-renewal in the inner cell mass, supporting a reversion or reprogrammed

cell state for BIFC_D1 F3 and BiFC_D1_F5. Of note, twelve of the thirteen
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hybrids that clustered with mMSCs were obtained one day following co-culture as
opposed to those obtained three days after co-culture which either clustered with
HL1cm or expressed a unique transcriptome. To explore this trend we next

focused on genes associated with cardiomyocyte determination and contractility.
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Figure 5-7. mMSC-cardiomyocyte fusion products can express a cardiomyocyte
cell-like, stem cell-like or distinct transcriptome. A. HC of fusion products in relation
to a set of genes related to stemness (*), adipogenic differentiation (e), osteogenic
differentiation (+), or chondrogenic differentiation (x). B. PCA analysis of fusion products

and controls. D. HC of fusion products for a set of genes related to cardiac development
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(+) or contractile ability (x). E. PCA analysis of fusion products and controls. G. HC of
fusion products, a population of tumor initiating cancer cells (TIC-PC), a population of
nontumorigenic cancer cells (NTC-PC), and controls for a set of oncogenes and a set of
tumor suppressor genes. H. PCA analysis of fusion products, cancer populations and
controls for the combined oncogene tumor suppressor gene set. C, F, I. gPCR

confirmation of RNA-seq data.

Seven (BIFC_D1_F2, DC_D1 _F13, DC_D3 FA1, 3, 4, 6, 7) of twenty-eight
hybrids had a transcriptome quite similar to the HL1cm (Figure 5-7D and 5-7E).
Of the seven, five corresponded to hybrids three days after co-culture. These
seven expressed genes related to cardiac development to a lesser extent (Hand2,
Cby1, Tbx5, Tbx20, and Gata4) and to contractile machinery to a greater extent
(Actc1, Tnni3, Cox6a2, fabp3, Cyc1, Atpi1ail, Atp1b1, Des, Tnnt2, and Myh6).
RNA-seq data was confirmed with qPCR analysis (Figure 5-7F). Of particular
interest, BiIFC_D1_F5 (which clustered far from HL1cm), expressed a vastly
different cardiac gene profile overall and unexpectedly expressed mesodermal
precursor gene Nkx2.5 (2545 FPKM) at a level higher than the cardiomyocyte
controls (average Nkx2-5 expression 12.6 + 18.2 FPKM) (Figure 5-7D).
BiFC_D1_F5 also expressed other developmental (Ncoa6, Dvi1) and contractile
genes (Cox7al, Des, Tnnt2 and Myh6) at levels comparable to cardiomyocyte
controls. Enticing is the possibility that fusion enabled reprogramming to an early

mesodermal state.
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5.4.4 Cancer-related Gene Groups Prevalent in Some Hybrids

To this point, analyses of transcriptomes of fusion products has been
biased toward beneficial outcomes of fusion. Since ten hybrids expressed
dramatically diverse and distinct transcriptional features, we reassessed the
ontologic outcomes related to cancer fates. Of most critical note, BiFC_D1_F4
saw an increase in FPKM values of genes within three cancer-related ontological
gene sets (proto-oncogenes, prostate cancer and pathways of cancer, (Figure 5-
6A)). As neither parental cell type had a cancer-like phenotype, we conducted
further analysis on genes in these sets to discern the degree of tumor
susceptibility. These genes were classified into one list containing two gene
groups, oncogenes or tumor inhibitors. HC and PCA were performed (Figure 5-
7G, 5-7TH, and Figure 5-8). In addition, we included RNA-seq data from two
populations (tumor initiating cells (TIC-PC) and nontumorigenic cancer cells
(NTC-PC)) of MMTV-Wnt-1 murine tumor cells (previously reported, [47]).
Interestingly, the PCA plot showed BiFC_D1_F4 and DC_D1_F7 clustered with
both TIC-PC and NTC-PC. Of note, BiIFC_D1 F4 and DC D1 F7 showed
significantly decreased FPKM values for the tumor suppressor gene, p53 (Trp53,
no detectable FPKM and 6.65 FPKM, respectively) and increased levels of the
proto-oncogenes Fos and Jun. Fos levels were 16952.1 FPKM for BiFC_D1_F4
and 754.0 FPKM for DC_D1_F7. Jun levels were 1581.5 FPKM for BiFC_D1_F4
and 14.1 FPKM for DC_D1_F7. Average oncogene levels for parental cell with
highest expression (Fos, 128.2 + 111.2 FPKM, HL1cm and Jun 3.49 + 3.62

FPKM, mMSC) were less than levels observed in these two hybrids and Trp53
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expression (231.5 + 165.8 FPKM, mMSC; 232.1 £ 144.7 FPKM HL1cm) is
reliably detected as opposed to undetected/low levels of these two hybrids.
These RNA-seq trends were confirmed with qPCR analysis of Fos, Jun, and
Trp53 (Figure 5-71). BiFC_D1_F4 even had higher levels of Fos (550.3 and
1201.5 FPKM for TIC-PC and NTC-PC, respectively) and Jun (421.1 and 477.0
FPKM for TIC-PC and NTC-PC, respectively) expression than the breast cancer
cell populations (accounting in large part for the spread between BiFC_D1 F4
and the TIC/NTC in the PCA score plot, Figure 5-7H, Figure 5-8). Thus the
increased FPKM values of oncogenes, clustering with tumor-forming cancer cell
populations, and decreased or undetected FPKM values of tumor suppressors in
some fusion products suggests transcriptome diversity associated with accidental

cell fusion can support the emergence of a cancer phenotype.
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Figure 5-8. PCA loading plot and PCA Score plot for the cancer gene set, The score
plot is a summary of the relationship between single-cell samples (or population controls,
PC). The loading plot is a summary of the genes and provides a means to interpret
patterns seen in the score plot. Genes in the loading plot that fall far from zero on a PC
axis are those that most significantly impact on the PC score of individual samples. In
this case, Fos and Jun gene expression have a high negative contribution to the PC2
score, whereas Fas and Trp53 expression have a high positive contribution to PC2.
Therefore, if a cell has high expression of Fos and Jun, but low expression of Fas and
Trpb53 it will have a negative PC2 value, as seen with BiFC_D1_F4 and DC_D1_F16 and
the cancer populations. Interestingly, if BiFC_D1_F4 had lower expression of
oncogenes Fos and Jun and increased expression of tumor suppressor genes Trp53

and Fas, it would cluster more closely with the breast cancer cells on the PCA score plot.

5.5 Conclusions

Thus, here we utilize a robust means to increase accidental cell fusion in
vitro and an inducible detection system to reliably identify and isolate fusion
products subsequently analyzed using single-cell RNA-seq. We found ten
hybrids expressed a unique transcriptome, seven clustered closely with
cardiomyocytes and eleven clustered more closely with mMSCs supporting the
hypothesis that cell fusion is an ingenious means to generate transcriptional
diversity. Grouping of hybrids might reflect, in part, the ratio of parental
nuclei[48]. Figure 5-2 indicates approximately 47% of hybrids have more than
two nuclei and interestingly 64% of hybrids showed significant similarity to one or
the other fusion partner. However, at the later time point (day 3) hybrids appear
to tend toward a cardiomyocyte-like phenotype compared to day 1 (Chi-square

statistic, 10.73; P < 0.005 of HC, Figure 5-3A) suggesting such hybrids are more
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apt to survive or that numbers of nuclei alone do not dictate phenotypic outcomes.
Gene ontology analysis of differentially expressed genes showed that fusion
products recalibrate protein synthesis as indicated by increased FPKM values of
genes associated with ribosomal proteins and decreased FPKM values of genes
associated with cytoplasmic organelles. Gene ontology also showed a significant
concentration of genes linked to methylation in the fusion products, supporting
the possibility of gene silencing. Some fusion products underwent considerable
reprogramming expressing pluripotency and cardiac precursor genes at high
levels relative to parental cells. Most interesting was the observation that two
hybrids appeared to produce a transcriptome, which aligned closely to that of
breast cancer cells, increasing critical oncogenes and decreasing tumor
suppressor genes. For these reasons, it will be important to monitor stem cell
transplantation and other scenarios that enable membrane instability for the

emergence of tumors.
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Chapter 6 Future Directions

6.1. In vivo Studies

6.1.1 Investigating reprogramming in vivo

After obtaining in vitro single-cell transcriptional reprogramming data, the next
step is to determine if this type of large scale diversification occurs during in vivo
fusion as well. Based on our studies with the Cre/LoxP biophotonic system,
fusion is extensive after MSC transplantation. It would be worthwhile to
investigate how fusion products are reprogrammed in different organ systems.
Hearts, stomachs, intestines, livers and any other organ with detectable fusion
could be excised and cellularized. The fusion products would then be sorted out
via flow activated cell sorting (FACS) for each organ. The fusion products in
each organ could then be captured with the Fluidigm C1 system and undergo
single-cell RNA-seq. This study would give useful insight into whether the
extensive reprogramming observed in vitro varies from organ to organ. | predict
that extensive diversification after fusion will be observed across all organ
systems. This would match what was observed in vitro, however the functionality
of fusion products between different organ systems may vary. While fusion
between MSCs and cardiomyocytes appears to hinder cardiac functionality seen
in our functional study and in an in vitro study [1], other studies focusing on
fusion in the liver show that fusion between MSC and hepatocytes have a

positive affect on liver functionality [2-6]. Fusion in systems outside of the heart
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might not be as detrimental if the organ systems are not as metabolically active
and electrically active as the heart. Another potential interesting study could
involve inserting the BiFC system into a mouse embryoid body and observe how
fusion occurs in mouse development. This would allow for live tracking of cell
fusion during organogenesis, which could yield important results in the field of

developmental cell biology.

Also, the observed activation of latent oncogenes in fusion products suggests the
possibility of tumor formation. A few studies have analyzed if reprogramming
after fusion between cancer cells and other cells of the body can lead to changes
in tumorigenicity [7, 8], but there have not been any investigation into whether
fusion between somatic cells can lead to tumors in vivo. Our group performed
some preliminary studies in which we transplanted fusion products between
MSCs and cardiomyocytes into mice in order to determine if the population
expressing the oncogenes could form tumors. No tumors have been detected,
but these studies were performed with immune competent mice. Further studies
with nude mice are still needed to help determine if the fusion products with a

cancer-like phenotype has the ability to form tumors.

6.2 In vitro Studies

6.2.2 Extended

The next step in studying reprogramming after heterotypic cell fusion would be to

examine the transcriptome of fusion products at later time points. In our studies,
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we looked at reprogramming up to 3 days after fusion, but a longer study could
give a better idea of the affect of cell fusion on reprogramming. Longer studies
(weeks to months) would allow the researcher to determine if reprogramming
converged to certain transcriptional profiles or whether the diversity seen within
one to three days still exists. | predict that at longer time points the fusion
products will converge to a certain phenotype/transcriptome that is different that
both parental types. The longer fusion products are cultured, the hybrids with the
highest proliferation and survival rates will be the cells remaining. Perhaps the
hybrids with the oncogenic phenotype would eventually overtake the other
hybrids and dominated the culture. Homotypic fusion should also be included in
these studies to determine if the transcriptional diversity is merely due to the
process of cell fusion or whether heterotypic fusion is the root of the extensive
diversity. Increases and/or changes in ploidy (and cell fusion) can be linked to
accelerated evolution and possibly cancer. One study suggested that the
mechanisms that drive evolution in polyploidy plants could also be the
mechanism that drive the evolution of cancerous cells [9]. Lazebnik argues that
learning what these mechanisms are would help researchers develop new tools
and techniques to potentially prevent cancer. This study also suggests that
fusing different types of cells causes a collision of merged cellular systems,
resulting in death or leading to emergent phenotypes. This theory directly helps
to explain the results seen in the single-cell RNA-seq study. The varied
transcriptomes that emerged in the fusion products are a result of the colliding

systems.
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6.2.4 Epigenic and methylation reprogramming after fusion

Beyond looking at the transcriptome of fusion products, epigenetic and
methylation changes after fusion would yield interesting results. This study
would help reveal the mechanisms behind the transcriptional changes. A few
studies have emerged recently examining this idea. A study by Su et al. started
to pull out the mechanisms for reprogramming after cell fusion in tumors [10]. An
electrofusion device has also been created to specifically examine epigenetic
and methylation changes after cell fusion. These tools could be utilized to further
understand reprogramming after somatic cell fusion. Based on the results from
our studies, | would predict that fusion products exhibit extensive increases in
methylation and consequent silencing of many genes. This epigenetic shift
would confirm the increase in methylation associated genes and high level down
regulation of genes | observed. Also, to aid in the study a MSC-cardiomyocyte
hybrid cell line should be produced. This could be performed by fusing MSCs
and cardiomyocytes, sorting and allowing the hybrids to proliferate and stabilize.
The hybrids would then undergo testing for proliferation rates, electrical coupling,
tumor formation as well as epigenetic/genetic reprogramming. | anticipate that
the stabilized cell line would be able to proliferate extensively since the cell line
would most likely be composed of the cancer-like hybrids. These cells would be
able to electrically couple like the hybrids in the Shadrin et al. study [1], but their

contractile ability will be decreased. The hybrids will most likely be able to form
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tumors due to their cancer-like phenotype. However, the hybrid tumors may be

cleared over time as seen in the Wei at al. study [7].
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Appendices

A1. A Cre-Lox P recombination approach for the
detection of cell fusion in vivo

Elements of this work have been published as:
Sprangers, A.J., Freeman, B.T., Kouris, N.A., Ogle, B.M. A Cre-Lox P
Recombination Approach for the Detection of Cell Fusion In Vivo. J. Vis.

Exp. (59), e3581, DOI : 10.3791/3581 (2012).

A1.1 Abstract

The ability of two or more cells of the same type to fuse has been utilized in
metazoans throughout evolution to form many complex organs, including skeletal
muscle, bone and placenta. Contemporary studies demonstrate fusion of cells of
the same type confers enhanced function. For example, when the trophoblast
cells of the placenta fuse to form the syncytiotrophoblast, the syncytiotrophoblast
is better able to transport nutrients and hormones across the maternal-fetal
barrier than unfused trophoblasts [1-4]. More recent studies demonstrate fusion
of cells of different types can direct cell fate. The "reversion" or modification of
cell fate by fusion was once thought to be limited to cell culture systems. But the

advent of stem cell transplantation led to the discovery by us and others that

stem cells can fuse with somatic cells in vivo and that fusion facilitates stem cell
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differentiation [5-7]. Thus, cell fusion is a regulated process capable of promoting
cell survival and differentiation and thus could be of central importance for
development, repair of tissues and even the pathogenesis of disease. Limiting
the study of cell fusion, is lack of appropriate technology to 1) accurately identify
fusion products and to 2) track fusion products over time. Here we present a
novel approach to address both limitations via induction of bioluminescence upon
fusion (Figure 1); bioluminescence can be detected with high sensitivity in vivo
[8-15]. We utilize a construct encoding the firefly luciferase (Photinus pyralis)
gene placed adjacent to a stop codon flanked by LoxP sequences. When cells
expressing this gene fuse with cells expressing the Cre recombinase

protein, the LoxP sites are cleaved and the stop signal is excised allowing
transcription of luciferase. Because the signal is inducible, the incidence of false-
positive signals is very low. Unlike existing methods which utilize the Cre/LoxP
system [16, 17], we have incorporated a "living" detection signal and thereby
afford for the first time the opportunity to track the kinetics of cell fusion in vivo.
To demonstrate the approach, mice ubiquitously expressing Cre recombinase
served as recipients of stem cells transfected with a construct to express
luciferase downstream of a floxed stop codon. Stem cells were transplanted via
intramyocardial injection and after transplantation intravital image analysis was
conducted to track the presence of fusion products in the heart and surrounding
tissues over time. This approach could be adapted to analyze cell fusion in any

tissue type at any stage of development, disease or adult tissue repair.
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Figure A1-1. Schematic of Technique to Detect Cell Fusion In Vivo. If fusion
between Cre-expressing mouse cells and transplanted cells expressing a floxed
luciferase plasmid occurs, luciferase will be expressed. Luciferase can be detected by
injecting the enzymatic substrate, D-luciferin, into the mouse and then imaging the

mouse using a Xenogen Biophotonic Imaging System (Adapted from reference 19).

A1.2 Protocol

A1.2.1 Donor Cell Transfection

1. Harvest mesenchymal stem cells (MSCs, derived from H1 embryonic stem
cells kindly donated by Dr. Peiman Hematti; alternatively, any cell type of any
species hypothesized to fuse in vivo could be employed) when 70 - 80%
confluent with 1X trypsin (Mediatech, Manassas VA) for 5 min. Inactivate trypsin
with a-MEM complete medium (antibiotic free, Invitrogen, Carlsbad CA) [18].
Centrifuge at 300 x g for 5 min.

2. Carefully aspirate supernatant and re-suspend pellet in 1 mL of 1X PBS and
count cells using a hemacytometer.

3. Transfer 1.5 x 106 cells to a 1.5 mL centrifuge tube. Centrifuge at 300 x g for 5
min.

4. Carefully aspirate supernatant. Resuspend pellet in 300 uL of R Buffer (Neon
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Transfection System, Invitrogen) and 6 pg (2 pg / 5.0 x 105 cells) of p231
pCMVe-betaAc-STOP-luc (Addgene, Cambridge, MA). Place 3 mL of E Buffer
(Invitrogen) into the electroporation docking port per manufacturer's protocol
(Neon Transfection System, Invitrogen).

5. Transfer cell-plasmid solution to a 100 uL Neon pipet tip and electroporate with
a pulse duration of 20 ms and a magnitude of 1500 volts. Place electroporated
cells into a 15 mL conical tube containing 9.7 mL a-MEM complete medium.

6. Repeat step 1.5 two additional times and pool transfected cells to yield a total
volume of 10 mL. Add the 10 mL cell suspension (1.5 x 106 cells) to a T175 flask
containing 10 mL a-MEM complete medium. Cell viability after electroporation is
approximately 30%, to yield approximately 4.5 x 105 viable cells per T175.

7. Change a-MEM complete medium 24 hours following transfection.

8. Harvest transfected cells when 70 - 80% confluent (~2 - 3 days after
electroporation). Perform cell count using a hemacytometer and resuspend the
cells at a concentration of 1.0 x 106 cells/50 pL of a-MEM complete medium.

Minimize time cells spend in suspension to reduce cell death prior to injection.

A1.2.2 Intramyocardial Injection

1. Induce anesthesia by isoflurane (Phoenix Pharmaceuticals, Inc., St. Joseph,
MO) on transgenic mice engineered to constitutively express Cre recombinase in
every cell (B6.C-Tg(CMV-cre)1Cgn/J, Jackson Laboratory, Bar Harbor, ME).

2. Remove hair from chest region using hair clippers or chemical hair remover.

3. Intubate with an 18 gauge catheter (Becton Dickinson & Co, Franklin Lakes
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NJ) and place on mouse ventilator at 120 - 130 breaths per minute with a stroke
volume of 150 pL.

4. Make lateral incision across the fourth intercostal space thereby producing a
thoracotomy.

5. Visualizing the heart, make two 25 L injections of transfected cell suspension
using a 1 mL syringe (Temuro Medical Corporation, Somerset, NJ) and 28 gauge
needle (Becton Dickinson & Co, Franklin Lakes NJ). To ease the intramyocardial
injection and prevent excessive damage to the organ, bend the needle head ~90
degrees.

6. Following injection, use absorbable sutures (e.g., vicryl) to close the ribs and
muscle layers. Suture skin closed using 4-0 nylon or silk.

7. Allow mouse to recover from anesthesia and extubate.

8. Control groups should include Cre mice receiving medium injections only, Cre
mice receiving the same concentration of untransfected cells and wild type mice
receiving transfected cells (alternatively, Cre mice receiving transfected cells not

prone to fuse).

A1.2.3 Biophotonic Imaging

1. Five to fifteen minutes before imaging, intraperitoneally (IP) inject 10 uL per
gram of mouse body weight of 15 mg/mL D-Luciferin (Caliper Life Sciences,
Hopkinton, MA).

2. Induce anesthesia on mice via isoflurane at 4% for induction and 1 - 2% for

maintenance.
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3. Place mice supine in imaging box with facemask administering 1 - 2%
isoflurane for maintenance anesthesia (Xenogen Biophotonic Imaging System,
Hopkinton, MA). Several mice can be imaged concurrently. Image sham control
mouse with experimental mice for easy comparison of luminescent signal.

4. Using Living Image software (Xenogen), set appropriate exposure time
(typically 60 sec, see Results). Set area of image to fit mice and keep area
consistent throughout imaging to prevent changes in sensitivity. Set subject
height at 4.5 cm.

5. Acquire luminescence intensity signal corresponding to mouse or mice within
the view field and save unmodified image files. Process images to remove
background signal corresponding to a control or unmanipulated mouse. Intensity
values above background correspond to fused cells within the animal. Intensity
analysis can be conducted using Living Image software (Xenogen) or open
source image analysis software. Typically, a region of interest (ROI) is selected

to compare intensity data between animals and experiments.

A1.2.4 Representative Results

To determine the sensitivity of the Xenogen Biophotonic Imaging System, a cell
line which constitutively expresses luciferase (231-LUC-D3H1, Xenogen) was
delivered to the myocardium of C57/BI6 mice (Jackson Laboratory). Cells were
injected at concentrations of 1 x 106, 1 x 103, or 1 x 101 cells. Six hours after cell
delivery, mice were injected intraperitoneally with luciferin and imaged using the

Xenogen system. A specific signal could be detected with 1,000 cells (2 of 6 mice
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imaged, Figure 2), but detection was more reliable with 10,000 cells (6 of 6 mice
imaged). Importantly, this study also served to establish a rough correlation
between number of luciferase-expressing cells and signal intensity. To
demonstrate the utility of the described protocol in detecting and tracking cell
fusion, MSCs were transfected with the LoxP-Stop-LoxP-Luciferase plasmid
(Addgene) and delivered to the myocardium of Cre-expressing mice.
Approximately one week after cell delivery, mice were first imaged using the
Xenogen system without D-luciferin injection. As expected, without the enzymatic
substrate, no intensity signal was detected (Figure 3). Next, D-luciferin was
injected intraperitoneally and a signal corresponding to luciferase intensity and
thus cell fusion was detected in two of four mice tested. A similar signal was
detected one week later (Figure 3), suggesting MSC-coupled fusion products

can be maintained in vivo. In this case, the study was terminated to allow for
evaluation of heart and surrounding tissue, but one could envision longer-term
analyses and more frequent imaging to track the maintenance, proliferation and

perhaps migration of fusion products in mice.



152

Figure A1-2. Sensitivity of detection of luciferase-expressing cells in cardiac
tissue with biophotonic imaging. A cell line which constitutively expresses luciferase
(231-LUC-D3H1, Xenogen) was delivered to the intramyocardial space of C57/BI6 mice
at various total cell numbers. Representative images of mice receiving 1 x 106, 1 x 103
and 1 x 101 cells (left to right) are shown, imaging was conducted approximately 6 hours

after injection.
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Figure A1-3. Quantification of In Vivo Luminescence Indicative of Cell Fusion.
MSCs were transfected with the LoxP-Stop-LoxP-Luciferase plasmid and delivered to
the myocardium of Cre-expressing mice. Approximately one week and two weeks after
cell delivery, Cre mice were imaged using the Xenogen Biophotonic Imaging System to
measure the intensity of luminescence indicative of cell fusion. (A) Overlay of
photograph and intensity of luminescence of sham and mice 1-4 (left to right) 17 days
after cell delivery. (B) Intensity of luminescence of sham and mice 1-4 (left to right) 17
days after cell delivery. A region of interest was selected (yellow) corresponding to the
injection site and intensity levels were determined using Imaged (free source)
software20. (C) Intensity of luminescence was normalized to the same region of interest
on sham mouse for all experimental conditions. At one week, mice 3 and 4 showed
positive luminescence signal suggesting spontaneous fusion of a mouse cell and
transplanted MSC. The signal persisted in mouse 3 at two weeks. To determine organ-
specific localization of the signal corresponding to mouse 3, the thoracic cavity was
exposed and primary organs excised and imaged. (D) Overlay of photograph and
intensity of luminescence of mouse 3. Note localization of intensity signal in the small
intestine. (E) Intensity of luminescence of mouse 3. (F) Overlay of photograph and

intensity of luminescence of sham mouse. (G) Intensity of luminescence of sham mouse.

A1.3 Discussion

The method described here allows, for the first time, discrete identification and

temporal analysis of cell fusion in organisms, including small animals. The
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approach combines Cre-LoxP recombination with subsequent biophotonic image
analysis. The approach is amenable to tracking not only cell-cell fusion, but also
virus-cell fusion and so could prove useful for tracking viral infections. Image
analysis is rapid and it is possible to image multiple small animals simultaneously.
Detection of fusion is limited by the frequency of fusion of particular cell partners
in their corresponding microenvironments and by the efficiency of transfection of
the LoxP-Stop-LoxP-Luciferase plasmid. Thus, optimum results would be
obtained with fusion partners containing an integrated form of the LoxP-Stop-
LoxP-Luciferase sequence. In addition, the organisms must be stationary to

image and so anesthesia is required for small animals.
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A2. Single-cell RNA-seq of bone marrow-derived
mesenchymal stem cells reveals unique profiles
of lineage priming

Elements of this work have been published as:
Freeman BT, Jung PJ, Ogle BM. Single-cell RNA-seq of murine bone-
marrow mesenchymal stem cells reveals unique profiles of lineage priming.

PLoS ONE, 10(9): e0136199. doi:10.1371/journal.pone.0136199. 2015.

A2.1 Abstract

The plasticity and immunomodulatory capacity of mesenchymal stem cells
(MSCs) have spurred clinical use in recent years. However, clinical outcomes
vary and many ascribe inconsistency to the tissue source of MSCs. Yet
unconsidered is the extent of heterogeneity of individual MSCs from a given
tissue source with respect to differentiation potential and immune regulatory
function. Here we use single-cell RNA-seq to assess the transcriptional diversity
of murine mesenchymal stem cells derived from bone marrow. We found genes
associated with MSC multipotency were expressed at a high level and with
consistency between individual cells. However, genes associated with
osteogenic, chondrogenic, adipogenic, neurogenic and vascular smooth muscle

differentiation were expressed at widely varying levels between individual cells.
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Further, certain genes associated with immunomodulation were also inconsistent
between individual cells. Differences could not be ascribed to cycles of
proliferation, culture bias or other cellular process, which might alter transcript
expression in a regular or cyclic pattern. These results support and extend the
concept of lineage priming of MSCs and emphasize caution for in vivo or clinical
use of MSCs, even when immunomodulation is the goal, since multiple
mesodermal (and even perhaps ectodermal) outcomes are a possibility.
Purification might enable shifting of the probability of a certain outcome, but is

unlikely to remove multilineage potential altogether.

A2.2 Introduction

Mesenchymal/multipotent stem/stromal cells (MSCs) are utilized in stem
cell therapy for treatment of a variety of diseases including myocardial infarction,
cancer, lung fibrosis, spinal cord injury, bone and cartilage repair, and muscular
dystrophy(1-4). MSCs are clinically beneficial due in part to the ability to home to
sites of injury(5, 6), differentiate to mesenchymal cell types, suppress immune
responses(7) and modulate angiogenesis(8-10). In addition, MSCs are easy to
isolate and expand and can be derived from multiple different tissue sources
including bone-marrow, fat, placenta, synovium, periosteum, and tooth(2).

The large variety of tissue sources and species from which MSCs can be
isolated have spurred efforts to characterize and compare each MSC isolate.
The approach has been to identify a protein marker, or series of markers unique

to MSCs and then to validate multipotency via differentiation protocols. For
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example, human MSCs are typically isolated from bone-marrow by selecting for
adherent cells then confirming expression of CD73*/CD90*/CD105"/CD34/CD14
/CD197/CD45 for MSC characterization(11). Use of the entire panel is
inconsistent, as are the subsets selected by individual investigators(12, 13). A
similar trend occurs with isolation and characterization of murine MSCs derived
from bone marrow. In this case, more than thirty different surface markers have
been used with varying subsets over the past 15 years(14). It is challenging to
determine whether subset selection indicates an assumption by investigators that
each subset reflects the whole or that a given isolate does not in fact express
certain markers. But we do know that inconsistent use of MSC biomarkers to
isolate “pure” populations can lead to variable levels of differentiation potential
and ability to self renew(15, 16).

More perplexing is the fact that consistent use of biomarkers, can also
lead to variable in vitro and in vivo outcomes between research groups. For
example, murine bone marrow-derived MSCs sorted via immunodepletion of
CD11b and CD45 for treatment of acute lung injury showed increased survival
across studies but associated mechanisms were varied and sometimes
contradictory(17-20). Gupta et al., showed elevation of IL-10 and no change in
neutrophil infiltration relative to controls(18), while Xu et al., showed no change in
IL-10 production, but a decrease in neutrophil infiltration(17). In addition,
retention of water in the lungs was significantly decreased only after 48 hours in
the study by Gupta et al., while in Xu et al., water retention was only observed at

24 hours and lost by 48. Some of this variation has been attributed to age or
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disease of the organism at the time of MSC isolation(21). More likely however, is
the fact that a handful of proteins cannot adequately describe the varied
members of MSCs between species, between tissues and even perhaps
between cells of a given population. Advanced molecular approaches including
microarray(22), gPCR(23) and RNAseq(12, 13, 24-29) have allowed extensive
characterization of 100s to 10,000s of transcripts of MSC populations. Results of
these studies suggest heterogeneity of MSC populations could be ascribed to
populations containing a varied mixture of undifferentiated MSCs primed(12, 30)
for multiple pathways. Lineage priming has been observed with hematopoietic
stems cells using single cell RT-PCR(31) and microarray(32, 33). Transcription
factors from both erythroid and myeloid differentiation pathways were expressed
at a variety of levels in hematopoietic stems cells, suggesting that these stem
cells could differentiate effectively down either pathway. Delorme et al.,
proposed that a similar process might occur with MSCs, but the study was
conducted on clonal populations using qPCR and therefore a limited number of
transcripts(12).

Until recently, cell-by-cell, whole-transcriptome analysis of MSCs has not
been possible. However, advances in microfluidics and small volume cDNA
synthesis now allow single-cell RNA-seq of individual MSCs(34). Using this
approach we find that individual MSCs exhibit multilineage priming, but priming is
not uniform and appears to favor one and sometimes two lineages even while
maintaining multipotency. In addition, a limited, but measureable degree of

heterogeneity is observed in expression of genes associated with
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immunomodaulation in the absence of immune stimulation. These results point to
an as yet unappreciated source of heterogeneity of MSCs from a single tissue

source.

A2.3 Materials and Methods

A2.3.1 Cell Culture

Mouse bone marrow mesenchymal stem cells (MMSCs) were purchased (3
month-old male C57BL mice, Georgia Reagents University, Augusta, GA, all
procedures approved by the Institutional Care and Use Committee, Medical
College of Georgia(35)) and expanded and cultured as previously described(36).
Briefly, MSCs were cultured on a 0.1% gelatin (Sigma Aldrich, St. Louis, MO)
pretreated flask containing a-minimum essential medium (MEM) complete.
Complete alpha-MEM consisted of a-MEM (Invitrogen, Carlsbad, CA), 10% fetal
bovine serum (Hyclone, Logan, UT), 0.1 mM nonessential amino acids
(Invitrogen), and 2 mM L-glutamine (Invitrogren). MSC cultures were allowed to
grow to 60-70% confluence and were replated at a concentration of 1,500
cells/cm?. Experiments were performed using passages 6 — 11 for mMSCs. As a
control, HL-1 cardiomyocytes (HL-1cm) (a gift of Dr. William Claycomb) were
also expanded and cultured as previously described(37). All cultures were

maintained at 37°C in 5% CO..
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A2.3.2 Single-cell Capture and RNA-seq

mMSCs were trypsinized and suspended in phosphate buffered saline (PBS).
The mMSCs were centrifuged and resuspended in 5 uL of complete alpha-MEM
medium for addition to the capture chip. mMMSCs were captured on a large-sized
(17-25 um cell diameter) chip using the Fluidigm C1 system. Cells were loaded
into the chip at approximately 2000 cells/uL and stained for viability (DEAD cell
viability assay; Molecular Probes, Life Technologies, Grand Island, NY) and
imaged with phase-contrast and fluorescence microscopy to confirm cell number
and viability at each capture point. mMMSCs and the HL-1cm controls were
captured in the same Fluidigm C1 device with the HL-1cm labled with a green
cytoplasmic dye (1 um CellTracker Green CMFDA, Molecular Probes, Eugene,
OR). 16 single, live mMSCs and 5 single, live HL1cm were selected for analysis.
Once cells were captured in the device, cDNAs were prepared from each cell on
the chip using the SMARTer Ultra Low RNA kit for Fluidigm C1 System (Clontech,
Mountain View, CA). RNA spike-in Mix (Ambion, Life Technologies) was added
to the lyses reaction and processed with cellular mRNA. mRNA library was
constructed using the lllumina Nextera XT preparation kit (lllumina, San Diego,
CA) according to the manufacturer’s protocol and sequenced on the lllumina
MiSeqv3 using paired end reads with a length of 75 bp to a depth of 18 to 22
million reads with the Multiplex on one MiSeq lane to create *.fastq files. A bulk
population RNA control of both mMSCs and HL-1cm was run in parallel to the

single-cell samples.
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A2.3.3 Gene Expression Analysis

Gene expression analysis was performed with Galaxy software (Minnesota
Supercomputing Institute (MSI), University of Minnesota, Minneapolis, MN).
Reads were processed and aligned to the mouse reference genome
(mm10_genes 2012_05_23.gtf and canonical_mm10.fa) using Tophat (version
2.0.12, open source software, http://ccb.jhu.edu/software/tophat/index.shtml)(38).
The default options supplied with the software were used and the aligned read
files produced by Tophat were processed using Cufflinks software (version 2.2.1,

open source software, http://cole-trapnell-lab.github.io/cufflinks/), for further

analysis, including assembling transcripts, estimating their abundance, and
testing for the differential expression between single-cell RNA-seq samples(38).
Read counts were normalized to fragments per kilobase of exon per million
mapped reads (FPKM) according to the gene length and total mapped reads.
Genes with a log, fold change greater than 1 from the control cells to the fusion
products and had a P value of less than 0.05 were considered “differentially
expressed” and further analyzed for gene ontology. Gene ontology and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses
were performed with DAVID informatics resources 6.7 of the National Institute of
Allergy and Infectious Diseases (NIAID) and of the National Institutes of Health

(NIH)(39, 40).
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A2.3.4 Gene cluster analysis

Average linkage hierarchical clustering of gene expression intensity was
performed using the Pearson distance to measure distance between gene and
single cells. SingulaR (Fluidigm, San Francisco, CA) was used to compute and

create the hierarchal clustering and principle component analysis plots.

A2.3.5 Statistical Analysis

Data were analyzed with Microsoft Excel (Microsoft, Redmond, WA, USA). RNA-

seq data was analyzed with the Cuffdiff or SingulaR programs.

A2.3.6 Quantitative real-time polymerase chain reactions (QRT-PCR)

Complementary DNA (cDNA) was synthesized following the instructions
from the Maxima First Strand cDNA Synthesis Kit (cat¥ K1642, Thermo
Scientific). The cDNA was amplified from the cDNA from the single-cell reaction
performed in the lllumina chip. Primers of gRT-PCR were purchased from Biorad
(Hercules, CA) and the sequence of Gapdh primers (FOR:
CATGGCCTTCCGTGTTCCTA, REV: CCTGCTTCACCACCTTCTTGAT) was
obtained from (41). Primer efficiencies were extracted from RealPlex? software
and verified with melting curves. The comparative C; method(42) was employed
to determine the relative changes in gene expression. For comparison to the
single-cell RNA-seq results, each gene’s FPKM values were normalized to each

cells Gapdh FPKM value, which was then normalized to the control cells.
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A2.4 Results

A2.4.1 Bone marrow-derived mMSCs express genes associated with MSC

multipotency

To begin characterization of the transcriptome of bone marrow-derived
MSCs, sixteen mouse mesenchymal stem cells (MMSC1-mMSC16) were
individually sequenced using single-cell RNA-seq. Also, a population control (PC)
containing thousands of cells (MMSC-PC) were sequenced in parallel with the
single cells. Next, a gene set was assembled that included published markers
indicative of MSC multipotency. Hierarchal clustering (HC) and principal
component analysis (PCA) analysis were then conducted using this gene set.
HL-1 cardiomyocytes (HL1cm) were used as a negative control for this analysis
and Gapdh was used to represent basal expression of a housekeeping gene.
The mMSCs all clustered together far from the HL-1cm controls (Figure A2-1A
and A2-1B). Of note, all mMMSCs and mMSC-PC exhibited high expression of
MSC stemness-associated markers previously shown to be upregulated in
mouse MSCs (Ly6a, Cd9, Cd44, Sdc4, Lamp2) and low expression of MSC
stemness-associated markers previously shown to be downregulated in mouse
MSCs (Anpep, ltgam, Eng, NtSe, Pecam1, Nanog)(14). In addition, mMSCs
exhibited inconsistent expression of markers reported to have variable
expression in mMSCs (Pdgfra, Cd80, Cd34, Tfrc)(14). The HL1cm control cells
expressed MSC markers at a much lower level, but with similar levels of Gapdh
expression, demonstrating the specificity of the gene set for mMMSCs. RNA-seq

data was confirmed with qPCR analysis of Ly6a showing similar relative
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expression between mMSCs and low expression in the HL1cm control (Figure

A2-1C).
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Figure A2-1. Single-cell nMSCs express genes associated with MSC multipotency
A. Hierarchal clustering (HC) of mMMSCs for a set of genes related to MSC multipotency.
Genes are organized either by genes expressed highly in mMSCs (red), genes
expressed moderately/heterogeneously in mMSCs (pink), genes that are Ilowly
expressed in mMSCs (blue) or housekeeping genes (green). Global Z-Score reflects the
number of standard deviations away from the mean of expression in the reference. B.
Principal component analysis (PCA) analysis of single cell MMSCs (1-16) (red), negative
control single cells (HL1cm1-HL1cm5) (brown), and population controls (PC and
HL1cmPC). C. Quantitative reverse transcriptase polymerase chain reaction (QPCR)

confirmation of RNA-seq data.

A2.4.2 Multilineage priming of individual bone marrow-derived mMSCs

To determine whether differentiation potential could account, at least in
part, for varied in vivo outcomes, we generated gene sets corresponding to
mesenchymal specification. The gene list included early stage (e.g. transcription
factors) and late stage (e.g. functional proteins) markers for osteogenic,
chondrogenic, adipogenic, vascular smooth muscle and neurogenic lineages.
Using this set, HC and PCA analyses were conducted on single-cell mMMSCs and
the mMSC-PC (Figure A2-2A through A2-2C). The mMSC-PC control
correlated with the average of the single mMSCs supporting the accuracy of the
single-cell data. In addition, the population control contained transcripts
corresponding to early and late markers of multiple lineages at variable levels, a
finding perhaps attributable to the mixing of multiple lineage-committed or
lineage-primed populations. The profile of the mMSC-PC control was similar to
that of each single-cell mMSC (Figure A2-2A). Individual mMSCs did not

express markers of a single lineage, but instead showed expression of early
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stage markers of at least three differentiation pathways simultaneously (Figure
A2-2E and Figure A2-3). Since it was previously established that all mMMSCs
used in this study were still expressing high levels of multipotency-associated
genes (Figure A2-1A and A2-1B), this was quite surprising. The separation of
individual MSCs in the PCA plot was due to variable expression of genes from all
five lineages. Cells at the top of the PCA score plot had higher levels of a few
osteogenic (Ogn and Wisp2) and adipogenic (Fabp4 and Cebpb) markers, cells
on the right had higher levels of vascular smooth muscle markers (Acta2, Cnn1
and Tagln), Tubb (neurogenic), Slco2a1 and Angptl4 (most often associated with
adipogenesis) (Figure A2-2C). In an attempt to more easily visualize the varied
linage propensities of individual mMSCs, one key transcription factor for each
lineage (Runx2, Sox9, Cebpb, Gatab and Nr4aZ2) was selected and normalized to
Gapdh expression for all sixteen cells and the population control (Figure A2-2E).
The population control revealed a similar profile to that seen for the clonal
populations of the Delorme study(12), but surprisingly each individual mMSCs
exhibited much more varied profiles. Seven of the sixteen mMSCs expressed all
five transcription factors, six mMMSCs expressed four of the transcription factors
and three mMMSCs expressed three of the transcription factors. These data were
confirmed with qPCR of a gene highly expressed in all mMMSCs (Ly6a) (Figure
A2-1C) and a gene with high variability of expression in individual mMSCs

(Fabp4) (Figure A2-2D).
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Figure A2-2. Individual mMSCs express genes from multiple differentiation
pathways. A. HC of single cell mMMSCs and mMSC population control (mMSC-PC) for a
set of genes related to osteogenesis, chondrogenesis, adipogenesis, vascular smooth
muscle, neurogenesis, and housekeeping genes. B. PCA analysis of single cell MMSCs
(1-16) and population control (PC). C. PCA loading plot showing individual differentiation
genes represented in B. D. qPCR confirmation of RNA-seq data. E. A key transcription
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factor was selected for each differentiation lineage and expression was normalized to

Gapdh for each sample.
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Figure A2-3. Expression of each lineage gene normalized to Gapdh. A. Osteogenic
gene profile. B. Chondrogenic gene profile. C. Adipogenic gene profile. D. Vascular

smooth muscle gene profile. E. Neurogenic gene profile

A2.4.3 Basal immunomodulatory capacity of individual bone marrow-

derived mMSCs

To determine whether basal immunomodulatory capacity could also
account for varied MSC behavior in vitro and in vivo, we generated a gene set
containing soluble, immunoregulatory factors known to be produced by MSCs in
vitro and in vivo (Figure A2-4A). Individual cells were largely the same with the
exception of //6 expression. Indeed variability in the expression of this gene
accounted almost solely for the population spread on the PCA score plot (Figure
A2-4B, A2-4C). The significance of this difference was further probed via global

analysis of differentially expressed genes.
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Figure A2-4. Single cell mMSCs exhibit minimal but measureable differences in
expression of immunomodulatory genes. A. HC of single cell mMSCs, negative
control single cells (HL1cm1-5), and population controls (MMSC-PC and HL1cmPC) for

a set of genes related to immunomodulatory function. B. PCA analysis of single cell
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mMSCs (1-16) and population control (PC). C. PCA loading plot showing individual

differentiation genes represented in B. //6 expressing cells clustered together (yellow).

A2.4.4 Transcriptome Heterogeneity of mMSCs

To more comprehensively delineate differences in the transcriptome that
might augment findings related to lineage priming and support/refute subtle
differences in immunomodulatory function, we identified all differentially
expressed genes between each mMSC as well as the population control.
Differential expression was defined as a log, fold change of greater than 1 and a
P value below 0.05. Over 9,000 differentially expressed genes were identified
and displayed using HC (Figure A2-5A) and PCA score plot (Figure A2-5B).
Results indicate global heterogeneity of single mMSCs arguably expected of
mesenchymal progenitors (Figure A2-5A and A2-5B). Despite the
heterogeneity, five different clusters emerged and are designated with different
color labels. At first glance, we suspected clusters might represent different
types and levels of lineage commitment of mesenchymal progenitors. To test
this possibility, gene ontology analysis was conducted on the differentially
expressed genes to determine whether each cluster aligned with specific
mesenchymal differentiated cell types (e.g., osteogenic, adipogenic,

chondrogenic).
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Figure A2-5. HC and PCA of mMSCs show transcriptome heterogeneity and gene
ontology of subpopulations. A. A global view of differential gene expression between
single cell MMSCs and the population control (MMSC-PC). Gene Z-Score reflects the
number of standard deviations away from the mean of expression in the reference. B.
PCA analysis of single cell mMSCs (1-16) and population control (PC). C. Gene
onotology of five subpopulations of single-cell mMSCs (green, blue, yellow, purple and

red clusters). Ontology groups are plotted with the P value on the y-axis. Upregulated
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groups have bars extending in the positive y-direction and down regulated groups have

bars extending in the negative y-direction.

DAVID bioinformatics resource was utilized to define function-related gene
groups associated with each cluster of MSCs. Differentially expressed genes
were isolated for each cluster of MSCs and separated according to up- or down-
regulation. The significance of each concentrated gene group was plotted on a
negative log scale with upregulated gene groups extending upward and
downregulated gene groups extending downward (Figure A2-5C). Only gene
groups with a P value below 0.05 were included in the graph and surprisingly
only one was related to differentiation. The first cluster (green) contained
upregulation of genes involved in cell division, ATP binding, DNA replication, and
chromosomes which suggests that this cluster of five cells (along with the
population control) was in active proliferation at the time of cell capture. The ratio
of cells (5 of 16, ~30%) matches our data and literature reports of the percentage
of cells actively dividing in a healthy population of bone marrow-derived
MSCs(43). The blue cluster showed upregulation of genes associated with DNA
metabolic process, chromosomes, purine metabolism and nucleotide binding.
The blue cluster did not contain genes upregulated with cell division, but these
three cells do appear to be preparing DNA for future division. The cell of the
yellow cluster (MMSC15) upregulated genes associated with regulation of
transcription and protein catabolic process, while downregulating genes
associated with cell division and regulation of neurogensis. The purple cluster
also downregulated genes linked to cell division, but upregulated genes involved

with growth factor activity, vesicle-mediated transport, lipid biosynthetic process
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and the extracellular region. This cluster could perhaps represent active
paracrine signaling corresponding to the immunomodulatory capacity of MSCs.
If active paracrine signaling is defined as augmented //6 production (Figure A2-4,
mMSC 3, 6, 5, 11, 12, 13, 15), then there is an insignificant relationship between
active paracrine signaling and association with the purple cluster (Chi-square
statistic 0.15, P = 0.70). Though a relationship with similar strength exists
between proliferation and downregulation of //6 (Chi-square statistic 2.14, P =
0.14). Instead, the purple cluster could represent a subpopulation of mMMSCs
with advanced commitment to adipogenesis, since this cluster also shows an
upregulation of the lipid biosynthetic process. However, cross reference of cells
of this group (mMMSC2, 3, 7, 10, 12 and 13) to the differentiation analysis (Figure
A2-2A and A2-2B), shows each falls in different regions of the PCA plot
suggesting they each have unique lineage priming, not significantly tending
toward adipogenesis. The cell of the red cluster (mMMSC 9) showed an
unexpected upregulation of genes involved with the regulation of neuronal
differentiation and ribosome biogenesis, suggesting priming for neurogenesis
which has been reported in isolated instances for MSCs(44-46). In sum, mMSCs
clusters primarily correspond to proliferating cells (green and blue clusters) and
quiescent cells (yellow, purple and red clusters). Importantly proliferation status
does not correlate with the level or number of lineage commitment or immune

regulatory genes expressed per cell.

A2.5 Discussion
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In this study the transcriptomes of individual, bone marrow-derived
mMSCs were analyzed via RNA-seq. Using this approach, a new perspective on
the heterogeneity of MSCs emerges. First, MSCs were found to express varied
levels of early markers of multiple mesenchymal lineages extending the definition
of lineage priming of this unique cell type. Importantly, differences in level or
number of lineage commitment genes expressed did not correlate with
proliferation or other cellular process, which might alter transcript expression in a
regular or cyclic pattern. Second, basal expression of genes associated with
immunomodulation were quite uniform aside from //6 in gene set analyses and
categories related to immunomodulation did not emerge from ontology analyses
suggesting cell-to-cell variation for immunomodulation is present but less

pronounced than lineage commitment.

Since there was no clear functional clustering of the mMSCs based on
gene ontology (aside from proliferating/nonproliferating), we also scanned for
gene markers that could be used to represent the clustered populations (Figure
A2-2) and perhaps correspond to lineage priming. A previous report on mouse
MSCs subpopulations found that Cd200 expression level indicated osteogenic
potential and Pdgfra expression indicated adipogenic potential(14). However,
mMSC3, mMSC6, and mMSC9 were the only mMSCs with detectable Cd200
expression and indeed these three mMSCs did not cluster in either the global
analyses (Figure A2-5) or gene list analyses with markers of differentiation
(Figure A2-2). Pdgfra expression also failed to aid clustering of the eleven

mMSCs that had detectable expression (mMSC2, 3, 5, 6, 7, 8, 9, 10, 12, 13, 14).
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The discrepancy between our work and previous reports suggests an
environmental trigger was necessary to promote particular cell fates and
therefore that marker expression alone (at least in these two cases) is not
enough to predict single cell propensities. We also note, based on the results
presented here, that inter-lineage plasticity is likely very high. And that, even if
an MSC “commits” to a particular lineage, conversion to another might not entail
the set up of whole molecular programs, but instead upregulation of a few

components(47).

Of note, one cell upregulated expression of neurogenic transcript for Eno2.
This is not the first report of an MSC expressing transcripts considered specific to
ectodermal lineage. In multiple reports Foudah et al. demonstrate that neuronal
makers Tubb and NeuN are spontaneously expressed by a high percentage of
undifferentiated MSCs from multiple tissues from both human and rat(44-46).
Thus, while the relative fraction of MSCs capable of expressing early transcripts
of neurogenesis and of giving rise to bona fide neurons is not known, single cell

analysis suggests plasticity to this lineage may be possible.

A2.6 Conclusions

In sum, this study confirms and augments the concept of multi-lineage
priming of MSCs by showing that MSCs typically express early (and sometimes
even late) markers of more than one mesenchymal lineage simultaneously.

Moreover, expression levels are quite distinct between cells, suggesting MSCs,
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despite being primed to multiple fates, might prefer one fate over the other. In
other words, even if an MSC is environmentally triggered for one lineage, it might
easily be switched if even a weak signal comes along for the preferred lineage.
Immunomodulation of MSCs on the other hand, appears to be relatively
consistent between cells of a given population. Even so, these results
emphasize caution for in vivo or clinical use of MSCs, even when
immunomodaulation is the goal, since multiple mesenchymal (and even perhaps
ectodermal) outcomes are a possibility. Purification might enable shifting of the
probability of a certain outcome, but can never remove multilineage potential

altogether.
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