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SHEAR STRESS DURING EARLY EMBRYONIC STEM CELL
DIFFERENTIATION PROMOTES HEMATOPOIETIC AND
ENDOTHELIAL PHENOTYPES

Russell P. Wolfel and Tabassum Ahsan, Ph.D.1"
Tulane University Department of Biomedical Engineering New Orleans, LA

Abstract

Pluripotent embryonic stem cells (ESCs) are a potential source for cell-based tissue engineering
and regenerative medicine applications, but their translation into clinical use will require efficient
and robust methods for promoting differentiation. Fluid shear stress, which can be readily
incorporated into scalable bioreactors, may be one solution for promoting endothelial and
hematopoietic phenotypes from ESCs. Here we applied laminar shear stress to differentiating
ESCs using a 2D adherent parallel plate configuration to systematically investigate the effects of
several mechanical parameters. Treatment similarly promoted endothelial and hematopoietic
differentiation for shear stress magnitudes ranging from 1.5 to 15 dyne/cm? and for cells seeded
on collagen-, fibronectin-, or laminin-coated surfaces. Extension of the treatment duration
consistently induced an endothelial response, but application at later stages of differentiation was
less effective at promoting hematopoietic phenotypes. Furthermore, inhibition of the FLK1 protein
(a VEGF receptor) neutralized the effects of shear stress, implicating the membrane protein as a
critical mediator of both endothelial and hematopoietic differentiation by applied shear. Using a
systematic approach, studies such as these help elucidate the mechanisms involved in force-
mediated stem cell differentiation and inform scalable bioprocesses for cellular therapies.
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INTRODUCTION

Differentiated phenotypes derived from pluripotent stem cells are potential cell sources for
tissue engineering and therapeutic applications, but effective and robust methods for scale-
up production have yet to be identified. Directed differentiation techniques can increase cell
yield but remain fairly inefficient and often require exogenous growth factors, which are
considered a costly resource for large-scale cell production. Increasing evidence suggests
that applied physical forces, such as fluid shear stress, may be a useful tool for promoting
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differentiation of stem cells, including embryonic stem cells (ESCs) (Stolberg and
McCloskey 2009). Thus, differentiation approaches to generate the clinically relevant cell
numbers (107-109) (Kehoe et al. 2010; Kirouac and Zandstra 2008) may benefit from
leveraging the shear stresses inherent to many production-scale bioreactors.

Scale-up bioreactors are typically based on stir-based suspension systems, which not only
remove gradients of cytokines and metabolic byproducts caused by biological activity, but
also decrease the medium to cell ratio by minimizing areas of stagnant volume. ESCs
differentiated as cell aggregates, known as embryoid bodies (EBs), and cultured in these
bioreactor systems have been found to have improved EB homogeneity (Carpenedo et al.
2007; Gerecht-Nir et al. 2004), differentiation towards cardiomyocytes (Niebruegge et al.
2009; Sargent et al. 2009), and maintenance of hematopoietic (Cameron et al. 2006)
phenotypes. Even though these are macroscopically well-mixed environments, aggregation
of 3D cell clusters (with some cells in an interior core and others forming outer layers) leads
to an inherently varied microenvironment for the individual cells with potential limitations
in diffusion (Azarin and Palecek 2010). This suggests an opportunity to further enhance for
differentiation towards target phenotypes if inputs could be homogeneously presented to the
entire cell population. Adherent culture of ESCs onto surfaces of microcarriers is one
potential alternative that ameliorates many of the heterogeneity problems while preserving
the use of scalable suspension culture (Abranches et al. 2007; Fernandes et al. 2007). Initial
studies indicate, however, that cells cultured on microcarriers may be more sensitive to shear
stress (Chisti 2001; Gregoriades et al. 2000; Hua et al. 1993; Mollet et al. 2004) and
therefore motivate a more thorough understanding of the biological impact of shear stress
parameters.

Shear stress effects are often difficult to interpret in scalable systems due to complex
patterns of fluid flow. Consequently, single cells or cell aggregates in these systems are
commonly exposed to shear stresses up to 20 dynes/cm? that vary based on location within
the bioreactor chamber, such as distance from the impeller (Vallejos et al. 2011; Venkat et
al. 1996) or the chamber walls (Bilgen et al. 2006). Instead, use of simpler configurations
which allow application of a well-defined shear stress can help decipher the effect of shear
stress parameters. For example, the parallel plate system, which applies a uniform shear
stress to cells attached to a surface, is a suitable surrogate to study the effect of shear stress
magnitude and protein substrate for adherent cell culture on microcarrier surfaces.

Adherent model systems have shown that shear stress promotes an endothelial phenotype
when applied to endothelial progenitor cells (Obi et al. 2009; Yamamoto et al. 2003) or to
embryonic stem cell (ESC)-derived populations sorted for FLK1 (Yamamoto et al. 2005) or
CD31 (Nikmanesh et al. 2012). Separate studies which sorted for CD41+ cells found that
shear stress can promote the maturation of cells in the hematopoietic compartment (Adamo
et al. 2009). Without extensive differentiation or cell sorting, it has been found that the
sustained application of shear stress during earlier stages of ESC differentiation can be used
to promote the mesodermal lineage and even inhibit endodermal specification (Wolfe et al.
2012). Furthermore, shear stress applied under those same conditions promoted an
endothelial phenotype (Ahsan and Nerem 2010; Zeng et al. 2006). It has yet to be
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determined, however, if shear stress applied during early ESC differentiation, prior to
hematopoietic commitment, can also be used to generate hematopoietic cells.

Studies in development have long observed that hematopoietic and endothelial cells arise
with spatial and temporal proximity in the embryo (Murray 1932; Sabin 1920), suggesting
that both phenotypes emerge in similar microenvironments in vivo. Recent in vitro studies
using ESCs have shown that endothelial and hematopoietic cells are derived from a common
progenitor that expresses the VEGF receptor FLK1 (Eilken et al. 2009; Lancrin et al. 2009),
which is now known to be expressed by progenitors of several mesodermal phenotypes
(Bautch 2006; Ema et al. 2006). Taken together, this implies that identical culture conditions
may drive differentiation towards both endothelial and hematopoietic phenotypes through
common stages of early specification. Thus, a simultaneous analysis of both endothelial and
hematopoietic differentiation may help elucidate the shear-mediated mechanism present
during early ESC differentiation.

The objective of this study was to determine if the application of fluid shear stress is a robust
method for generating endothelial and hematopoietic phenotypes from pluripotent cells.
Using an in vitro 2D parallel plate model system, we found that during early ESC
differentiation shear stress promoted both endothelial and hematopoietic phenotypes for a
range of shear stress magnitudes and underlying protein substrates. The response was
amplified with increasing durations of shear stress, although delayed application of
treatment was less effective at promoting hematopoietic phenotypes. Inhibition with SU1498
nullified the effects of stress treatment, suggesting this process is mediated by activation of
the FLK1 membrane protein. Together these results elucidate the mechanisms behind force-
mediated stem cell differentiation and provide insight for improving scale-up bioreactor
design which can help realize the promising impact of stem cells on public health.

MATERIALS AND METHODS

Expansion of Mouse Embryonic Stem Cells

Mouse D3 embryonic stem cells (ESCs) and embryonic fibroblasts (MEFs) were purchased
from ATCC and cultured as previously described (Ahsan and Nerem 2010). Briefly, ESCs
were expanded on mitotically-inactivated MEFs and then stored in liquid nitrogen. Prior to
experiments, ESCs were thawed and expanded for one passage on gelatin-coated tissue
culture plastic. Culture medium consisted of Dulbecco's Modification of Eagles Medium
with 15% ES-qualified fetal bovine serum (Invitrogen), 2mM L-glutamine, 0.1mM non-
essential amino acids, 1000 U/ml Leukemia Inhibitory Factor (LIF; ESGRO® from EMD
Millipore) and antibiotics.

Application of Shear Stress

ESCs were differentiated without LIF on protein-coated glass slides to promote cell
attachment before shear stress treatment, as described previously (Ahsan and Nerem 2010).
Briefly, either collagen type IV (COL: BD Biosciences), fibronectin (FN: BD Biosciences),
or laminin (LM: Sigma-Aldrich) was adsorbed onto glass slides for one hour at a
concentration of 3.5ug/cm?2. ESCs were then seeded onto slides (10,000 cells/cm?2) and
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cultured in an incubator (37°C, 5% CO,) for up to three days in differentiation medium,
consisting of Minimum Essential Alpha Media supplemented with 10% fetal bovine serum,
0.1mM beta-mercaptoethanol, and antibiotics.

Fluid shear stress was applied using a parallel plate bioreactor system (Ahsan and Nerem
2010; Levesque and Nerem 1985) to cells attached to glass slides as described above. A
media reservoir and peristaltic pump (both from Cole-Parmer) were connected in series with
a dampener and flow block. Slides were placed in the flow block such that t=6Qu/(bh?),
where the shear stress (t) depended on the flow rate (Q), viscosity of the media (), as well
as the width (b) and height (h) of the flow channel. Using this system we applied steady
laminar shear stress at 15, 5.0 or 1.5 dyne/cm? for up to four days (SHEAR samples). These
magnitudes are comparable to the physiological levels observed in the adult (15 dyne/cm?)
and embryonic (5.0 dyne/cm?2) aortas (Adamo et al. 2009), in addition to lower magnitudes
(1.5 dyne/cm?2) which are known to effect adult phenotypes including hemo-vascular cells
(Fukuda and Schmid-Schonbein 2003; Gerszten et al. 1998). Time matched controls were
cultured under static conditions by placing slides in petri dishes (STATIC samples). Samples
from both groups were cultured with 125 ml of differentiation medium at 37°C and 5% CO,.
For FLK1 inhibition studies, medium was supplemented with 4.5ug/ml SU1498
(Calbiochem® from EMD Millipore) during the two day STATIC or SHEAR treatment.

MRNA Expression

Gene expression of mesodermal, endothelial and hematopoietic markers were evaluated
using real-time RT-PCR. Samples were lysed and RNA isolated using QlAshredders and the
RNeasy kit (Qiagen). RNA concentrations were quantified using a Nanodrop®
spectrophotometer and 1ug of RNA from each sample was converted into cDNA (Invitrogen
Superscript® 11 First-strand synthesis). SYBR® Green (Applied Biosystems) and a
StepOnePlus™ PCR system was used to quantify mRNA expression using the standard
curve method where flk1, tie2, and runx1 were evaluated as early markers of mesodermal,
endothelial, and hematopoietic differentiation, respectively. Downstream endothelial
(pecaml and kIf2) and hematopoietic (cd41, c-kit, cd34, cd133, scl, and vavl) genes were
also assessed. All gene expression levels were normalized to the housekeeping gene gapdh.
Descriptions and primer sequences for individual genes are listed in Supplemental Table 1.

Analysis for Protein Expression

Flow cytometry was used to quantitate changes in protein expression due to shear stress
treatment, as done previously (Ahsan and Nerem 2010). StemPro® Accutase® (Invitrogen)
was used to generate single cell suspensions that were fixed in 4% formaldehyde for 15 min
and then stored in a buffer solution consisting of PBS with 0.3% BSA and 0.001%
TWEEN®?20 (Sigma-Aldrich). Cells were permeabalized using 0.5% triton-X (Sigma-
Aldrich), blocked with 10% serum, and then stained with primary and secondary antibodies.
Dilutions for primary and secondary (as needed, AF488 Invitrogen) antibodies were 1:100
and was 1:200, respectively. Antibodies used were FLK1 (Fitzgerald, Acton, MA), PE
conjugated-TIE2 (Abcam, Cambridge, MA), as well as RUNX1, PECAM1, vVWF, eNOS,
and CD41 (all from Santa Cruz Biotechnology, Santa Cruz, CA). Fluorescence was detected
using a BD FACSCanto Il (Supplemental Figures 1-3). For each sample, the positive-

Biotechnol Bioeng. Author manuscript; available in PMC 2014 June 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolfe and Ahsan

Page 5

expressing cells were defined as being above the 98% level of the flow cytometry controls.
Characterization of certain downstream markers used an upper quartile percentage (i.e. the
percent of cells above the 75% level of flow cytometry controls) to detect more subtle
differences in expression level. Values of samples from the same group were averaged for
statistical analysis.

Hematopoietic Colony Assessments

Quantitative analysis of colony formation was evaluated to determine hematopoietic
potential. At the end of STATIC and SHEAR culture, individual samples were treated with
Accutase® and single cell solutions were put into suspension culture on an orbital shaker
system (40rpm) to form aggregates. After seven days, cell clusters were dissociated and
assessed for hematopoietic potential using MethoCult® GF M3434 (STEMCELL
Technologies). Following the manufacturer's instructions, cells were placed into low
adherence 35mm petri dishes containing the provided methylcellulose medium with the
number of colonies in the entire dish counted after 10 days.

Statistical Analysis

RESULTS

All quantitative data are presented as mean+SEM. Student paired t-tests were used to detect
differences between SHEAR samples and time- and condition-matched STATIC controls.
For all statistical comparisons, p-values less than 0.05 were considered significant.

Shear Stress Promotes Early Differentiation

Initial studies screened for the effects of shear stress treatment on a variety of protein
substrates and for a range of stress magnitudes. Allowing for two days of initial
differentiation followed by two days of treatment (STATIC vs SHEAR), we evaluated gene
changes for early differentiation markers flkl (mesoderm), tie2 (endothelial), and runxl
(hematopoietic) for cells seeded on COL-, FN-, or LM-coated slides and exposed to 1.5, 5.0
or 15 dyne/cm? shear stress. We have previously shown (Ahsan and Nerem 2010) that
protein expression of mesodermal and endothelial markers were upregulated in response to
15 dyne/cm?2 on COL-coated slides. Under these same conditions, here we found significant
(p<0.05) gene upregulation for flkl (>2.6 fold), as well as tie2 (>1.5 fold) and runx1 (>1.5
fold) as compared to STATIC controls (Figure 1). Here we further established that
regulation of these genes was not found to be stress magnitude dependent, as levels of
upregulation were similar at 1.5, 5.0, and 15 dyne/cm?. To instead look at the effects of
protein coating, cells were seeded onto slides coated with either FN or LM and then exposed
to shear stress (5.0 dyne/cm?). Cell populations, though heterogeneous within any given
sample, were all largely adherent and displayed similar morphologies across the different
substrate groups (Figure 2A). Likewise, shear stress responses for the flk1, tie2, and runxl
genes were all similar for the different substrates (Figure 2B). Thus, a range of stress
magnitudes and protein coatings seem equally suitable during shear-stress mediated
differentiation and this type of mechanical modulation can simultaneously promote both
endothelial and hematopoietic phenotypes.
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Extended Durations of Shear Stress Promote Endothelial and Hematopoietic Phenotypes

To determine the effects of longer durations of treatment, ESCs were seeded onto protein-
coated slides (COL was used in all subsequent studies), cultured under static conditions for
two days to allow for cell attachment, and then either continued under STATIC conditions
or exposed to SHEAR (5.0 dyne/cm?) for 1, 2, or 4 days. Gene expression (normalized to
gapdh) was quantified and SHEAR samples were compared to time-matched STATIC
controls (Figure 3). Early differentiation markers flk1, tie2, and runx1 were significantly
upregulated for all tested durations (Figure 3A,B,E), with sustained treatment leading to the
greatest levels of increase (upregulation after 4 days by 6.8X for flk1 and 2.9X for both tie2
and runxl). While the downstream endothelial markers kif2 and pecaml underwent little or
no change in expression after just 1 day of shear stress (Figure 3C-D), extending treatment
to 4 days led to upregulated expression by 3.7X and 2.7X, respectively. To determine if the
effects on gene expression led to actual changes towards an endothelial phenotype, protein
expression was evaluated in samples exposed to 4 days of treatment. Flow cytometry
analysis showed shear stress significantly (p<0.01) increased the percentage of cells
positively expressing FLK1 to 57+4% (compared to 34+2% in the STATIC controls, Figure
4A, B). Shear-treatment also increased the percentage of cells positively expressing TIE2
from 8+0.3% to 10+0.6% (p<0.05) and RUNX1 from 5 +1% to 9+1% (p<0.05) compared to
STATIC controls (Figure 4C, D). Protein expression of mature endothelial markers also
increased (Figure 5A, C): the percentage of PECAM1+ cells increased from 34+1% to
42+3% (p<0.05) with slight but significant increases in NOS3 and VWF observed based on
quartile analysis (p<0.01 and p<0.05, respectively). Thus, extended application of shear
stress elevates gene and protein expression indicative of an endothelial phenotype.

The effect of extended durations of shear treatment on hematopoietic differentiation was
also evaluated. As discussed above, tie2 and runxl, early markers of endothelial and
hematopoietic differentiation, respectively, were similarly upregulated with extended
durations of shear treatment (Figure 3B, C). In contrast to gene changes in downstream
endothelial markers, however, applied shear stress had a transient effect on gene expression
of the downstream hematopoietic marker cd41. After 1 or 2 days of SHEAR treatment, cd41
was upregulated by >1.5-fold (p<0.01). With four days of treatment, however, the effects
were lost and levels for SHEAR samples and STATIC controls were almost identical
(Figure 3F). Similarly, the expression of the hematopoietic marker c-kit was not detectably
different after 4 days of treatment (Figure 3G). To further explore the effects of shear stress
on hematopoietic gene expression, additional markers (cd34, scl, cd133, and vavl) were
evaluated and it was found that only modest effects were observed overall (Supplemental
Figure 4). Although the transient upregulation of cd41 gene expression was over by 4 days
of shear stress treatment, protein expression at that time was significantly (p<0.05) increased
(Figure 5B). This indication of sustained phenotypic changes prompted evaluation in
hematopoietic potential using the colony forming assay. After maturation in rotary-
suspension culture for seven days, cells from both SHEAR and STATIC samples generated
hematopoietic colonies (Figure 5B), with those from the SHEAR group generating almost
twice as many in number (1.9X, p<0.05). While the various colony types formed by cells in
the hematopoietic compartment were not discerned, the negligible effects of shear stress on
downstream hematopoietic gene markers indicate that our treatment may primarily promote
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the initial differentiation towards an early hematopoietic lineage. Thus, the application of
shear stress for 4 days promotes a functional hematopoietic phenotype, which is correlated
to gene expression of runx1 but not other hematopoietic markers.

Shear Stress-mediated Differentiation Depends on Time of Application

The initial attachment period prior to the application of treatment induces early
differentiation due to the removal of LIF ((Wolfe et al. 2012); Supplemental Figure 5). Two
days was used for the studies described above, but for these studies the attachment period
was varied from 1 to 3 days followed by one day of treatment (STATIC vs SHEAR at 15
dyne/cm?). SHEAR treatment after two days of attachment induced a significant increase in
gene expression of flk1, tie2, and runxl, consistent with the two-day treatment results
described above; however, SHEAR effects were found to be dependent on pre-treatment
duration (Figure 6). flkl was upregulated after 1 (4.4X, p<0.05) or 2 (6.0X, p<0.01) days of
pre-treatment, but differences were no longer detectable (p=0.06) after 3 days (Figure 6A).
The early endothelial marker tie2 was significantly upregulated for 1, 2, or 3 days of pre-
treatment, but the effect dropped from a 1.9X increase after 1 day to <1.6X after 2 or 3 days
(Figure 6B). The early hematopoietic marker runxl, in contrast, was only significantly
upregulated when treatment was applied after 2 days (3.1-fold, p<0.05) but had no effect
outside this brief window (Figure 6C). Thus, the effect of shear stress is dependent on the
stage of differentiation.

Delayed Application of Shear Stress is Less Effective at Promoting Hematopoietic
Differentiation Phenotypes

Endothelial and hematopoietic phenotypic changes were evaluated by protein expression
after either 2 or 3 days of attachment followed by four days of treatment (STATIC vs
SHEAR at 5.0 dyne/cm?). SHEAR treatment significantly increased the percentage of cells
expressing the early mesodermal marker FLK1 (Figure 7A) after either 2 or 3 days of pre-
treatment (p<0.01 and p<0.001, respectively). In terms of the endothelial phenotype, the
percentage of cells expressing the early marker TIE2 was significantly (p<0.05) increased
for SHEAR samples at both pre-treatment durations (Figure 7B). Thus, shear stress applied
after 3 days of pre-treatment still promoted an endothelial phenotype. Conversely, the
significant upregulation due to SHEAR of the early RUNX1 (Figure 7C) and the
downstream CD41 (Figure 7D) hematopoietic markers after 2 days of attachment was lost
with the additional day of pre-treatment. Thus, the data after 2 days of pre-treatment
confirms that applied shear stress promotes both endothelial and hematopoietic phenotypes,
though it seems that application at later time points may be less effective at promoting
hematopoietic differentiation.

FLK1 is Required for Shear-mediated Differentiation

FLK1, a receptor for the vascular endothelial growth factor, has long been identified as a
mechanosensor of shear stress in mature endothelial cells (Chen et al. 1999). To determine
the role of FLK1 in shear stress-mediated endothelial and hematopoietic differentiation of
ESC's, an inhibitor of FLK1 activation (SU1498) was added to the medium. All samples
were first cultured for two days under static conditions to allow for cell attachment, then
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samples were designated for an additional two days under static (STATIC) or shear stress
(SHEAR, t=5.0 dyne/cm?) conditions, in the presence or absence of SU1498. For the trial-
matched controls tie2 and runx1 gene expression were significantly (p<0.001) upregulated
in response to shear stress, as was shown earlier, but here it was found that the addition of
SU1498 completely prevented (p=0.62 and 0.93, respectively) this response (Figure 8).
Thus, these results indicate that FLK1 may be a necessary mediator for early endothelial and
hematopoietic differentiation of ESCs due to applied shear stress.

DISCUSSION

Establishing embryonic stem cell (ESC)-derived cell sources for tissue engineering and
therapeutic applications will require methods for promoting differentiation which are not
only effective but robust enough for scale up applications. Here, we found that application
of two days of shear stress during early ESC differentiation increased the genetic expression
of early mesoderm, hematopoietic, and endothelial markers for a range of shear stress
magnitudes and underlying protein substrates. Increasing the duration of shear stress further
augmented the effect on genetic markers for early mesoderm, endothelial, and hematopoietic
differentiation, as well as downstream endothelial differentiation, but the overall effects on
downstream hematopoietic markers were less pronounced. Although application of shear
stress after an initial two day static pre-differentiation period increased the genetic and
protein expression of endothelial and hematopoietic markers, the effects on hematopoietic
differentiation diminished when shear treatment was applied after three days. Supplementing
the media with SU1498 during treatment abated the shear-mediated upregulation of
endothelial and hematopoietic markers, suggesting that this response requires activation of
the FLK1 membrane protein. Overall, this process characterization indicates that shear stress
is a robust method for promoting ESC differentiation and informs several operating
parameters for scale-up bioreactors.

We found that applied shear stress promotes ESC differentiation towards both endothelial
and hematopoietic phenotypes in an adherent model system which, in the absence of
externally applied forces or chemical cues, allows for very little endothelial and
hematopoietic differentiation (Supplemental Figure 5). In our adherent model system, four
days of applied shear stress increased the number of mesodermal FLK1+, endothelial
PECAM1+, and hematopoietic CD41+ cells by 1.7X, 1.2X, and 1.9X, respectively, though
the actual percentage of positive cells still remained fairly low. To better understand the
effects of applied mechanical forces, the medium used in the presented studies was not
supplemented with growth factors that would favor any particular phenotype. Hence, it may
be possible to optimize the medium composition to further increase cell yield or perhaps
allow for more specific targeting of a single phenotype. In suspension-cultured EBs, other
groups found that medium supplementation with VEGF approximately doubled the number
of T-GFP+FLK+ mesodermal cells (Purpura et al. 2008b), increased the number of
PECAM1+ endothelial cells by 60-100% (Purpura et al. 2008a; Vittet et al. 1996), and
approximately doubled the number of CD41+ cells when additional growth factors were
used (Pearson et al. 2008). Although these initial comparisons are across culture paradigms
and include medium supplemented with serum, our results indicate that applied shear stress
can promote mesoderm, endothelial, and hematopoietic differentiation on a scale similar to
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those achieved using growth factor-based methods. This raises the meaningful possibility of
utilizing mechanical cues that can readily be incorporated into scalable bioreactors to
substitute for exogenously added expensive or xenogeneic reagents in clinical production of
cells.

Large scale bioprocessing needs to consistently and homogenously ensure a high quality cell
product. Chemical gradients that can lead to unsought biological responses can be overcome
by use of microcarriers and stir-or mixing-based features. While studies in these systems
have explored expansion of ESCs and induced pluripotent cells (Abranches et al. 2007;
Fernandes et al. 2007; Kehoe et al. 2010), the effects of the inherently present shear stresses
on differentiation had yet not been thoroughly investigated. Using our surrogate 2D adherent
model system we found that the underlying protein substrate has little effect on the shear-
mediated differentiation, suggesting that the microcarriers can be coated with a variety of
proteins not limited to specific lab or manufacturing capabilities. Furthermore, for early
endothelial and hematopoietic differentiation, we found that the presence or absence of shear
stress was more important than its magnitude. Thus, early differentiation to these
phenotypes can be achieved in large volume bioreactors in which shear stress varies in
magnitude as a function of the impeller size, speed, and location (Vallejos et al. 2011;
Venkat et al. 1996). Interestingly, other studies in sorted populations of differentiating ESCs
have found that applied shear stress at much later times points of differentiation have found
that FLK1 (YYamamoto et al. 2005) and runx1 (Adamo et al. 2009) expression was highly
dependent on the magnitude of shear stress. The acquisition of magnitude-sensitivity
suggests that the shear activated mechanisms may increase in complexity with further
differentiation.

The mechanisms involved in shear-mediated early ESC differentiation are largely unknown.
Studies in terminally differentiated phenotypes have identified several mechanosensors of
shear stress, including FLK1 (Chen et al. 1999), PECAML1 (Osawa et al. 2002), heparin
sulfate proteoglycans (Florian et al. 2003), G-protein coupled receptors (Makino et al.
2006), and integrins (Wang et al. 2002). But it is unclear if all of these mechanisms are
present in ESCs and at which points in differentiation they are acquired or lost. Our findings
with the various protein substrates, known to bind to distinct integrin heterodimers, imply
that shear-mediated differentiation does not depend on activation of unique integrin
subunits. Initial studies by others have indicated that shear-mediated differentiation of ESCs
may involve epigenetic changes (Illi et al. 2005) and heparan sulphate proteoglycans (Toh
and Voldman 2011). Other studies have suggested that shear stress can promote endothelial
differentiation by activation of FLK1 (Zeng et al. 2006) in a ligand-independent manner
(Yamamoto et al. 2005). This is consistent with published results that FLK1 activation by
shear stress, as opposed to VEGF, employs different signaling pathways in mature
endothelial cells (Wang et al. 2007). Here, we used inhibition experiments to show that
FLK1 activation is necessary in the early stages of shear-mediated hematopoietic and
endothelial differentiation, but the specific downstream signaling pathways still need to be
determined.

Studies have suggested that the RUNXZ1 transcription factor can inhibit flk1 gene expression
(Sakai et al. 2009) by a DNA binding mechanism (Hirai et al. 2005), but the means by
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which FLK1 activation may upregulate RUNX1 are unclear. In our studies, shear-induced
FLKZ1 upregulation was associated with upregulation of both TIE2 and RUNX1, except at
later stages of differentiation when the FLK1 and TIE2 responses were sustained but the
RUNX1 upregulation was lost. While FLK1 and endothelial differentiation have been linked
in a variety of stem, progenitor, and differentiated cells, our studies imply that the
relationship between FLK1 and shear-induced hematopoietic differentiation may change as
differentiation progresses. This is consistent with studies by others that found that only
during the first 5 days of EB differentiation did FLK1 activation by VEGF simultaneously
promote both hematopoietic and endothelial differentiation (Purpura et al. 2008a). Thus, the
role of FLK1 in later stages of hematopoietic specification is still unclear.

The recent identification of the FLK1 positive progenitor to both endothelial and
hematopoietic cells has implications not only for the field of development but also stem cell
biology. While traditionally identified as an endothelial-specific marker, FLK1 protein is
expressed very early on during ESC differentiation (Vittet et al. 1996) and is widely
expressed by mesoderm-derived progenitors of several phenotypes (Bautch 2006; Ema et al.
2006), including hematopoietic cells (Shalaby et al. 1997). These new insights suggest that
bioprocessing techniques may not differ in targeting early ESC differentiation towards
endothelial versus hematopoietic phenotypes. Other studies found that FLK1 activation by
VEGF promotes ESC differentiation towards an endothelial phenotype (Nourse et al. 2010;
Vittet et al. 1996), but when present with other cues it can promote a hematopoietic
phenotype (Chadwick et al. 2003; Pearson et al. 2008). More recent studies have suggested
that activation of FLK1 by hypoxia-induced endogenous VEGF can promote both
endothelial and hematopoietic phenotypes (Purpura et al. 2008a). Our presented studies are
the first to examine the simultaneous effects of an identical mechanical force (in the absence
of additional specific growth factors) on differentiation towards both endothelial and
hematopoietic phenotypes. It has yet to be determined, however, whether these conditions
also favor other clinically-needed mesoderm phenotypes.

We found that applied shear stress in an adherent model system promotes early ESC
differentiation towards both endothelial and hematopoietic phenotypes in a robust substrate-
independent manner. In addition, we found that during early endothelial and hematopoietic
specification, responses to shear stress are magnitude insensitive, which may be beneficial in
large-scale bioreactors that inherently have heterogeneous shear stress profiles. As
differentiation progresses, however, stress effects may independently modulate endothelial
versus hematopoietic maturation. An extension of these findings is that ESCs cultured on the
surface of microcarriers within mixing bioreactors is a reasonable approach to large scale
production of endothelial and hematopoietic cells. This can be used to build on previous
results that pluripotent cells can be expanded on microcarriers in scale up systems
(Abranches et al. 2007; Fernandes et al. 2007; Kehoe et al. 2010) and that ESC-seeded
microcarriers can be cryopreserved (Nie et al. 2009). Together this insinuates that a
microcarrier-based approach may utilize both early stress magnitude -insensitive and later
stress magnitude—sensitive stages, along with intermittent storage steps, to develop a flexible
modular scale-up production process to yield mesodermal cells from pluripotent stem cells
for clinical use. Future efforts to develop this type of paradigm will need to investigate the
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effects of different shear stress profiles (e.g. oscillatory, pulsatile), as well as optimization of
medium composition and exchange rates when in combination with shear stress.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A range of magnitudesinduce similar shear stressresponses
Cells were seeded on slides coated with collagen type-1V, cultured under static conditions

for two days, and then for two days either exposed to 1.5, 5.0, or 15 dyne/cm? of shear stress
(SHEAR samples) or maintained in culture under static conditions (STATIC controls). flk1,
tie2, and runxl1 gene expression was assessed for SHEAR samples (W) and normalized to
trial-matched STATIC controls (O). Data presented are mean + SEM (n=7-12), where
significant differences between STATIC and SHEAR groups are indicated with asterisks (*
p<0.05, ** p<0.01, and *** p<0.001).

Biotechnol Bioeng. Author manuscript; available in PMC 2014 June 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wolfe and Ahsan

| STATIC

flk1
[Normalized to STATIC]

tie2

[Normalized to STATIC]

runx1
[Normalized to STATIC]

Figure 2. Various proteinsinduce similar shear stressresponses
Cells were seeded on slides coated with collagen type-1V (COL), fibronectin (FN), or

laminin (LM), cultured under static conditions for two days, and then for two days either
exposed to 5.0 dyne/cm? of shear stress (SHEAR samples) or maintained in culture under
static conditions (STATIC controls). Phase images of cells for both STATIC controls and
SHEAR samples on COL, FN, and LM are shown. flk1, tie2, and runxl gene expression was
assessed for SHEAR samples (H) and normalized to trial-matched STATIC controls (OJ).
Data presented are mean = SEM (n=7-12), where significant differences between STATIC
and SHEAR groups are indicated with asterisks (** p<0.01 and *** p<0.001). Scale bar

represents 100Lm.
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Figure 3. Extending treatment duration promotes endothelial gene expression
All samples were initially allowed to adhere for two days under static conditions on COL

(indicated by gray shading) and then experimental samples were exposed to shear stress (5.0
dyne/cm?) for 1, 2, or 4 days (A, O—) while time-matched controls were cultured under
static conditions (@, - - -). Gene expression normalized to gapdh is shown for flk1 (A), tie2
(B), pecaml (C), kIf2 (D), runx1 (E), cd41 (F), and c-kit (G). Data presented are mean +
SEM with n=9-12 (3-4 independent trials), where significant differences between time-
matched STATIC and SHEAR groups are indicated with asterisks (* p<0.05, ** p<0.01, ***

p<0.001).
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Figure 4. Extended durations of shear stress promote hematopoietic and endothelial phenotypes
Samples were exposed to four days of either STATIC (white striped bars) or SHEAR

treatment (v=5.0 dyne/cm?2: black striped bars). A representative histogram of FLK1 protein
expression (A) is shown for an immunostaining 2° antibody-only control (filled gray), a
STATIC experimental control (gray line), and a SHEAR experimental sample (black line).
Fluorescence of both STATIC and SHEAR samples were assessed and compared to flow
cytometry control samples to calculate the percentage of cells positive for markers of early
differentiation. Assessed proteins were FLK1 (B), TIE2 (C), and RUNX1 (D). Data
presented are mean £ SEM (n=3-4), where significant differences between STATIC and
SHEAR groups are indicated by asterisks (* p<0.05, *** p<0.001)
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Figure 5. Extended durations of shear stress promote mature and definitive phenotypes
Samples were exposed to four days of either STATIC (white bars, striped or dotted) or

SHEAR treatment (t=5.0 dyne/cm?: black bars, striped or dotted). Fluorescence of both
STATIC and SHEAR samples were assessed and compared to flow cytometry control
samples to calculate the percentage of cells positive for differentiation markers. Assessed
proteins were PECAML1 (A) and CD41 (B, LEFT). A representative histogram of NOS3 and
VWEF protein expression (C) is shown for an immunostaining 2° antibody-only control
(filled gray), a STATIC experimental control (gray line), and a SHEAR experimental
sample (black line). To detect subtle changes in protein expression, quartile analysis was
used to quantify the expression of NOS3 and VWF. Following STATIC and SHEAR
treatment, hematopoietic potential was assessed using a colony counting assay (B, RIGHT).
Data presented are mean + SEM (n=3-4), where significant differences between STATIC
and SHEAR groups are indicated by asterisks (* p<0.05) or displayed p-value.
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Figure 6. Delayed exposure dampens the shear-mediated increasein gene expression
Cells were cultured under static conditions for 1-3 days before one day of STATIC (O) or

SHEAR (t=15 dyne/cm?, W) treatment. Gene expression (normalized to gapdh) was
calculated for flk1 (A), tie2 (B), and runx1 (C). Data presented are mean £ SEM (n=6-8),
where significant differences between trial-matched STATIC and SHEAR groups are
indicated by asterisks (*=p<0.05, **=p<0.01).
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Figure 7. Delayed exposureto shear stressisless effective at promoting a hematopoietic
phenotype

Cells were cultured under static conditions for 2 or 3 days before four days of either
STATIC (striped white bars) or SHEAR (t=5.0 dyne/cm?, striped black bars) treatment.
Fluorescence of both STATIC and SHEAR samples were assessed and compared to flow
cytometry control samples to calculate the percentage of cells positive for markers of
differentiation. Assessed proteins were FLK1 (A), TIE2 (B), RUNX1 (C), and CD41 (D).
Data presented are mean + SEM (n=3-4), where significant differences between STATIC
and SHEAR groups were determined by a t-test and indicated by asterisks (* p<0.05 and
*** n<0.001).
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Figure 8. FLK 1 inhibition negates the effects of shear stresson early differentiation
Cells were exposed to two days of STATIC (OJ) or SHEAR (t=5.0 dyne/cm?, m) treatment,

where media from select STATIC and SHEAR samples was supplemented with a FLK1
inhibitor (SU14-8: 4.5Lg/ml) during treatment. Gene expression was assessed and each
value was normalized to the average value of the trial-matched STATIC controls. Genes
assessed include tie2 (A) and runxl (B). Data presented are mean + SEM (n=3-4), where
significant differences between trial-matched STATIC and SHEAR are indicated by
asterisks (*** p<0.001).
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