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Abstract

A number of significant muscle diseases, such as cachexia, sarcopenia, systemic chronic
inflammation, along with inflammatory myopathies share TNF-a.-dominated inflammation in their
pathogenesis. In addition, inflammatory episodes may increase susceptibility to drug toxicity. To
assess the effect of TNF-a-induced inflammation on drug responses, we engineered 3D, human
skeletal myobundles, chronically exposed them to TNF-a during maturation, and measured the
combined response of TNF-a and the chemotherapeutic doxorubicin on muscle function. First, the
myobundle inflammatory environment was characterized by assessing the effects of TNF-a on 2D
human skeletal muscle cultures and 3D human myobundles. High doses of TNF-a inhibited
maturation in human 2D cultures and maturation and function in 3D myobundles. Then, a tetanus
force dose-response curve was constructed to characterize doxorubicin’s effects on function alone.
The combination of TNF-a and 10nM doxorubicin exhibited a synergistic effect on both twitch
and tetanus force production. Overall, the results demonstrated that inflammation of a 3D, human
skeletal muscle inflammatory system alters the response to doxorubicin.
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INTRODUCTION

A number of significant muscle diseases, such as cachexia, sarcopenia, systemic chronic
inflammation, along with inflammatory myopathies share inflammation in their
pathogenesis!13447  Inflammation is a necessary response to muscle injury and aids in
regeneration. However, inappropriate or unregulated inflammatory reactions may cause
tissue injury. An episode of inflammation during drug treatment can predispose animals to
tissue injury®23, In addition, inhibition of the production or bioactivity of the
proinflammatory cytokine, TNF-a,, markedly reduces the toxicity of many drugs in animal
models38. Taken together, the presence or absence of inflammation characterized by TNF-a
may be another susceptibility factor for drug-induced injury.

TNF-a-based inflammatory stress may decrease the threshold for drug toxicity, thereby
narrowing the therapeutic window, the range in which the drug is therapeutic but not toxic.
For example, a variety of drugs can cause myopathies with weakness and muscle pain even
at prescribed doses within the therapeutic window“2. A plausible hypothesis is that chronic
inflammation sensitizes skeletal muscle to drug-induced toxicity. An understanding of the
role that TNF-a plays in the pathogenesis of drug-induced muscle disease is important for
the development of preventative adjunctive therapies.

To test how well we can model the effect of TNF-a on drug responses, we engineered 3D,
human skeletal myobundles and characterized their response to TNF-a in7 vitro’. In contrast
to 2D cultures, the 3D human skeletal muscle (hSkM) myobundles can produce functional
outputs, such as twitch and tetanus contractile forces, that are indicative of overall bundle
health. Furthermore, this system enables the examination of TNFa-initiated effects
independently and in conjunction with those of other drugs in an orientation mimicking /in
vivo muscle.

The drug candidate chosen to validate our system was doxorubicin. Doxorubicin is one of
the most effective and common chemotherapeutics administered to treat cancer; additionally,
cancer is commonly associated with elevated cytokine levels!®34, Thus, studying the
interaction between elevated TNF-a concentrations and drugs with known muscle-
weakening effects such as doxorubicin is significant in determining the full extent of drug
toxicity in relevant clinical settings?2.

Initially to validate the proposed 3D myobundle model, experiments were performed with
the murine C2C12 cell line to determine whether our cell culture protocols replicate the
effect of TNF-a on myogenesis commonly reported in the literature (Supplemental Table
S1). The effects of TNF-a. on maturation were then assessed in the hSkM myobundles
consisting of myotubes, fibrinogen, and synthesized extracellular matrix. Using the hSkM
tissue-engineered myobundles, we evaluated the functional effects of TNF-a on human
muscle maturation by measuring contractile force. We also investigated the mechanism by
which differentiation is inhibited through measuring the relationship between maturation and
either cell death or NF-xB activation. Lastly, we measured the isolated and combined effects
of TNF-a and doxorubicin dosage on muscle weakness. These results serve as evidence that
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our model can yield information about the additive effects of toxic drugs and chronic TNF-a
presence.

MATERIALS AND METHODS

Primary human myoblast culture

Muscle biopsies were obtained from discarded surgical waste with Duke IRB approved
protocols. Human skeletal muscle myoblasts were isolated according to previously described
methods!2. Briefly, muscle samples were minced, washed in phosphate buffered saline
(PBS), and enzymatically digested in 0.05% trypsin for 30 minutes. Muscle samples were
collected by centrifugation, pre-plated for 2hr, and transferred to a Matrigel (BD
Biosciences, San Jose, CA) coated flask for attachment. Myaoblasts were cultured in human
growth media (hGM) containing low glucose (1 g/L; LG) DMEM (GIBCO/Invitrogen)
supplemented with 8% fetal bovine serum (Hyclone), 1x antibiotic-antimycotic, and SkGM
SingleQuots (Lonza) without insulin or Gentamicin/Amphotericin-B. Myoblasts were
seeded in either 6 or 12-well plates, 60 mm dishes, or engineered myobundles.

Myablasts were plated and grown to 60% confluency. To induce differentiation, the media
was switched to human differentiation media (hDM) was consisting of LG DMEM
supplemented with 2% horse serum (HS; Hyclone), 1x antibiotic-antimycotic, and 10nM
insulin (Lonza).

C2C12 myoblast culture

The murine C2C12 cell line myoblasts were cultured in C2C12 growth media (C2C12 GM)
containing high glucose (HG;4.5g/L D-glucose) DMEM, 8% fetal bovine serum, 8% bovine
calf serum (Hyclone), 0.5% chick embryo extract (Accurate Chemical), and 1x antibiotic-
antimycotic. Myoblasts were seeded in either 6 or 12-well plates or 60mm dishes.

Myoblasts were cultured in C2C12 GM until reaching 60% confluency then shifted to HG
DMEM (GIBCO/Invitrogen) supplemented with 8% HS, and 1x antibiotic-antimycotic to
induce myofiber formation and differentiation.

Human and C2C12 TNF-a. and doxorubicin dosing in monoculture and myobundles

At the onset of differentiation, either 0.1% BSA (vehicle control) or TNF-a (100-
10,000U/mL) was added to the cultures and refreshed daily. Endpoint assays assessing
effects of TNF-a were run on day 1 (EdU; C2C12), day 2 (EdU; human), day 3 (quantifying
protein, DNA, immunostaining, force production; C2C12) and day 5 of differentiation
(quantifying protein, DNA, immunostaining, force production; human). From day 5 to day
12 of differentiation, human cultures were dosed every other day with either 100U/mL TNF-
a or 0.1% BSA in combination with either doxorubicin or 0.1% DMSO.

Total cellular protein and DNA quantification

The cells were washed twice with DPBS and detached from the dish using a cell scraper.
The cell solutions were split in half for protein isolation and DNA isolation.
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Protein was isolated from cells and quantified as described previously®. Briefly, cells were
harvested with a cell scraper and lysed using CellLytic-M (Sigma) and protease inhibitor
cocktail (Sigma). Protein concentration was assessed using the bicinchoninic acid (BCA)
protein assay kit (Pierce). Protein samples and BSA standards were added to working
reagent, covered, incubated for 30 minutes at 37C, and the absorbance at 562mn was
measured. DNA isolation was performed by modifying the Qiagen DNeasy blood & tissue
kit standard protocol. Briefly, the cells were harvested with a cell scraper and incubated at
56C in a 10:1:10 mixture of PBS, proteinase K, and Buffer AL for 15 minutes. After the
incubation, 200pL of ethanol was added and the mixture was run through the spin column.
The sample was washed with 500L of Buffer AW1, 500uL of Buffer AW2, then was finally
eluted with 200uL of Buffer AE. A Nanodrop 1000 spectrophotometer was used to
determine DNA concentration (260nm). Calculated protein masses were normalized with
DNA mass per dish.

Primary human and C2C12 myoblast proliferation assay

Cellular proliferation was assessed as previously described using an Invitrogen EdU assay=°.
Briefly, cells were washed 3x with DPBS. After incubating for 2hr with EdU, cells were
fixed and permeabilized with methanol. The Click-iT reaction cocktail was added as
described (Invitrogen). After washing 3x with DPBS, DNA was stained with 4mM Hoechst
33342 in DPBS for 30 minutes then imaged. Results are reported as the fraction of EdU-
stained cells to the total number of nuclei present.

Monoculture immunofluorescence

Wells were washed twice with warm DPBS, fixed with ice cold methanol for 5 minutes,
washed 3x with DPBS, and then washed 3x with wash buffer (DPBS/0.02% Tween20). After
incubating for 1.5hr in blocking solution (10% goat serum in DPBS/0.02% Tween20), cells
were incubated with either anti-MHC [MF20 (DSHB);1:50], or anti-nuclear factor kappa B
(NF-xB) [Cell Signaling Technologies;1:400]. After washing with wash buffer, secondary
antibody (1:250) and Hoechst33342 (1:1000) were added in blocking solution for 2hr at
37°C. Samples were then washed 3x with wash buffer and 3x with DPBS. A Nikon Eclipse
TE2000-U inverted microscope was used to capture images.

Imaris 7.0 was used to determine the percent of nuclei in MHC positive cells and NF-xB
nuclear translocation. ImageJ was used to measure percent area stained positive for MHC
and metrics of muscle cell fusion (myotube diameter, myotube length, and average number
of nuclei per myotube). Five randomly chosen micron squares from a larger stitched image
were used for analysis, and averages were recorded.

Human tissue-engineered skeletal muscle bundle culture

The myobundle assembly procedure was used as previously described®12:29, Briefly, cells
were dissociated in 0.025% trypsin-EDTA to a single cell solution then encapsulated in a
fibrinogen (Akron, Boca Raton, FL) and matrigel solution on laser cut Cerex frames within
PDMS molds at 7.5 x 10° cells/myobundle. The cell/hydrogel mixture was polymerized for
30min at 37°C then added to media. Human myobundles were cultured in hGM
supplemented with 1.5mg/mL aminocaproic acid (ACA) on a rocker (0.33Hz) at 37°C. On
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day 4, the media was switched to differentiation medium (hDM) consisting of LG-DMEM
supplemented with 2% adult HS, 2mg/mL of ACA, 10nM insulin, and 1x antibiotic-
antimycotic and the myobundles were removed from the molds.

Myobundle immunofluorescence

Myobundles were fixed for 5 minutes with ice cold methanol, washed in DPBS, and placed
in blocking solution at room temperature for 4hr. Samples were incubated in primary
antibodies overnight (anti-MHC,1:50; anti-NF-xB,1:400), washed, then incubated in
secondary antibodies and Hoechst dye for 2hr at 37°C. Images were acquired using a Leica
SP5 inverted confocal microscope.

Maturation and fusion data analysis

Images were assessed with ImageJ software for fiber diameter, percent of nuclei in fibers
and Imaris for NF-xB nuclear translocation. For image analysis, 5 measurements were taken
per field of view, 3 fields of view were taken per bundle, and 2—4 myobundles were
examined per condition.

Real-time PCR

Total MRNA was isolated using the Aurum total RNA mini kit (Bio-Rad) according to the
manufacturer’s instructions. mMRNA was isolated from 3 myobundles per condition (MRNA
yield=3.8+0.4pg/bundle). Quantitative RT-PCR was then used to determine the expression of
five different isoforms of MHC using the iTaq Universal SYBR Green One-Step RT-qPCR
kit (Bio-Rad) using the manufacturer’s recommended protocol. The gene expression was
analyzed for type 11X fast (MYH1), embryonic (MYH3), type I slow (MYH7), perinatal
(MYHS8), and TATA- box binding protein (TBP). Relative quantification of the gene
expression was determined using the AAC; method with TBP as the reference gene.

Contractile function assessment

Force generating capacity of engineered muscle was assessed after 5 days of maturation for
the TNF-a studies and 12 days of maturation for the doxorubicin studies. Engineered

muscle myobundles were loaded into a custom-made force measurement setup containing a
sensitive optical force transducer and a linear actuator (Thor Labs, Newton, NJ) and
analyzed as previously described®29, Briefly, one end of the myobundle was secured by a
pin to an immobile PDMS block and the other end was attached to a PDMS float connected
to the force transducer mounted on a computer-controlled motorized linear actuator. Samples
were stimulated (40V/cm) to recreate twitch (1Hz for 10ms) and tetanic (20Hz for 1s)
contraction. Contractile force traces were analyzed for peak twitch or tetanus force, time to
peak twitch, and half relaxation time.

Force dose response curves were collected by measuring tetanus force of myobundles
treated with vehicle or doxorubicin (0.1-750nM). Vehicle tetanus force was set at 100% to
which all other points were related. A nonlinear regression model was fit to the data with the
equation, Y=0+(B-®)/(1+10"((Log(X)-LogICsg))), to determine the ICsqy of doxorubicin,
where, @ is the bottom plateau of the curve, B is the top plateau of the curve, and ICsgq is the
concentration of doxorubicin that inhibits half of tetanus force production.
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Two doxorubicin concentrations (1nM and 10nM), and the vehicle control were chosen to
characterize the combined influence of doxorubicin and 100U/mL TNF-a on twitch and
tetanus force.

Lactate dehydrogenase (LDH) assay

Lactate dehydrogenase was measured every other day during initial culture (days 2 and 4)
and after incubations with either 0.1% DMSO (vehicle control), 1nM doxorubicin, or 10nM
doxorubicin in hDM (days 7,9,11, and 12). The LDH concentration was quantified using the
Pierce LDH cytotoxicity assay kit (Thermo Scientific, Pittsburgh, PA) by following the
manufacturer’s recommended protocol. The results are presented as the percent of the
positive control (lysed myobundle) using the following equation: LDH release = (sample
LDH-media control)/(positive control-media control)x100%.

Statistical analysis

The data are presented as mean+SEM. Statistical analyses were carried out using one-way
ANOVA, two-way ANOVA, and unpaired t-test as appropriate. A Dunnett post hoc test was
used for intergroup comparisons (Graphpad Prism 5, Graphpad Software). The Bliss
independence model was used to assess the additive and synergistic effects of the
doxorubicin and TNF-a combination on force production. Predicted additive values were
calculated using the following equation: Yap p=Ya+Yp-Ya*Yp*. Where Yo o is the
predicted fraction of inhibition of force if the two drugs were additive, Y, is the fraction of
inhibition by doxorubicin, Yy, is the fraction of inhibition by TNF-a.. Statistical significance
is shown as *p<0.05,**p<0.01,#p<0.001.

RESULTS

Effects of TNF-a on protein content and proliferation of 2D C2C12 and hSkM cultures

In C2C12 cultures at day 3 post-differentiation, we assessed myotube protein content, DNA
content, and proliferation. The myotube normalized protein content (ug protein/ug DNA)
decreased as TNF-a concentration increased, with significant differences observed starting
at 1,000U/mL (p<0.01) (Figure 1A). The normalization of protein data was necessary to
account for an increased number of cells due to the increase in DNA content with increasing
concentrations of TNF-a. Significant differences in DNA content were observed starting at
100U/mL (p<0.001) (Figure 1B). The mechanism behind DNA content increases was
probed by measuring the percent of cellular proliferation in a 2-hour period. TNF-a
increased the percentage of cellular proliferation in a dose-dependent manner (Figure 1C).
These data indicated that the increased DNA per plate was due to TNF-a-induced increased
proliferation.

In contrast to C2C12 cultures, TNF-a only decreased hSkM protein content at a
concentration of 10,000U/mL (p<0.01); at this high concentration, a 20% protein content
reduction was found (Figure 1D). Similarly, the DNA content also increased at 10,000U/mL
(p<0.01; Figure 1E). For this sample size, no increased proliferation was measured in TNF-
a dosed hSKM cultures (Figure 1F). TNF-a altered hSkM protein and DNA but
concentrations were comparatively much higher than those required in C2C12 cultures?’.
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Effects of TNF-a on differentiation of 2D C2C12 and hSkM cultures

TNF-a’s inhibitory influence on myoblast differentiation was examined using MHC
immunofluorescent staining. MHC protein expression is indicative of myotube maturation3.
MHC protein expression was inhibited with increased TNF-a concentrations for both
C2C12 muscle cells on day 3 and human muscle cells on day 5 post-differentiation (Figure
2A-H).

In C2C12 cultures, TNF-a-induced significant decreases (p<0.001) in both the percent of
total nuclei in MHC positive myotubes (Figure 21) and percent of MHC positive area in the
total image field of view (Figure 2J). Both significant differences started at 100U/mL. At
10,000U/mL, there is an 85% and 73% reduction in percent total nuclei in MHC positive
fibers and percent of MHC positive area, respectively. Similarly, for the same metrics, hNSkM
cultures also trended downward with increasing TNF-a concentrations. HSkM data for
individual donors are presented when there is significant variation among donors. To
account for donor specific effects, a twoway ANOVA was applied. The interaction between
TNF-a concentration and muscle tissue donor was significant (p<0.05). With the exclusion
of donor 2 at 200U/mL, all TNF-a concentrations yielded decreases in percent total nuclei
in MHC myotubes for each donor (p<0.01; Figure 2K). Similarly, percent of total area
stained for MHC was affected by both TNF-a concentration and donor (p<0.001; Figure
2L). Thus, despite noticeable donor-to-donor variability in the magnitude of the response,
increasing TNF-a concentration decreased MHC expression.

Furthermore, TNF-a dosed C2C12 and human differentiating myoblasts fused less when
compared to those in the control group. Firstly, the C2C12 average number of nuclei per
fiber decreased at 100U/mL TNF-a then plateaued at higher concentrations (p<0.001;Figure
2M). In contrast, hSkM fusion parameters exhibited higher variability, much like the
behavior observed in overall protein content. The number of nuclei per fiber decreased as the
TNF-a concentration was increased with a significant difference at 1,000U/mL (p<0.01;
Figure 2N). While the average number of nuclei per fiber closely resembles those of C2C12
cultures, hSkM fiber dimensions were somewhat larger. This was not unexpected, since
hSkM primary cells are larger than C2C12 primary cells; they were also differentiated for a
longer time period8.

In both species, differences in average myotube diameter and length followed these patterns.
For C2C12 cultures, myotube diameter and length peaked at 100U/mL. This plateau trend
indicates that in C2C12 cultures, fusion was inhibited maximally at 100U/mL TNF-a
(Figures 3A, B). Likewise, hSkM myotube diameter and length were reduced maximally at
100U/mL TNF-a also (Figures 3C, D).

Inhibition of myotube fusion in TNF-a treated myobundles

Human myobundle width and myotube fusion were reduced after 5 days of differentiation in
the presence of TNF-a. (Figure 4). Representative images shown in Supplemental Figure
1A-D display the inhibition of MHC protein expression as TNF-a concentrations increased.
TNF-a concentrations at and above 1,000U/mL resulted in reduced myotube diameter
(Figure 4A). TNF-a also induced decreases in the number of nuclei per fiber at
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supraphysiological concentrations (Figure 4B). Complementing this measure of fusion,
percent nuclei in MHC positive fibers significantly decreased in all concentrations above
1,000U/mL TNF-a (Figure 4C). For percent nuclei in MHC positive fibers, the 2D cultures
exhibited a higher sensitivity to TNF-a than the myobundles. Similarly, the myobundle
cultures exhibited 2 times more fusion; myobundles averaged 8.0+0.4nuclei/fiber, whereas,
2D culture averaged 3.7£0.3nuclei/fiber. This sensitivity difference between 2D and
myobundles is not specific to TNF-a.; neoplastic cells also have increased drug sensitivity in
2D when compared to 3D and /7 vivo conditions?l. This suggests that the results from the
myobundle constructs are more indicative of the skeletal muscle inflammation environment
in vivo.

To evaluate if this difference in TNF-a sensitivity could be driven by NF-xB activation, NF-
xB translocation was measured in both 2D and myobundle cultures exposed to TNF-a
(Supplemental Figure S3). NF-xB activation trends upward with time in a 2D setting but
there is no difference after 120hr in myobundles. This mirrors the TNF-a-mediated extent
myotube fusion inhibition between the 2D and myobundle cultures suggesting that NF-xB
may be driving this inhibitory effect of TNF-a on myogenesis.

To assess whether the inhibitory effect of TNF-a on myogenesis was apparent at the mRNA
level, differentiating human myobundles were analyzed for the expression of developmental
and adult MHC isoforms (Figure 4D). When treated with TNF-a, MHC isoforms were
reduced significantly in all conditions (p<0.05). These results illustrate that TNF-a.’s
inhibitory effects on myogenic differentiation are apparent at the gene expression level as
well.

TNF-a decreases tetanus contractile force

Myobundle twitch and tetanus forces displayed a downward trend with increasing TNF-a
concentration for three different donors (Figure 5A,B). Due to the high variability between
donor replicates, only the 10,000U/mL TNF-a twitch force condition was different than the
control for two out of three donors (p<0.05). Whereas for tetanus force, all donors were
different than the control at the highest TNF-a concentration (p<0.05). Tetanus force was
decreased as well in donor 1 at the 1,000U/mL TNF-a level. This difference in
responsiveness was not surprising due to the donor-to-donor variability seen in MHC
expression. To assess if there is a correlation between these two measurements, tetanus force
was plotted against the percentage of hSkM nuclei in MHC+ fibers (Figure 5C) in the
control group and after being exposed to 10,000U/mL TNF-a.. A weighted linear regression
indicated a statistically significant slope (0.04<p<0.05) correlation coefficient of 0.63. This
suggests that TNF-a induced changes in MHC expression could predict TNF-a. force
depression.

Contractile kinetics were also assessed for TNF-a-induced changes. Time to peak twitch
was unchanged in all conditions (Figure 5D). In contrast, 1/2 relaxation time was decreased
at 10,000U/mL TNF-a (p<0.001; Figure 5E). Interestingly, altered myobundle function
corresponded to the reduction in nuclei per fiber but was not as responsive to TNF-a. as
myotube diameter and MHC expression.
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We assessed if the force depression was due to cytotoxicity by measuring the release of LDH
into the media. In the first 4 days of myobundle differentiation, results showed no difference
in LDH release between 1000U/mL TNF-a and control groups. LDH levels were low,
between 3-6%, indicating minimal cell cytotoxicity in the presence of both TNF-a and BSA
(Figure 5F). This data suggests that the drop in force production was not due to decreased
cell viability.

TNF-a enhances doxorubicin-induced depression in contractile force

Doxorubicin decreased myobundle tetanus force production in a dose-dependent manner
(Figure 6A). Muscles were incubated for 5 days with a doxorubicin concentration range of
0.1-1000nM, being below maximal plasma concentrations reached in clinical practice3. To
find the doxorubicin’s half-maximal inhibitory concentration (ICsg), the experimental dose-
response data was fit by a logistic curve (R2=0.92). The nonlinear regression model equation
for the doxorubicin tetanus force data was: tetanus force as a percent of
vehicle=100/1+10"((Log[doxorubicin (nM)])-0.997)). The 1Csq of doxorubicin derived from
the fit was 9.93+0.07nM.

The effect of 100U/mL TNF-a and doxorubicin was explored both independently and
together on the myobundles. The TNF-a concentration was optimized to fit 2 criteria: 1)
produce a difference in force production on day 12 of differentiation when compared to the
control, 2) while still producing a large enough force to detect a difference when
doxorubicin was added. These criteria were met with 100U/mL TNF-a myobundle
treatment refreshed every other day for 12 days. TNF-a and doxorubicin-treated
myobundles were assessed for the peak amplitude of twitch and tetanus force (Figure 6B).
The depression of twitch and tetanus force at 1 and 10nM doxorubicin concentrations was
exacerbated by addition of TNF-a (Figure 6C,D).

The Bliss independence model was used to evaluate synergy of doxorubicin and TNF-a
(Figure 7A-D). Combination of the two treatments on twitch and tetanus force production is
additive at 1nM doxorubicin concentrations (Figure 7A,C). At the higher doxorubicin
concentration, the combination of doxorubicin and TNF-a. was significantly more than
additive and thus synergistic (Figure 7B,D).

To assess if cytotoxicity explained the depression of force generation, LDH release into the
media was measured. For the sample size, there were no observable trends in LDH release
for TNF-a dose, doxorubicin dose, or time (Supplemental Figure S2). This suggests that the
TNF-a-induced force depression is not due to increased cytotoxicity.

DISCUSSION

The first goal of this work was to create a hSkM myobundle inflammation model using
TNF-a and compare the model’s responses to that of 2D human and C2C12 models. TNF-a
is the cytokine most prominently linked to muscle pathophysiology3®. Its chronic expression
is associated with muscle wasting and loss of muscle function28:38  in addition to various
diseases including sarcopenia, cancer, and heart failurel?:26:47 While many /n vitro studies
have shown the effects of TNF-a on C2C12 cells, there has been limited scientific evidence
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on its effect on hSKM cultures. Therefore, 2D hSkM and C2C12 baseline studies were
performed to examine TNF-a.’s effects on overall protein content, cellular proliferation and
prevalence of the late-stage maturation marker MHC. Using these measures, we optimized
the TNF-a concentrations to design the 3D myobundle inflammatory model. Although the
myobundle platform in this work is a maturation model, it is applicable in mature muscle
because injury occurs constantly and repair is ongoing.

Increasing TNF-a concentrations resulted in decreased normalized protein content in both
cell types, although hSkM cultures only decreased at 10,000U/mL. This hSkM higher
resistance to TNF-a may be due to physiological differences between species, such as
receptor subtype expression, resulting in differing myogenic mechanisms2. While the TNF-
a-induced decreased protein content in hSKM cultures is consistent with relevant results in
Table 1, the reduced level of TNF-a sensitivity differs from C2C12 cultures.

In the absence of TNF-a,, comparison of the baseline C2C12 culture myotube formation and
myotube width have many similarity to what others have reported®. Buttadapur et al.# also
obtained aligned C2C12 myofibers in fibronectin microprinting or micromolded gelatin.
Their myogenic index (percent of C2C12 nuclei in sarcomeric a-actinin-positive myotubes)
ranged between approximately 0.13-0.38 after one week. This is comparable to the percent
of C2C12 nuclei in MHC-positive myotubes was 0.25+0.04%. Similarly, myotube widths
are consistent with other C2C12 jn vitro studies*. However, myotube lengths found in
Buttadapur et al.* are longer than those observed in this study. This suggests that patterning
may be advantageous in promoting fusion.

The magnitude of MHC inhibition varied among different individuals which can be
attributed to differing genetic and environmental influences on an individual’s response to
cytokines8:13.19 C2C12 cultures do not exhibit the same magnitude of variability because
they are more homogeneous and not from different donors. The hSkM model used in these
experiments was able to detect differences in MHC expression to varying TNF-a
concentrations between different patients. This ability to distinguish TNF-a response
differences shows the potential of using this donor-specific inflammation model for
developing personalized medicines.

The 2D hSKM MHC protein expression decrease was larger than the observed overall
protein content reduction over the same TNF-a range; this increased reduction indicates that
this myofibril protein is targeted preferentially compared to other cytoplasmic proteins.
Increased myofibrillar protein degradation, which play an important role in contractile force
generation, explains the correlation of elevated TNF-a concentrations with muscle
weakening and wasting.

As another indicator of muscle cell differentiation, myoblast fusion into multinucleated
tubes was quantified by measuring the average number of nuclei per fiber. In addition,
measuring average myotube diameter and length further characterized myotube
development. Both cell types had roughly the same range of average myotube number of
nuclei, although, as noted previously, there was higher variability in the hSkM cultures.
hSkM fiber dimensions indicated a correlation between nuclei quantify and fiber size;
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diameters and lengths plateau in both metrics by the 1,000U/mL condition, similar to the
number of nuclei per fiber. Decreases on myotube dimensions due to TNF-a,, further
corroborates decreases in total protein content. Overall, while fusion of myotubes in both 2D
cultures of C2C12 and human cells was inhibited by TNF-a., it occurred at a more variable
rate in hSKM cultures.

It is also worth noting that for both cell types and orientations, the decreases in number of
nuclei per fiber was not directly proportional to decreases in myotube diameter and length.
Others have reported similar findings with C2C12 cells in monoculture3C. In 2D, this may be
due to the unaligned, randomly branching geometries of the skeletal muscle fibers that
introduces variability in size. Such irregular branching is uncharacteristic of /n vivo muscle
cell differentiation. The myotube fusion is increased by a factor of 2 in the 3D myobundles.
The myobundles promote differentiation through increased cellular densities3140, uniaxial
tension for cell alignment2, and mimicry of tissue stiffness! to assist in replicating
physiological muscle tissue structure. In 2D it is generally difficult to place myotubes under
tension, whereas in the myobundles, the myotubes are cultured under a passive tension
resulting from attachment of myobundles to the frames. In myobundles, the difference in
proportion of number of nuclei per fiber and fiber diameter might be due to fibers moving in
and out of the focal plane. Fibers in multiple focal plans might yield a lower nuclei per fiber
count. When the fraction of nuclei in MHC-positive fibers is examined, it is directly
proportional to the myotube diameter.

NF-xB links the inhibition of muscle differentiation by TNF-a to the negative regulation of
myogenic regulatory factors, especially MyoD16:25. TNF-a suppresses MyoD through
down-regulation of both gene and protein expression6:25, MyoD mRNA are down-regulated
at the posttranscriptional level via miRNA18. Whereas, MyoD protein abundance is reduced
via increased MyoD proteolysis by the ubiquitin proteasome pathway?2°. Myogenic regulator
factor suppression by TNF-a inhibits muscle differentiation and fusion.

During maturation, decreases in MYH gene expression are proportional to MHC protein
expression decreases. This agreement suggests that TNF-a suppresses MHC through
regulation of gene expression. This is strengthened by TNF-a having marginal effects on the
MHC content of differentiated myofibers32.

Similar to the fusion parameter number of nuclei per myotube, only 10,000U/mL TNF-a
had an effect on contraction. High TNF-a doses (>25,000U/mL) were also required to
decrease contractile force of isolated rodent muscle?®. In comparison to other force
generating myobundles2?, our myobundles were tested on differentiation day 5 instead of
day 14. We expected lower contractile forces due to less time for myobundle maturation.
The force depression was most likely due to inhibition of myogenesis of the myobundles.
This work is the first to show that TNF-a in isolation is capable of significantly reducing
human skeletal muscle force generation.

Similar to contractile force, 1/2 relaxation time, decreased at 10,000U/mL TNF-a.. Skeletal
muscle relaxation after a single twitch or a tetanic contraction is initiated by a reduction in
sarcoplasmic Ca2* concentration. However in isolated murine myofibers, baseline calcium
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levels and calcium transients during contraction were not altered due to TNF-a even though
it decreased tetanic force3’. Reid er a/. concluded that TNF-a decreases force by blunting
the response of muscle myofilaments to calcium activation3”. This decreased sensitivity to
calcium activation could be a factor in the human myobundle decreased force and
contraction kinetics.

To assess how well our platform can model the effect of inflammation on drug responses, we
treated the myobundles with both TNF-a and doxorubicin. Doxorubicin is one of the most
widely used anticancer drugs for the treatment of carcinoma, sarcoma, and leukemia33. Its
therapeutic effects are dose limited due to its toxicity in healthy tissue*!. This is exacerbated
by the fact that skeletal muscle plays an active role in the sequestering and metabolism of
doxorubicinl4. Doxorubicin treatment causes significantly reduced skeletal muscle
function®, as noted by a decline in contractile force and rate of force generationl, and
increased muscular fatigue®4. Skeletal muscle dysfunction is hypothesized to be due to
elevated TNF-a levels leading to increased reactive oxygen species.

In this study, the doxorubicin concentration range of 0.1-1000nM was below maximal
plasma concentrations reached in clinical practice (1200nM)3. We found a dose-dependent,
inverse relationship between doxorubicin concentration and human, myobundle tetanus
force. Similarly, in isolated murine skeletal muscle, doxorubicin’s effects on force
production are also dose-dependent#4. The doxorubicin IC50 value for tetanus force is over
25 times less concentrated than the average plasma concentration of doxorubicin over 24
hours in breast cancer patients (257.7+0.8nM)3. Even at low doses, doxorubicin had
profound detrimental effects on contractile force over 5 days.

Several experimental models suggest that an episode of inflammation during drug treatment
predisposes animals to tissue injury®10:23, Doses of bacterial lipopolysaccharide (LPS)
induce TNF-a increases in many animal models and although these increases are not toxic
themselves they cause increased toxicity when introduced with many pharmaceuticals.
Furthermore, inhibition of the production or action of TNF-a markedly reduced the toxicity
of many drugs in animal models36. This suggests that inflammation characterized by
elevated levels of TNF-a may exacerbate the toxicity of drugs. We utilized our human
skeletal muscle model to assess the toxicity of doxorubicin alone and in combination with
TNF-a.. The doxorubicin and TNF-a combined treatment lead to exacerbation of
doxorubicin decrement in both twitch and tetanus force production. The combinatory effect
of TNF-a at lower doxorubicin concentrations was additive but higher concentrations was
synergistic. Our findings suggest that there is an interaction between doxorubicin and TNF-
a treatment on human skeletal muscle. This might be due to augmented reactive oxygen
species production from both the TNF-a and doxorubicin treatment. Therefore, patient
undergoing chemotherapy might be even more susceptible to muscle loss and weakness due
to chronic inflammation-induced exacerbations in drug toxicity.

One limitation to this study is the comparison of human primary myablast to the C2C12 cell
line rather than primary murine myoblasts. However, C2C12 myoblasts are most commonly
used when assessing the impact of TNF-a on skeletal muscle2430, Addition of C2C12
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myoblasts allowed us to compare our work to prior studies evaluating the effects of TNF-a
on skeletal muscle.

Overall, we present a robust, myobundle model of inflamed human skeletal muscle that
recapitulates the well-characterized effects of TNF-a.. To our knowledge, no studies have
been performed investigating TNF-a’s effects on human muscle differentiation /in vitro, and
thus we were able to probe the influence of TNF-a. more accurately than commonly used
animal models. Furthermore, the myobundles utilize cells obtained from separate donors and
replicate physiological muscle structure and function. The myobundles enable functional
measurement of contractile force which is not possible in 2D culture. Thus, compared to 2D
cultures or animal models currently used in preclinical settings that are helpful for screening,
our human skeletal myobundle inflammation model is better suited for functional
measurements that can be related to in vivo values and has the added benefit of donor
variability. Because of these advances, the platform acts as a potential research and
diagnostic tool for personalized medicines. Additionally, the myobundle system detected
that the combination of TNF-a and doxorubicin induced larger decreases in twitch and
tetanus force than doxorubicin alone. Therefore, we demonstrated the feasibility of the
human myobundle inflammatory system to act as a drug-toxicity testing platform.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TNF-a decreases total cellular protein and increases proliferation of differentiating C2C12
and human myoblasts in 2D cultures. TNF-a (0-10,000U/mL) was added daily at the onset
of differentiation to (A-C) C2C12 myoblasts for 3 days and (D-F) human myaoblasts
differentiated for 5 days. A) C2C12 total protein content measured by BCA assay and
normalized by mass of DNA for control and TNF-a dose. B) C2C12 DNA mass of
myotubes per plate. C) Percent of C2C12 myoblasts proliferating measured by percent of
total nuclei staining positive for EdU. Myoblasts were incubated for 2 hours with EdU
components after 24 hours of differentiation and TNF-a dosage. D) Normalized protein
content and E) DNA mass per plate of hSkM myoblasts on day 3 of differentiation and TNF-
a dose. F) Percent of hSkM myaoblasts proliferating measured by nuclei staining positive for
EdU. Proliferating myoblasts were incubated for 2 hours with EQU components after 24
hours of differentiation and TNF-a dose. Data are mean+SEM for duplicate wells from each
of 4 donors. Significance was determined using one-way ANOVA with Bonferroni post-hoc

corrections.
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Figure 2.
TNF-a inhibits MHC expression in both C2C12 and human differentiating myoblasts in 2D

culture. Immunofluorescent staining for MHC (green) and Hoechst staining for nuclei (blue)
revealed the extent of myoblast differentiation at varying concentrations of TNF-a
(0-10,000U/mL) after 5 days of daily exposure. There was a noticeable decrease in the
expression of MHC in representative images of (A-D) C2C12 differentiating myoblasts
cultured with A) vehicle control, B) 100U/mL, C) 1,000U/mL, D) 10,000U/mL of TNF-a..
A similar decrease was also seen in representative images of (E-H) hSkM differentiating
myoblasts cultured with E) vehicle control, F) 100U/mL, G) 1,000U/mL, H) 10,000U/mL of
TNF-a. Scale bar=200um. The percent of nuclei in MHC-positive fibers and the percent of
the total image staining MHC-positive indicated the degree of maturation in differentiating
(1,3,M) C2C12 and (K,L,N) hSkM myoblasts after exposure to different TNF-a for 5 days.
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All measurements were obtained from immunofluorescent images. I) Percent of C2C12
nuclei in MHC-positive fibers. J) Percent area in the field of view stained positive for MHC
in C2C12 cultures. K) Percent of nuclei in MHC-positive fibers in hSKM cultures separated
by donor. L) Percent field of view area stained positive for MHC in hSkM cultures separated
by donor. M) Number of C2C12 nuclei per fiber. N) Number of hSKM nuclei per fiber. Data
are mean+SEM for duplicate wells with 5 fields of view per well from 4 donors for panels
1,J,M and N and mean+SEM for duplicate wells with 5 fields of view per well for panels K
and L. Significance was determined using one-way or two-way ANOVA with Bonferroni
post-hoc corrections.
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Figure 3.

Myotubes exposed to TNF-a exhibit less fusion in 2D culture. The degree to which
myoblasts fuse into multinucleated myotubes is another indicator of skeletal muscle
maturation. All (A,B) C2C12 and (C,D) hSkM measurements were obtained by quantifying
immunofluorescent images. Data are mean+=SEM for duplicate wells from 4 donors. 5
randomly chosen images were analyzed per well. A) Average C2C12 myotube diameter. B)
Average C2C12 myotube length. C) Average hSkM myotube diameter. D) Average hSkM
myotube length.
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Figure 4.
TNF-a inhibits myogenesis in engineered human myobundles. A-C: analysis of myotube

fusion from MHC immunostaining. (A) average myotube diameter, (B) average nuclei per
fiber, and (C) percent of nuclei in MHC positive fibers. (D) mRNA expression analysis of
myobundles harvested 5 days after daily TNF-a dosing (0-10,000U/mL) started at the onset
of differentiation. Genes of interest were the embryonic (MYH3), perinatal (MYHS8), and
adult MHC isoforms (MYH1, MYH7). Data are expressed as mean for triplicate wells from
3 donors and 2 biological replicates normalized to TBP.
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Figure 5.

TNF-a impairs contractile force generation in human myobundles. (A) Myobundles treated
daily for 5 days with either vehicle or TNF-a. (100-10,000U/mL) at the onset of
differentiation displayed an increased depression of both (A) twitch and (B) tetanus force
with increasing TNF-a concentrations. (C) Relationship between tetanus force and percent
of nuclei in MHC-positive fibers. Data are expressed as mean+SEM of 3 donors with 4
biological replicates. Myobundle (D) time to peak twitch and (E) half relaxation time as a
function of TNF-a concentration. (F) Myobundle LDH Release as compared to a lysed
control condition after 5 days of daily dosing with 1,000U/mL TNF-a.. Data are expressed
as mean£SEM of 3 donors with 2 biological replicates per donor.
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Figure 6.

TNF-a enhances the doxorubicin-induced depression of contractile force in human
myobundles. Doxorubicin effects on muscle function were measured by assessing twitch and
tetanus force. Myobundles were differentiated for 5 days, then doxorubicin was added every
48 hours for 7 days. (A) Myobundle dose response curve of doxorubicin (0.1-1000nM) for
tetanic force depression. (B) Representative vehicle and doxorubicin-treated tetanic force
traces. C-D: Myobundles were differentiated for 5 days either in the absence [vehicle (0.1%
BSA)] or presence of TNF-a (100U/mL), then doxorubicin was added every 48 hours for 7
days either in the presence or absence of 100U/mL TNF-a. The combination of 100U/mL
TNF-a and doxorubicin (1-10nM) had a larger effect on twitch force (C) and (D) tetanus
force than doxorubicin alone. Data are expressed as mean+SEM of 4 donors with 4
biological replicates.
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Figure 7.
Doxorubicin contractile depression is exacerbated by 100U/mL TNF-a. (A) Effects of 1nM

doxorubicin and TNF-a on twitch force are additive. (B) Effects of 1nM doxorubicin and
TNF-a on twitch force are significantly more than additive, thus synergistic. (C) Effects of
10nM doxorubicin and TNF-a on twitch force are additive. (B) Effects of 10nM
doxorubicin and TNF-a on twitch force are significantly more than additive, thus
synergistic. Data are expressed as mean+SEM of 4 donors with 4 biological replicates.
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