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Abstract

Biomanufacturing relies on living cells to produce biotechnology-based therapeutics, tissue
engineering constructs, vaccines, and a vast range of agricultural and industrial products. With

the escalating demand for these bio-based products, any process that could improve yields and
shorten outcome timelines by accelerating cell proliferation would have a significant impact across
the discipline. While these goals are primarily achieved using biological or chemical strategies,
harnessing cell mechanosensitivity represents a promising — albeit less studied — physical pathway
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to promote bioprocessing endpoints, yet identifying which mechanical parameters influence cell
activities has remained elusive. We tested the hypothesis that mechanical signals, delivered non-
invasively using low-intensity vibration (L1V; <1 g, 10-500 Hz), will enhance cell expansion,
and determined that any unique signal configuration was not equally influential across a range
of cell types. Varying frequency, intensity, duration, refractory period, and daily doses of LIV
increased proliferation in Chinese Hamster Ovary (CHO)-adherent cells (+79% in 96 hr) using a
particular set of LIV parameters (0.2 g, 500 Hz, 3 x 30 min/d, 2 hr refractory period), yet this
same mechanical input suyppressed proliferation in CHO-suspension cells (-13%). Another set
of LIV parameters (30 Hz, 0.7 g, 2 x 60 min/d, 2 hr refractory period) however, were able to
increase the proliferation of CHO-suspension cells by 210% and T-cells by 20.3%. Importantly,
we also reported that T-cell response to LIV was in-part dependent upon AKT phosphorylation, as
inhibiting AKT phosphorylation reduced the proliferative effect of LIV by over 60%, suggesting
that suspension cells utilize mechanism(s) similar to adherent cells to sense specific LIV signals.
Particle image velocimetry combined with finite element modeling showed high transmissibility
of these signals across fluids (>90%), and L1V effectively scaled up to T75 flasks. Ultimately,
when LIV is tailored to the target cell population, it's highly efficient transmission across media
represents a means to non-invasively augment biomanufacturing endpoints for both adherent and
suspended cells, and holds immediate applications, ranging from small-scale, patient-specific
personalized medicine to large-scale commercial biocentric production challenges.
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1. Introduction

Biomanufacturing depends on the use of living cells cultured in bioreactors.! These

cells are used to produce living biomaterials and therapeutic biomolecules, as well

as to boost host-cell numbers ex vivo for personalized medicine. Current and future
biomanufacturing applications include, but are not limited to, therapeutic protein production,
treatment of cancer,? enhancement of the immune system, combating infectious diseases,
ameliorating metabolic dysfunction and building bioactive scaffolds for tissue engineering
and regeneration.3-’

As the demand for biomanufactured products increases, cost-effective optimization
strategies are essential to improve yields in large-scale commercial production of therapeutic
proteins, or to more quickly expand cell numbers for personalized medicine applications
including autologous immunotherapy. Bioreactor systems have become an indispensable
element of this biomanufacturing process,® fostering a controlled biological, chemical and
physical microenvironment to optimize cellular proliferation rate, stem cell differentiation,
protein production, and tissue development.1% Thus, bioreactors are critical for providing
not only a standardized, high-quality cell-based product, but for fostering a relevant yield

of therapeutic cells.11:12 However, the complexity of biological systems makes it difficult

to design a generic bioreactor capable of controlling cell proliferation and functionality
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efficiently and across all cell types, a limitation that contributes to long biomanufacturing
periods, disappointing yields and expensive therapies.13.14

Traditionally, optimization schemes using b/ological strategies to improve cell yields
involve invasive cell line development via vector genetic engineering, cell engineering or
omics-based approaches to modulate and ultimately improve the transcriptional activities,
and the time integral of viable cell concentration and/or specific productivity.1>:16 From

a chemical approach, culture media formulation and the chemical environment may be
modulated but carries a non-zero risk of jeopardizing sterile culture systems by introducing
or refreshing chemical additives, and in some cases necessitates development of complex
and costly closed-loop systems. The physical domain has also been shown to be important
in bioprocessing, with a focus on substrate modulus’ and topology® or dynamic fluid
motions,1® as a means of delivering mechanical cues to adherent cells.20 Indeed, rocking,
rotating and perfusion bioreactor systems that deliver fluid perturbations are commonly
available and routinely used to maintain homogeneity across the media in favor of static
cultures where cell expansion is comparatively slow. Despite the clear benefit of bioreactors,
targeting specific cell types and biological processes via tailored mechanical signals beyond
a simple fluid agitation may require specialized technology, with the industry remaining
unenthusiastic about processes that require expensive and time-consuming modifications to
existing instrumentation and infrastructure.1®21 Therefore, there is a need to determine if
one generic mechanical signal suits this purpose universally across distinct cell types, and if
not, define cell-specific signals which promote rapid expansion during the culture phase of
cell-based biomanufacturing.12:22

Low Intensity Vibration (LIV) is a dynamic mechanical signal characterized as low-
magnitude (<1 g peak-to-peak, where g = 9.8 ms™2, Earth's gravitational field) and delivered
at a relatively high-frequency (10-500 Hz). If shown effective, utilization of LIV promises
a non-invasive, low cost and adaptable technology to augment proliferation rates in multiple
cell types and could be readily integrated into existing bioreactor technology of varied
design, particularly if the vibration signal transmits uniformly through the fluid. Herein, we
explore LIV's potential to promote cellular proliferation in both adherent and suspended

cell culture systems. Beyond intensity and frequency, LIV variables include duration, dose
number and refractory period (Fig. 1a).

LIV has been shown, /n vivo, to protect bone quality and promote bone regeneration in
mice, 23 rats,24 turkeys, 2> sheep,26 and humans.2’ Applied to /n vitro cell-based studies
using adherent cells, LIV has been shown to influence lineage selection,?3:28 and promote
expansion of Mesenchymal Stem Cells [MSCs].2930 While the mechanisms underlying cell
mechanosensitivity to vibration are numerous and complex, it is well known that LIV acts
through integrin signaling,3! including recruitment of Focal Adhesion Kinase (FAK) and
AKT to induce RhoA-mediated cell contractility32:33 as well as activating mechanically
sensitive signaling molecules Bcatenin34 and Yes1 Associated Transcriptional Regulator
(YAP)31:3536 that play interdependent roles in regulating cell proliferation in response to
mechanical stimuli.37-3% These effects have been demonstrated in a wide range of cell types
including MSCs, Hematopoietic Stem Cells (HSCs), myoblasts, and skin cells to name

a few. Mounting evidence indicates that, as opposed to substrate strains and fluid shear
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stress that serve to distort and deform the cell membrane, LIV acts independent of substrate
interaction by generating intracellular signals through the Linker of Nucleoskeleton and
Cytoskeleton (LINC) complexes of the nuclear envelope by inertial forces generated by
oscillatory accelerations.? While disabling LINC function is sufficient to mute LIV-induced
signaling, 4143 neither LINC complex,32 nor the nucleus itself*4 are necessary for activating
the signaling events initiated by substrate strain. Consequently, LIV-induced effects on
MSCs,*> osteoblasts*6 and osteocytes*” are largely independent of the LIV-induced fluid
shear stress and substrate strain across multiple frequency/magnitude combinations.

Despite the demonstrated ability of LIV to influence adherent cell culture systems, it

is unknown if the LIV signal, and the acceleration/deceleration of the cell, independent
of substrate distortion, is applicable to cells grown in suspension. While many mechano-
sensing pathways are conserved across cell types, it is entirely possible that suspension cells,
such as suspension CHO or T cells, would not respond to LIV, or for that matter, require
a mechanical signal distinct from adherent cells. CHO cells were chosen as our cell-type
of interest, due to their prevalence in the pharmaceutical and biotech industries, and their
ability to be cultured as either adherent or suspension cells.*8 Our study ultimately seeks
to determine if LIV represents a non-invasive, non-pharmacological engineering strategy
to foster a proliferative response in cell types commonly used in biomanufacturing and
autologous cell therapy, such as CHO cells and T cells, without altering functionality or
viability.

2. Materials & methods

2.1. Delivery of LIV via a feedback-controlled system

Originally designed for /n vivo use, low magnitude, high frequency, mechanical signals

are delivered using LIV via a closed-loop acceleration feedback-controlled system.*® For
in vitro cell culture studies, the L1V system was modified to accommaodate cell culture
vessels (e.g., microplates and T75 flasks), and be used under sterile cell culture conditions
including a high humidity environment within an incubator (Fig. 1a). The LIV device is
controlled by an electromagnetic actuator, generating vertical oscillations, while a damped-
spring/slider system ensures a smooth sinusoidal signal. The LIV signal is monitored with
a plate-mounted accelerometer and controlled through current driving closed-loop error
feedback proportional-integral-derivative (PID) controller (LabVIEW NI, TX).

To protect from humidity, all electronic components were housed in an airtight plexiglass
enclosure, enabling 24/7 automated regulation and monitoring. LIV signals were delivered
to cell culture vessels at prescribed magnitudes and frequencies depending on the signal
required for each experiment, ranging from 0.1 g to 1.2 g peak-to-peak and 10 Hz-500

Hz, respectively (£5%). Starting parameters for frequency and magnitude for the LIV
signals were selected based upon previous data from /n vitro studies of other adherent cell
types such as MSC,%0 pre-osteoblasts and osteocytes.> Additional parameters included the
number of LIV bouts per day, signal duration per bout, and refractory period (time elapsed
between bouts; Fig. 1a).52
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2.2. Quantifying the transmissibility of LIV signals to suspended cells

In order to determine LIV-induced fluid motions and transmissibility of the signal across
culture media in 6-well plates, we used a Finite Element Model (FEM) to derive LIV-
induced fluid shear stresses /n vitro during 0.7 g, 90 Hz vertical vibration (Abaqus 6.9.1,
Simula, R1).%6 The culture well was modeled as a deformable shell element (Polystyrene E
= 3 GPa). Vertical vibrations were applied as a velocity boundary condition to cylindrical
walls while the well bottom was not constrained and was free to deform. As the 6-well
plates have an outer rim that extends lower than the bottom of the well plate we did not
need to model a connection between the bottom of the well and the top of our vibrating
plate. A Eulerian-Lagrangian contact algorithm was used to model fluid motion due to LIV.
A conceptual schematic and the analysis region of interest are shown in Fig. 2, highlighting
the fact that fluid motion is uniform and that it generally follows the velocity of the

fluid container. This figure is representative of the FEM conditions for other variables and
previously we have reported that this approach was generalizable for 0.01g9,0.19,0591g
for 30, 50, 70 and 90 Hz signal combinations.>3

To explore the feasibility of scaling up the overall cell expansion using larger culture vessels,
LIV signal transmissibility and fluid motion was also experimentally measured in vertically
oscillating T75 vessels (Fig. 3), comparing completely filled flasks to manufacturer
suggested partially filled fluid volumes using particle image velocimetry.46

Speckles with 1 g/mL density (Cospheric, VIOPMS 63-75um) were suspended for tracking
fluid motion. To track light-reflective speckles, a white LED light source was used, and the
motion of the surface was captured with a high-speed camera (Photron UX50, San Diego,
CA) at a rate of 2000 frames per second (fps). Culture vessels were vibrated vertically

at 90 Hz with an acceleration of 0.7 g peak-to-peak, requiring a vertical displacement

of approximately 20 um. Recording of sample motion was started 15 s after the start of
LIV to ensure that steady state was reached. Recorded high speed videos at 2000fps were
analyzed using previously developed CASI software.*6 For this analysis, we compared the
fluid motion differential between t = 0 and t = 1t/2 time points that correspond to the peak
cycle displacement of 20 um. This analysis was repeated for 30 Hz and 500 Hz using filled
T75 flasks to experimentally quantify the transmissibility of LIV signals to cells cultured in
suspension in larger volume conditions.

2.3. CHO-adherent cell culture

CHO-adherent cells were cultured in an incubator at 37 °C and 5% CO, (cells were provided
by G. Balazsi at Stony Brook University). Prior to the experiment, on day 0, cells were
plated in 6-well tissue culture treated plates at the concentration of 6 x 104 cells/ml in 2

ml of supplemented Ham's F-12 K (89% Ham's F-12 K [cat. 21127022], 10% FBS [cat.
16140071], 1% penicillin/streptomycin [cat. 15070063]; Life Technologies, NY) per well.
Cells were allowed to attach to the surface and grow overnight. Starting 24 hr after plating,
cells were either subject to LIV (V; n = 6) or sham-handled (NV; n = 6) for 3 days. Sham
handled cells were removed from the incubator and placed on a separate bench top in

the same manner as the LIV cells were handled. On day 4, cells were trypsinized (0.05%
Trypsin—-EDTA [cat. 25300054]; Life Technologies, NY) and counted with 1:1 ratio of cell
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solution: Trypan Blue (cat. 15250061; Life Technologies) to assess cell viability using an
automated cell counter (Countess Il FL; Thermo Fisher Scientific, MA).

2.4. CHO-suspension cell culture

CHO-suspension cells were plated at a concentration of 7.5 x 104 cells/mL in Freestyle
CHO Expression medium supplemented with 8 mM L-glutamine ([cat. 25030149]; 7hermo
Fisher Scientific, MA) in 125-mL disposable polycarbonate Erlenmeyer flasks with vented
caps (Fisher Scientific, NH) and cultured in a CO, cell incubator at 37 °C and 8% CO5.
Starting 24 hr after plating, cells were either subjected to LIV (V; n = 6) or sham-handled
(NV; n = 6) for 3 days. Cells were counted with 1:1 ratio of cell solution: Trypan Blue
(Life Technologies, NY) using an automated cell counter (Countess Il FL; Thermo Fisher
Scientific, MA).

2.5. Tcell culture

Human-derived CD3+ Pan T cells, CD4+ T cells, and CD8+ T cells (HemaCare, NY)

were obtained from Caucasian male donors. CD3+ cells were isolated using negative
selection, and all were cultured in 24-well plates or 6-well plates, with supplemented RPMI
(95% RPMI [cat. 11875093], 5% FBS, 1% penicillin/streptomycin; Life Technologies, NY)
at 37 °C and 5% CO,. Seeding concentrations for all culture vessels were 0.5 x 10°
cells/mL with Dynabead® CD3/CD28 ([cat. 11141D; Thermo Fisher Scientific, MA) and
recombinant interleukin-2 (rIL-2, [cat. PHC0026,10 ng/mL; Thermo Fisher Scientific, MA)
for activation. During the initial activation phase, Dynabeads® were at a 1:2 cell:bead ratio.
Once a sufficient cell number had been reached to begin experimentation, Dynabeads® were
removed using a DynaMag™ ( Thermo Fisher Scientific, MA) magnet and replenished at a
1:10 cell:bead ratio 24 hr prior to the start of the experiment.

Following plating, T cells were either subjected to LIV (V) or sham-handled (NV). Cell
counts were performed every 24 hr prior to receiving LIV doses on representative aliquots.
Dynabeads® were removed before mixing the cell suspension with Trypan Blue at a 1:1 ratio
of cell solution: Trypan Blue. Counts were taken on each sample using an automated cell
counter (Countess Il FL; Thermo Fisher Scientific, MA). The average of these counts was
considered the cell number for the day, and the milestone of proliferation. Cell viability was
measured using the flow cytometry stain 7-AAD performed on an LSRFortessa'" (Becton
Dickinson Biosciences, NJ). Positive and negative gating was determined using isotype
controls. Data was analyzed with FlowJo software (Version 10.8.0., Treestar, Ashland, OR,
USA). When described, AKT inhibitor VII1 ([cat. 124,017]; Sigma Aldrich, MA) was added
at a concentration of 1uL/mL for the entirety of the culture period.

2.6. Statistical analysis

Experiments were reproduced as independent runs equal to the number of n listed. Each
data point in every figure was obtained from a separate reproduction of the experiment.
Data normality was assessed with a Shapiro—Wilk test (o = 0.05). Depending on the
normality of the data, either a Student's t-test or Mann—Whitney U test were performed
to measure the mean difference between two groups (GraphPad Prism, CA, Ver 9.0.0). A
Student's t-test was used in situations where the data were normally distributed, and the
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Mann Whitney U test in cases where the dataset was found to be non-normally distributed.
In the case of analyzing the mean difference between at least three groups, datasets with

a normal distribution were analyzed with a one-way ANOVA (Turkey's post-hoc test), and
non-normally distributed data were analyzed using the Kruskal-Wallis test (Dunn's post-hoc
test). All tests were performed with a = 0.05, a power of 95% with p < 0.05 being
considered statistically significant.

3. Results

3.1. Transmission of LIV across media to suspended cells

To test the transmissibility of the vibration signal on stacked flasks, single, two or three
flask configurations were vibrated at 30 Hz with acceleration magnitudes of 0.2 g and 0.3
g. The vibration magnitude readings at the top of the flask were compared to a reference
accelerometer attached to the vibrating platform. Transmissibility, defined as the ratio of
reference plate acceleration to flask acceleration was calculated. Our results show that the
transmissibility ratio was very close to 1 for each tested condition, showing that 100% of
the signal was successfully transferred to stacked flasks. These experiments show that at 30
Hz, at both 0.2 and 0.3 g, the transmissibility function is essentially 1, meaning 100% of
the mechanical signal delivered by the device is transmitted to the top flask. This work also
demonstrates that LIV can be transmitted effectively at larger scales, setting the groundwork
for future scale up experiments.

In 6-well plates, the peak surface strain at t = /2 was 1.4ue (microstrain). Comparing

the peak velocities of both the 6-well wall and the fluid showed a matching velocity

of 27 mm/s (Fig. 2a). Further, fluid velocity showed no large gradients across the well
height indicating that the attached and suspended cells experience lossless LIV transmittance
from the actuator. While the lossless transmission of LIV in 6-well plate is largely due

to small plate deformations due to well-supported and small surface area (~10 cm?), T75
flasks have considerably larger surface (75 cm?) and result in larger effective deformations
during LIV. As reported by our group32 and others,>:55 bending motions in a vertically
oscillating elastic culture plate will result in fluid motions that will propagate to the

fluid surface thus altering the acceleratory motions experienced by suspended cells. A
common strategy to limit fluid motions is to fill the culture vessel to minimize differential
accelerations between gas and liquid mediums.3° Therefore, to test whether filling a culture
vessel maximizes the transmittance of vertical accelerations to fluid we quantified the
acceleration transmittance in fluid-filled, vertically-oscillating culture vessels and compared
it to manufacturer suggested fluid volumes (Fig. 2b).

Transmittance was compared from the side view (X-Z plane) while the fluid motion at
the surface was compared from the top view (X-Y plane). Side motion of the full flasks
is shown in Fig. 3c, fluid motion vectors were parallel to each other and to the actuator
motion with a maximum magnitude of 18 um, essentially matching to the 20 um peak
motion of the actuator, indicating that fluid particles were vibrating at the same frequency
and acceleration magnitude as the actuator. Shown in Fig. 3d, fluid sloshing measured
from top view was minimal around 2 um, again indicating minimal fluid motion in filled
flasks. Measuring fluid motions at the fluid/flask boundary in partially filled flasks, we
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have observed that fluid was forming standing wave patterns and showed vertical motions
across the measured area (Fig. 3e). Fluid displacements during half cycle (0.05 s) reached
up to 250 pm, indicating fluid towards the surface was moving approximately 10 times more
than fluid filled flasks. Similarly, fluid movement measured from top view showed motions
peaking at approximately 2.5 mm with the fluid surface in a standing wave pattern (Fig. 3f),
suggesting that mechanical signals generated by LIV are a product of both acceleration and
fluid motion, and each need be considered when calculating acceleration transmittance. LIV
Transmissibility of the LIV signal across fluid in filled flasks at 0.7 g acceleration exceeded
95%, and was highly similar between signals operating at 30, 90 & 500 Hz (n = 3; Fig. 3g),
suggesting that L1V-induced harmonic motions of the flask surface were directly transmitted
to the fluid with minimal loss across wide ranges of frequencies.

Proliferative LIV signal for adherent cells hampers growth for suspension cells

To minimize potential differences between our representative adherent and suspension cells
we compared CHO cells grown as adherent cells to those grown as suspension culture
conditions. We first tested the effect of a LIV regimen with multiple refractory periods, first
optimized for use with MSCs,%6 on adherent CHO cells. Control and experimental cells
were plated on Day 0 and allowed to adhere to the plate overnight. 24 hr after plating,
adherent-CHO cells were subjected to a L1V signal for 3 days that was delivered at 0.2 g and
500 Hz in 3 x 30 min/d doses with a 2 hr refractory period between each dose. At day 4,
cells were counted, and cell numbers were compared against a sham LIV control. Following
96 h, CHO adherent cells subjected to the LIV program showed a 79 + 30.7% increase in
cell number compared to sham controls (n = 6, p < 0.05; Fig. 4a).

We delivered the same LIV signal parameters to CHO-suspension cells. Plated on Day 0

and allowed to grow overnight, LIV cells were then subjected to the identical signal as

the CHO-adherent cells (0.2 g, 500 Hz, 3 x 30 min/d doses, 2hr refractory period), and
compared to sham LIV suspension controls. At day 4, LIV-treated CHO-suspension cell
population had fallen =13 £ 10.1% below sham LIV controls (n = 6, p < 0.05; Fig. 4b).
While these data confirm that CHO-suspension cells are mechanosensitive, they also suggest
that LIV signal parameters are cell-type specific, and that the same set of parameters that
enhance proliferation in adherent cells hampers proliferation in suspension cells.

LIV signal optimization for suspension cells

To determine whether a LIV signal could be designed to enhance proliferation of suspension
cells, a series of experiments were conducted to examine both frequency and intensity of the
LIV signal. To determine the optimal frequency for enhancing proliferation, 5 sets of CHO-
suspension cells were plated and allowed to culture overnight. Each set of CHO-suspension
cells was subjected to a LIV signal with a consistent amplitude of 0.2 g, while the frequency
was varied between 0 Hz (sham-LIV control), 30 Hz, 60 Hz, 90 Hz, and 250 Hz between
groups. Following 3 days exposure to LIV, cell counts were taken from each group. The 30
Hz frequency increased CHO-suspension cell number by 61 + 10.1% relative to sham LIV
control, while no other frequency showed significant difference to the control (n =6, p <
0.05; Fig. 5a).
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To determine which LIV intensity would promote the largest increase in CHO-suspension
cell proliferation, 5 sets of CHO-suspension cells were plated and allowed to culture
overnight. Each set of CHO-suspension cells was then subjected to a LIV signal using
the “optimized’ frequency of 30 Hz, with acceleration adjusted to include 0 g (sham-LIV
control), 0.35 g, 0.7 g, 1.0 g, and 1.35 g. After 3 days of LIV, cell counts were taken

from each group. An acceleration of 0.7 g generated the largest increase in proliferation
of 15 + 6.8% when compared to sham controls (n = 6, p < 0.05; Fig. 5b), while no other
accelerations resulted in a significant difference relative to control. Taken together these
data suggest that LIV can enhance proliferation in CHO-suspension cells, but that signal
parameters are different than those that increase proliferation in CHO-adherent cells.

3.4. Multiple bouts per day further enhances proliferation of CHO suspension cells

3.5.

Using CHO-adherent cells, we have previously reported that two LIV bouts separated by a
rest period of at least 1 hr was more effective at enhancing proliferation than a single bout
of equal total duration.>2 Here we combined the previous optimization of frequency and
intensity with a 2 bout per day dosing schedule that was shown to improve LIV efficacy

in adherent cells, to determine if CHO-suspension cells benefited multiple bouts per day.
CHO-suspension cells were plated and allowed to culture for 24 hr, with one group exposed
to LIV (0.7 g, 30 Hz, 2 x 1hr bout/day, 2hr refractory period) for 48 hr, after which cell
counts were taken. LIV exposed cells showed a 210 + 34.2% increase in proliferation when
compared to sham-LIV controls (n =5, p < 0.05; Fig. 6). These data showed that more
than a single bout of LIV each day, separated by a 2 hr refractory period, can enhance
proliferation of CHO suspension cells, just as it had been shown to do in adherent cells.

LIV optimization for T cells

To determine if other types of suspension cells would respond to similar LIV parameters, a
series of experiments were designed to examine if LIV could enhance T cell proliferation.
Like the first optimization experiments done in CHO-suspension cells, 4 groups of T cells
were subject to LIV of varying frequencies, including 0 Hz (sham-handled control), 10 Hz,
30 Hz, and 90 Hz, all at an intensity of 0.7 g. After 48 hr of LIV, cells exposed to 30 Hz
signal had the greatest increase in proliferation of 24.8 £ 7.8% relative to controls (n =5, p
< 0.05; Fig. 7a). Next, examining signal intensity, 4 groups of T cells were subject to LIV
to include 0 g (control), 0.1 g, 0.7 g, and 1.2 g, each delivered at the “‘optimized’ frequency
of 30 Hz. Following 48 hr of treatment with the LIV protocol, cells exposed to a 0.7 g
acceleration had the most significant proliferative response with 20.3 = 7.6% greater than
controls. (n =6, p < 0.02). Finally, examining bouts per day, experiments were designed to
determine if repeated dosing with “optimized” LIV frequency and acceleration resulted in
an effect on T cell proliferation. T cells were separated into 4 groups: controls, 1 bout of
LIV/day, 2 bouts/day, and 3 bouts/per day, with each bout separated by a 2 hr rest period.
We observed that both 2 and 3 bouts of LIV enhanced proliferation significantly, with the
2 bouts enhancing proliferation by 22.7 + 14.4% as compared to controls, and three bouts
per day enhancing proliferation by 29.4 + 4.3% as compared to controls (n = 6, p < 0.05;
Fig. 7b). Though the 3 bouts per day condition enhanced proliferation the most over control,
there was no significant difference between the 2 and 3 bout conditions.
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The impact of LIV on general cell health was examined using the cell viability marker
7AAD. Human primary T cells were cultured for 5 d in T 25 flasks, with one group
exposed to LIV (0.7 g, 30 Hz, 2 x 1 hr bout/day, 2 hr refractory period). Flow cytometry
was performed on day 5 to analyze incorporation of 7AAD. LIV expanded cells showed
no significant changes in cell viability (4.5% increase + 20.1% in 7AAD staining, p >

0.5, n = 6). Ultimately, these data suggest that LIV signal parameters, including frequency,
amplitude, and number of bouts per day, can be tailored to drive a significant increase in T
cell proliferation without any negative effects on cell viability.

Inhibition of AKT reduces proliferative effect of LIV on T cells

LIV phosphorylates of AKT on Ser 473 residue in adherent MSCs, leading to activation
Bcatenin®® and it's nuclear accumulation,34 where Bcatenin depletion leads to decreased
proliferation.3” In order to begin to elucidate the mechanism behind LIV's effect on T

cells in suspension we determined whether LI1V's effect on T cell proliferation was affected
by AKT phosphorylation. T-cells were subjected to LIV (30 Hz, 0.7 g, 2 x 60 min/d,

2 hr refractory period, n = 6/group) for five days with or without an AKT inhibitor

VI [AKTi] (Selleckchem, 1uL/mL). Every 24 h, cell numbers were evaluated and inter-
group differences were evaluated. During 5 days AKTi addition (AKTi+) did not affect
cell proliferation in non-LIV groups. In cells without the AKTi treatment (AKTi-), LIV
increased the T-cell proliferation by 12.9% (p < 0.05), 21.6% (p < 0.01) and 24.9% (p <
0.01) at days 3, 4, and 5, respectively. On days 3 and 4, cell numbers of AKTi+ control and
LIV groups were not different from each other and when compared to AKTi- controls. At
day 5, LIV treated AKTi+ cells only grew 9.3% more than their AKTi+ controls (n =6, p
< 0.05; Fig. 8) which was a 62% decrease compared to LIV effect in AKTi groups. This
suggests that LIV's effect on T cells is controlled, at least in part, through activation of AKT.

4. Discussion

Mechanical stimulation represents a relatively underutilized strategy for enhancing
biomanufacturing outcomes. Our studies show that physical signals, delivered in the form of
Low Intensity Vibration (LIV), can augment proliferation in both adherent and suspension
cell types, but that the L1V signal is cell-type specific, with each cell-type responding
differently to distinct signal configurations. Our finding that the LIV signal can be tailored
to enhance expansion of both adherent and suspension cells is encouraging and suggests that
LIV could be used to improve many different existing biomanufacturing processes once the
influential parameters are identified.

LIV was initially developed to mimic the power spectrum of muscle contractility during
exercise, as a surrogate for functional load bearing.>’ There is a wealth of literature
describing the beneficial effects of exercise on a number of adherent and suspension cells
within the body,2 including immune cells.58 Previous work from our lab has demonstrated
that L1V can markedly influence lineage selection in MSCs i vivo,23 an effect that can

be translated to /7 vitro applications.52 What was not clear was if cells in suspension —
insulated from substrate strain — were also sensitive to the accelerations/decelerations of
LIV, and if so, what the signal parameters would be that would drive the response. By their
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very definition, adherent cells are anchored to substrates via several adhesion molecules that
are associated with the cytoskeleton. Since suspension cells lack this tethering, they likely
perceive physical perturbations such as matrix strains and fluid shearing in a different way
than adherent cells. A principal finding of the work presented here is that LIV is efficiently
transmitted (>90% transmissibility) across fluids to cells in suspension, whether 24-well,
6-well plates or fully-filled T75 flasks. Additionally, LIV was efficiently transmitted to
multiple stacked flasks, with no loss of magnitude with three flasks stacked one on top of
the other. The only exception to this finding was the partially-filled T75 flasks where fluid
movement added significantly to the LIV motions caused by the vertically oscillating elastic
flask-bottom.54:55 Therefore no experiments were conducted with partially-filled T75 flasks.
Fully filled flasks are commonly used in microgravity studies to limit fluid motion, and

we have previously reported that cells are able to grow within fully filled flasks for up to

72 h.3543 The use of fully filled flasks does represent a challenge to the clinical utility of
this work, as nearly all cell culture in basic science research and commercial manufacturing
utilize partially filled containers, to allow for gas exchange. If the use fully filled flasks are
required to ensure the uniformity of fluid motion, then one would consider implementing
some sort of closed loop fluid exchange system to ensure adequate oxygenation and nutrient
transport to the cells in culture.

When conducting experiments with CHO cells, we opted to use Erlenmeyer flasks with

a substantially well supported and stiff bottom to limit wall deformations. The fact that
both CHO cells and T-cells favored 30 Hz response suggests that and that acceleration
itself as the driving factor. These findings further indicate that if structural response of the
culturing vessel is well controlled, consistently transmitting L1V to adherent and suspended
cells in a scalable way is possible. While the data reported here demonstrate that both
adherent and suspended cells can respond to LIV, the outcome is highly dependent on

the signal configuration, including intensity (i.e., magnitude of acceleration), frequency,
bout duration, number of bouts per day and the length and number of refractory period(s).
Importantly, a LIV signal tuned to stimulate expansion in one cell type is distinct from
those parameters which drive another cell's response, and thus a bioreactor using LIV to
promote expansion would first have to determine the idealized signal parameters to promote
a response for that given cell. Further, that suspension cells respond to LIV at all suggests
that sensitivity to mechanical signals is not caused by a feature exclusive to adherent cells,
or that the way they perceive mechanical signals is distinct from each other. Cells are as
much an accelerometer as they are a strain gage. There are, of course, an infinite number
of signal parameter combinations, and we readily recognize some may prove to yield a
more robust proliferative response, or an idealized set of parameters for one type of cell (or
cell density) may work distinctly different for another set. However, this work demonstrates
both that suspension cells are capable of sensing and responding to mechanical signals
(cell as an accelerometer rather than strain gage) and that adherent and suspension cells are
tuned to different mechanical parameters. Further work is needed to fully optimize signal
parameters for suspension cells, and indeed for different suspension cell types, as this work
demonstrates that mechanosensation is highly cell-type specific.

Cell density also plays an important role in the expansion of both adherent and suspension
cells, but this is a variable that is beyond the scope of this paper. While CHO cells are
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generally grown at high cell densities, overcrowding will hamper growth due to a number
of factors including contact inhibition or changes in media acidity and nutrients. In all cases
we maintained cell cultures at densities that have been studied in prior literature, are not
considered ‘too dense’, and are used in the biomanufacturing industry.59-60

One possible explanation for why suspension cells require signal parameters distinct from
adherent cells could be a difference in the transmissibility of LIV. Undoubtedly, the way
distortion/distention of the bottom of a flask is perceived by an adherent cell is different
than how acceleration is perceived by a suspension cell. Indeed, suspension cells required
a signal with a much higher amplitude (0.7 g as compared to 0.2 g for adherent cells)
which suggests that the initial signal needs to be higher in magnitude for the suspension
cells to “perceive” the same acceleration as the adherent cells. Importantly, a mechanical
signal driven at a lower frequency will maintain its amplitude over longer distances and
through less transmissible substrates. A signal with a higher frequency — and thus a much
smaller displacement for a given acceleration - will attenuate much more quickly than a
lower frequency signal.

Differences in stiffness of adherent versus suspension cell might account for their distinct
responses to LIV.61 Given that the cytoskeleton contributes greatly to the biomechanical
properties (e.g., stiffness) of a cell,18 it is plausible that a “softer” cell may respond
differently to LIV than a “stiffer” cell. AFM studies have provided direct evidence that
mechanical connections between extracellular matrix proteins and the actin cytoskeleton
indeed exist.52 The differential stiffness of adherent and suspension cells is, in part, due to
their physical attachment, or lack thereof, to a surface. In attached cells, stiffness increases
with development of actin fibers within a cell. Additionally, more focal adhesion complex
(FAC) clusters are formed in cells attached to 3D suspended structure compared to cells
attached to a 2D flat surface. The enhanced formation of focal adhesions may account

for the enhanced susceptibility of adherent cells to LI1V. Less efficient transmission of
vibration to the nucleus might also help explain why a higher intensity was required for
suspension cells to “sense” the same vibration, and suggests that conditions that disrupt the
cell cytoskeleton, such as aging, will compromise mechanosensitivity.

Interestingly, previous data has confirmed that in adherent cells, a single bout of LIV

will transiently induce cell-wide cytoskeletal remodeling and enhanced formation of focal
adhesion clusters.53 This cytoskeletal remodeling essentially “primes” a cell by improving
coupling of the nucleus to the plasma edge of the cytoskeleton and increases overall
sensitivity to subsequent mechanical signals. That suspension cells also benefitted from
repeated dosing with LIV, suggests that mechano-sensation in suspension cells might involve
a similar type of cytoskeletal remodeling shown to play a role in adherent cells, and with
enhanced cytoskeletal architecture, a ratcheted-up response to follow-on mechanical input.

Focusing on the T cell response, the work reported here shows that LIV can enhance T

cell proliferation. When considered in the context of published work that reports that whole
body vibration can elicit an immune response,54:65 it may help translate these low intensity
signals to a safe clinical application for LIV as a method to enhance immune function. It

is well established that the mechanical environment plays a critical role in T cell activation
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and proliferation.86 The T cell receptor [TCR] has been classified as a mechanoreceptor

and transduction of mechanical signals from the TCR is involved in modulating T cell
recognition, signaling, metabolism, and gene expression.8” Upon binding to an antigen and
formation of an immunological synapse T cells also undergo dynamic reconfiguration of
their cytoskeleton to better allow for precise mechanotransduction. The results reported here
indicate that T cells are directly responsive to LIV and may represent a unique method

for promoting T cell expansion. Additionally, it is of note that two very different types of
suspension cells (CHO-suspension cells and T cells) were independently found to respond to
the same set of signal parameters. This gives some support to the notion that the alteration of
signal parameters between adherent and suspension cells was due to changes in transmission
of the acceleration signal (i.e. altering signal parameters to generate the same changes in
acceleration at the cell nucleus), and not a fundamental difference between adherent and
suspension cell cytoskeletal architecture or inherent mechanosensitivity.

We found that inhibition of AKT reduced the proliferative effect of LIV on T cells by

over 60%. This suggests that LIV's effect on T cell proliferation is mediated, at least

in part, by enhanced activation of the AKT signaling pathway. Prior research on the

effects of mechanical stimulation in MSCs confirms that mechanical vibration, like LIV,
can non-invasively phosphorylate (and activate) the protein AKT.88:69 |t is well known

that mechanosensitive proteins, like AKT, are highly conserved across cell types.’® In

T cells, AKT is part of central activation pathways that govern T cell proliferation and
functionality.”:72 This, coupled with our evidence showing that inhibition of AKT reduces
the effect of LIV on T cell proliferation, suggests that LIV acts directly on mechanosensitive
proteins like AKT in multiple cell types. Importantly, inhibition of AKT did not eliminate
LIV's effect on the T cells, suggesting that LIV acts to improve T cell proliferation through
numerous mechanisms, of which AKT is just one part. However, this initial exploration of
the mechanism of action for LIV in T cells suggests that LIV would have significant effects
on T cell functionality as well, since the AKT signaling pathway is directly linked to T cell
activation and effector function.

It is important to note that for all experiments reported here that cell proliferation was
estimated by reporting daily cell counts. While we have conducted a basic study of the effect
of LIV on cell viability and apoptosis, a more accurate analysis of changes in proliferation
versus apoptosis via trypan exclusion may be warranted in addition to assessment of daily
cell number. Further studies will also need to be done to determine to what effects LIV has
on cell viability and functionality if this strategy should be considered for more complex
biomanufacturing workflows like autologous cell therapy.

In summary, we have shown that L1V can significantly enhance proliferation of both
adherent and suspended CHO cells, /n vitro, which may translate to both biomanufacturing
and autologous cell therapy industries. Our results have demonstrated that the LIV
configuration is cell-type specific, meaning that what promotes proliferation in one cell
type can hamper it in another. Importantly though, we have demonstrated that the LIV
signal is readily ‘tunable,” and can enhance proliferation in both adherent and suspension
cells. Matrix strain and fluid shear are undoubtedly large parts of the mechanical milieu
encompassing adherent cells. However, these results emphasize that suspension cells
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can benefit from LIV stimulation in the absence of cell anchorage, and suggests that
acceleration, and not some property specific to matrix distortion of the cell, is the key
driver the LIV's effect on cell proliferation. And certainly, while the biotechnology industry
has advanced bioreactors using chemical and biological approaches, there remains room for
improvement. The high transmissibility of the LIV signal suggests that it can readily — and
non-invasively - be incorporated into existing bioreactor infrastructure, without requiring
exposing culture systems to outside agents.
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Fig. 1.
(a) L1V device pictured inside incubator with stacked T75 flasks on the top plate (left).

Driving the platform is an electromagnetic actuator displacing in the vertical direction, with
current regulated through closed-loop feedback as based on an accelerometer affixed to the
bottom of the top plate. LIV parameters examined in these protocols (right) are customizable
via LabView PID, and include magnitude, frequency, duration, refractory period and doses
per day. (b) To test the transmissibility of the vibration signal on stacked flasks, single, two
or three flask configurations were vibrated at 30 Hz with acceleration magnitudes of 0.2

g and 0.3 g. The vibration magnitude readings at the top of the flask were compared to a
reference accelerometer attached to the vibrating platform. Transmissibility, defined as the
ratio of reference plate acceleration to flask acceleration was calculated. Results show that
transmissibility ratio was very close to 1 for each tested condition, showing that 100% of the
signal was successfully transferred to stacked flasks. Experiments were repeated with three
independent biological replicates, individual measurements were given on the graph.
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Fig. 2.
A finite element model was used to determine fluid motions in a vertical vibration of a

6-well plate (left). Peak out of plane strain(e) during 2 cycles of 0.7 g, 90 Hz vertical
vibration is shown in center. Fluid motion was modeled in Abaqus (6.9.1, Simula, RI).
Vertical velocity distribution during t = 1t/2 shows that fluid motion was coupled to the
vertical well peaking at 27 mm/s (right).
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Fug:ly or partially filled flasks were vibrated and fluid motions were quantified. (a) LIV was
applied at 90 Hz and 0.7 g, generating peak motion of 20 um per cycle. (b) A Photron
UX50 high speed camera at a rate of 2000 frames per second recorded the fluid motion from
either side view or top view during vertical vibration driven by a Labworks ET-126HF-1,-4
(131bf) transducer using a sinusoidal driving function. Frames betweent=0and t = 1t/2
that correspond to peak cycle displacement were compared within the region of interest
(RO, red bounding box) to determine the acceleration transmittance and fluid sloshing.

(c) Side motion of the full flasks shown that fluid motion vectors were lined parallel to
actuator motion with a maximum magnitude of 18 pm, essentially matching to the 20 um
peak motion of the actuator and (d) fluid sloshing measured from top view was minimal
around 2 um. (e) While displacement vectors from the side view of partially filled flasks
showed peak motion at 2.5 mm — two orders of magnitude larger than filled flasks. (f)
Similarly, fluid sloshing measured from top view showed large motions of unconstrained
fluid motions peaking at magnitude of 2.5 mm. (g) Comparing the transmittance of 0.7 g
acceleration magnitude in full flasks shows close to 100% transmittance across 30, 90 and
500 Hz frequencies. Data were generated from three different measurements, where each
measurement was taken from a separate trial (n = 3 independent experiments).

Mechanobiol Med. Author manuscript; available in PMC 2024 December 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chan et al.
(A) CHO-adherent Cells
1.0x10°+ *
| |
8.0x1051
7] |
T 6.0x105%
8 - . -
£ 4.0x10% —':-E‘—
= L ]
2.0x10°-
0 L] T
ctri LIV
Fig. 4.

(B)

Total Cells

1.4x107
1.3x107
1.2x107
1.1x107
1.0x1074

9.0x10%+

8.0x10°%

Page 22

CHO-suspension Cells

Ctrl

LIV signal of identical intensity, frequency, duration and refractory period (0.2 g, 500

Hz, 3 x 30 min/d, 2 hr refractory period) showed significant, but opposing, proliferative
responses in (A) CHO-adherent cells (+79%) and (B) CHO-suspension cells (-13%) (n = 6
independent experiments per group, mean + SD, p < 0.05).
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Fig. 5.

(A?) Varying the LIV frequency applied to CHO-suspension cells showed a 61% increase at
30 Hz compared to control, significantly greater than 90 Hz or 250 Hz. (B) While at a fixed
30 Hz frequency, a 0.7 g magnitude was distinguished as more influential than other inputs
with a 15% increase compared to control. (n = 6 independent experiments per group, mean +
SD, p <£0.05).
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When subjected to same LIV protocol (30 Hz, 0.7 g, 2 bouts of 1 h/d, 2-h refractory period),
CHO-Suspension cells resulted in a 210% increase in cell proliferation. (n = 5 independent
experiments *p < 0.05 Data presented as mean + SD).
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Fig. 7.

48?h frequency and dosage optimization experiment (A) human primary T cells exposed to
LIV at 30 Hz showed an increase in proliferation of 24.8% as compared to sham controls

(n =5 independent experiments, mean, P < 0.05). (B) Increasing from 1 to 2 LIV doses
elevated proliferation by 31% (p < 0.05), while 3 doses increased proliferation by 39% when
compared to sham group (p = 0.01).
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Fig. 8.

Oge set of control and L1V exposed cells was grown in the presence of the AKT inhibitor
VI (LuL/mL) Following 5 days exposure to L1V we found that cells grown without the
AKT inhibitor LIV enhanced cell growth by 24% relative to controls (** =p<0.01,n=6
independent experiments). LIV exposed cells that were cultured with AKTi VIII only grew
9% more than their controls (* = p < 0.05, n = 6 independent experiments). Addition of
AKTi VIII reduced the proliferative effect of LIV by 62%.
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