








We also uncovered distinct biophysical subpopulations of
myofibroblasts. These discrete subpopulations were placed along
a linear trajectory following both PCA and graph-based clustering,
supporting the concept of these cells as existing along a continuum.
This may reflect an underlying differentiation path or could

represent a dynamic equilibrium within which cells flux between
high and low contraction states.

Single-cell biology has uncoveredmany critical cellular processes,
fostering a deep appreciation for the significance of heterogeneity in
biology. To complement the quantification of biophysical profiles,

Fig. 3. Traction force is modulated during myofibroblast spreading. (A,B) Confocal images of Calcein-AM-tagged myofibroblasts (green) seeded on
4.5 kPa Polyacrylamide (PAA) hydrogel (A) 15 min and (B) 60 min after seeding, with corresponding binary plots of traction forces above noise level. Black
regions represent areas of traction force above noise level (∼50 Pa). Tx=Traction. (C) Confocal image of F-actin staining (Phallodin-488) in spreading
(15 min) and fully-spread myofibroblast (>60 min) showing organisation of F-actin and stress-fibre topology. (D) Line profile of traction-force magnitude across
line V in F showing the distribution of force along one representative cell periphery and box and whisker plot showing mean traction force at cell periphery
(2 �m from cell edge) compared to the remaining cell surface (background) during spreading (15 min after seeding cells). n=20 myofibroblasts from three
independent donors. *P<0.05 (Wilcoxon Rank Sum test). (E) Box and whisker plots showing maximum and mean traction forces, and area of traction force
above noise levels in spreading and spread myofibroblasts. n=>12 myofibroblasts from three independent experiments. (F) Confocal image of spreading
myofibroblasts (green) and corresponding traction stress heatmap.
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Fig. 4. See next page for legend.
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we sought to integrate morphological and cytoskeletal parameters,
and performed unsupervised clustering of myofibroblasts based on
these properties. Although cell size and circularity did not directly
influence traction forces in our experiment, we again noted three
clear subpopulations. Indeed, cytoskeletal topology mirrored the
biophysical profiles of myofibroblasts. Exploring the cytoskeletal
clusters suggests that morphological heterogeneity was explained
mostly by cell spreading and polarisation, with one large, highly
polarised myofibroblast cluster, and two clusters of variable size with
more disorganised actin organisation. This observation supports
inferences made from our computational and experimental traction
force analysis that suggest a unified continuum structure along which
myofibroblasts transition between polarisation states. During this
transition and cell spreading, large-scale modifications in traction
force distribution and cytoskeletal structure were observed, but the
magnitude of force generation remains stable.Moving forward, future
work might also consider the time domain of this process.
Limitations of our study include the need for tissue digestion to

isolate single cells, which likely exerts phenotypic effects on
myofibroblasts. Also, although myofibroblasts are the predominant
cell type in nodules, we performed no definitive enrichment step to
isolate a pure myofibroblast population. With regards to the
experimental protocol used, the necessity to obtain quantifiable
bead displacements required the use of 4.5 kPa gels, which is the
lower end of the force measurements in nodules. Looking forward, it
would be important to integrate our single-cell biophysical and
cytoskeletal profiling of myofibroblasts with other stromal cells to
find potential conserved and distinct functional states. This would
facilitate the development of detailed functional taxonomies of
stromal cells in human disease. Our description of the biophysical
readouts of primary human cells forms a foundation for future
research that should aim to integrate functional parameters with
gene expression and proteomic measurements to construct a
validated cellular census of myofibroblasts.

MATERIALS AND METHODS
Patient samples
After approval by the local ethical review committee (REC 07/H0706/81),
tissue samples were obtained with informed consent from patients with DD.
Dupuytren’s nodular tissue was obtained from individuals with DD
undergoing dermofasciectomy.

Cell culture
Cells fromDD patients were isolated from α-SMA-rich nodules as described
previously Verjee et al. (2009). Tissue samples were dissected into small

pieces and digested in DMEM (Lonza) with Type I collagenase
(Worthington Biochemical Corporation) +DNase I (Roche Diagnostics)
for up to 2 h at 37°C. Cells were cultured in DMEM with 5% (vol/vol) FBS
and 1% penicillin-streptomycin at 37°C in a humidified incubator with 5%
(vol/vol) CO2. Cells before passage two were used for experiments.

Immunofluorescence and confocal microscopy
Dupuytren’s myofibroblasts were fixed with 4% paraformaldehyde in PBS
for 20 min, longitudinally bisected, embedded in paraffin wax, and 7-μm
sections from the cut surface were processed for immunofluorescence. The
tissue sections were stained with Phalloidin-AF488 (Life Technologies).
Nuclei were counterstained with DAPI (4, 6-diamidino-2-phenylindole;
Sigma-Aldrich) and mounted using Prolong™ Gold anti-fade (Life
Technologies). Fluorescent images were captured using a confocal system
(Zeiss LSM 710).

F-actin orientation analysis
The orientation properties of the actin filaments in myofibroblast
immunofluorescence images (Phalloidin-488) were computed based on
the evaluation of the structure tensor in a local neighbourhood using the Java
plugin for ImageJ (http://imagej.nih.gov/) ‘OrientationJ’. After specifying
the size of a Gaussian-shaped window, the program computes the structure
tensor for each pixel in the image by sliding the Gaussian analysis window
over the entire image. The local orientation properties are computed and are
then visualised as gray-level or colour images with the orientation being
typically encoded in colour. The data presentation was performed using the
‘ggplot2’ R package (R Version 3.5.). We analysed the F-actin orientations
from at least 60 individual cells over the course of at least three independent
experiments.

Atomic force microscopy
Mechanical measurements were obtained using an Asylum Research MFP-
3D atomic force microscope (Oxford Instruments). Fresh tissue samples
from DD patients were dissected to obtain an approximately 10 µm cube
from the centre of the nodule. This was then embedded in OCT and snap
frozen in liquid nitrogen. Using a cryostat, 30 μm longitudinal slices were
cut and mounted onto a glass slide. Tissue stiffness was measured through
micro-indentation using a 0.072 Nm−1 probe with spherical 5 μm SiO2 tip
(NovaScan) and the cantilever spring constant was calibrated using the
thermal fluctuation method. 100 nano-indentation measurements were taken
from 10×10 μm squares, with at least three squares per nodule, with the
sample in double-distilled water at room temperature. Elastic modulus was
calculated using the Hertz model from indentation profiles using MFP-3D
software (Oxford Instruments and Igor).

Preparation of polyacrylamide hydrogels
Polyacrylamide (PAA) gels were prepared as previously described in Colin-
York et al. (2017). Briefly, 4.5 kPa polyacrylamide gels were prepared
by combining acrylamide monomers (Sigma-Aldrich) at 10% and bis-
acrylamide cross-linkers (Sigma-Aldrich). Polymerization was initiated by
the addition of TEMED (Sigma-Aldrich) followed by 10% Ammonium
persulfate (Sigma-Aldrich) at a volume ratio of 1:250 and 1:100, respectively.
The gel solution was pipetted between two glass coverslips, one of which had
been treated with APTMS 0.5% (Sigma-Aldrich) followed by 0.5%
glutaraldehyde (Sigma-Aldrich) to firmly attach the gel to the coverslip.

PAA functionalization was achieved using the ultraviolet (UV) activated
cross-linker Sulfo-SANPAH (Thermo Fisher Scientific). Each gel was
coated with 20 mg per ml solution of Sulfo-SANPAH and exposed to
365 nmUV light for 10 min. The gel was then washed to remove any excess
cross-linker and then coated with a 100 µg/ml Type I Collagen (First Link)
and incubated at 37°C for 1 h. Gels were then washed and incubated at 37°C
before cell seeding.

Traction force microscopy
Live cell imaging was performed at 37°C in Phenol-Red-free DMEM
(Gibco 2106309) without serum. Images were acquired using an inverted
wide-field confocal microscope (Zeiss LSM 710) fitted with a stage

Fig. 4. Distinct biophysical subpopulations of human myofibroblasts.
(A) Scatter plot projecting single-cell force profiles along the first two principal
components (PC1 and PC2). Each point represents one cell and cells are
coloured by PAM cluster (n=59 cells). (B) Corresponding traction force
heatmaps of cells identified in dashed black squares in (C). (C) k-NN graph of
PCA meta-signatures (force profiles) coloured by Louvain cluster. Each point
represents a single cell (n=59 cells). (D) Bar plots of maximum and mean
traction forces per PAM cluster. *P-value<0.05 and ***P-value<0.01
(Wilcoxon Rank Sum test, n=59 cells). (E) Scatter plot projecting maximum
and average traction force per cell along the first principal component. Each
point represents one cell and size represents maximum traction force (n=59,
from >5 independent donors). (F) Immunofluorescence of actin orientation in
representative myofibroblast types with corresponding quantification of actin
stress fibre orientation (n=59 myofibroblasts from three independent
experiments). (G) k-NN graph of myofibroblast cytoskeletal and morphological
features (cell area, aspect ratio, stress-fibre length and stress-fibre orientation)
with corresponding bar plots of stress-fibre length and cell size (n=59
myofibroblasts from three independent experiments). Scale bar: 20 µm.
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incubator (5% CO2 in air, 37°C). Images of fluorescent beads (fiducial
markers) were acquired in the Texas Red channel (580/605 nm) and cells
acquired in the Alexa-Fluor 488 channel (488 nm). Imaging was performed
using a 63× (1.4 NA) oil objective and images were processed using ImageJ
software. Average pixel size was 153.3 nm. Cells were removed from the gel
surface using Tryspin (0.5%) after 60 min.

Data processing was performed as described in Colin-York et al. (2017)
using ImageJ plugins. First, images were imported into ImageJ using
Bioformats and corrected for experimental drift between each image using a
template-matching and slice-alignment plugin. A normalised correlation-
coefficient-matching method was implemented with subpixel registration.
Following this, particle image velocimetry (PIV) was applied to quantify
bead displacements using a cross-correlation algorithm with an iterative
window size of 64 pixels and 32 pixels yielding displacement vectors of 16
pixels and a final resolution of 2.4 μm. Post-processing of PIV vectors was
undertaken using a normalised median test (noise level of 0.2 and threshold
of 5.0) to filter and replace erroneous displacement vectors with the median
value from nearby vectors (n=30). This process compares each vector with
its 30 nearest neighbours and corrects for inaccurate displacement vectors
that result from noise in the raw images.

Fourier transform traction cytometry (FTTC) was used to reconstruct
traction forces from displacements fields. The parameters used in the FTTC
code included a pixel size of 0.153 μm, Poisson’s ratio of 0.5 and the elastic
modulus of the gel was 4.5 kPa. A gel stiffness of 4.5 KPa was used to
obtain quantifiable bead displacements. The appropriate regularisation
factor λ was determined empirically as per Schiller et al., 2013. This value
was selected to minimise the contribution of noise and optimise traction
force recovery from raw image sequences. Avalue of 1e−10 was selected and
kept constant throughout all experiments.

Computational analysis
Feature selection and dimensional reduction
Downstream analysis and visualisation were performed using MATLAB
(Mathworks) and R (R Version 3.5). We first constructed meta-signatures
for single-cell force profiles using percentiles and summary statistics
(mean, max, median and standard error) and normalised these to cell area.
Next, normalised force profiles were centred and scaled before input to
principal component analysis, implemented using the ‘prcomp’ function
from the ‘stats’ R package. To initially partition cells, we used unsupervised
PAM clustering of the cells in principal component spacewith the parameter
k=3.

k-NN-graph-based clustering
After PCA, significant principal components were identified using the
permutation test implemented using the ‘permutationPA’ function from the
‘jackstraw’ R package. This test identified seven significant PCs and these
were used as input for graph-based clustering. To cluster single cells by their
force profiles, we used unsupervised clustering based on the Louvain
community-detection algorithm. For this, we first constructed a k-NN graph
using, for each pair of cells, the Euclidean distance between the scores of
significant principal components as the metric. The k-NN graph was
computed using the function ‘nng’ from the R package ‘cccd’. After this, the
k-NN graph was refined using the shared local neighbourhoods of points
(Jaccard Distance) and clustered using the ‘louvain_cluster’ function from
the ‘igraph’ R package.

Acknowledgements
We are grateful to our clinical collaborators Christopher Bainbridge, David Warwick,
Lorraine Harry and Dominique Davidson for provision of tissue samples from their
patients. We thank the Imaging Centre at the Kennedy Institute of Rheumatology for
their support in microscopy.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: T.B.L., M. Feldmann, W.X., M. Fritzsche, J.N.; Methodology:
T.B.L., H.C.-Y., M.C., C.B., M. Fritzsche, J.N.; Formal analysis: T.B.L., C.B.;
Investigation: T.B.L., F.E.M., M. Fritzsche; Resources: H.C.-Y., J.N.; Writing -

original draft: T.B.L.; Writing - review & editing: L.W., H.C.-Y., F.E.M., M.C., M. F.,
W.X., D.F., J.N.; Supervision: H.C.-Y., F.E.M., C.B., M. Fritzsche, D.F.; Project
administration: L.W., J.N.; Funding acquisition: M. Feldmann, W.X., J.N.

Funding
This work was funded by the Royal College of Surgeons of England, the Kennedy
Institute of Rheumatology Studentship [MSP 13 14 11] and the Oxford-Celgene
Research Fellowship [grant no. AZR00610].

Supplementary information
Supplementary information available online at
http://bio.biologists.org/lookup/doi/10.1242/bio.049809.supplemental

References
Aizarani, N., Saviano, A., Sagar, Mailly, L., Durand, S., Herman, J. S., Pessaux,

P., Baumert, T. F. and Grün, D. (2019). A human liver cell atlas reveals
heterogeneity and epithelial progenitors. Nature 572, 199-204. doi:10.1038/
s41586-019-1373-2

Badalamente, M. A., Stern, L. and Hurst, L. C. (1983). The pathogenesis of
Dupuytren’s contracture: contractile mechanisms of the myofibroblasts. J. Hand
Surg. 8, 235-243. doi:10.1016/S0363-5023(83)80150-6

Colin-York, H., Shrestha, D., Felce, J. H., Waithe, D., Moeendarbary, E., Davis,
S. J., Eggeling, C. and Fritzsche, M. (2016). Super-Resolved Traction Force
Microscopy (STFM).Nano Lett. 16, 2633-2638. doi:10.1021/acs.nanolett.6b00273

Colin-York, H., Eggeling, C. and Fritzsche, M. (2017). Dissection of mechanical
force in living cells by super-resolved traction force microscopy. Nat. Protoc. 12,
783-796. doi:10.1038/nprot.2017.009

Colin-York, H., Javanmardi, Y., Barbieri, L., Li, D., Korobchevskaya, K., Guo, Y.,
Hall, C., Taylor, A., Khuon, S., Sheridan, G. K. et al. (2019a). Spatiotemporally
super-resolved volumetric traction force microscopy. Nano Lett. 19, 4427-4434.
doi:10.1021/acs.nanolett.9b01196

Colin-York, H., Javanmardi, Y., Skamrahl, M., Kumari, S., Chang, V. T., Khuon,
S., Taylor, A., Chew, T.-L., Betzig, E., Moeendarbary, E. et al. (2019b).
Cytoskeletal control of antigen-dependent T cell activation. Cell Rep. 26,
3369-3379.e3365. doi:10.1016/j.celrep.2019.02.074

Giustacchini, A., Thongjuea, S., Barkas, N., Woll, P. S., Povinelli, B. J., Booth,
C. A. G., Sopp, P., Norfo, R., Rodriguez-Meira, A., Ashley, N. et al. (2017).
Single-cell transcriptomics uncovers distinct molecular signatures of stem cells in
chronic myeloid leukemia. Nat. Med. 23, 692-702. doi:10.1038/nm.4336

Goffin, J. M., Pittet, P., Csucs, G., Lussi, J. W., Meister, J.-J. and Hinz, B. (2006).
Focal adhesion size controls tension-dependent recruitment of α-smooth muscle
actin to stress fibers. J. Cell Biol. 172, 259-268. doi:10.1083/jcb.200506179

Hinz, B. and Gabbiani, G. (2003). Mechanisms of force generation and
transmission by myofibroblasts. Curr. Opin. Biotechnol. 14, 538-546. doi:10.
1016/j.copbio.2003.08.006

Hinz, B., Celetta, G., Tomasek, J. J., Gabbiani, G. and Chaponnier, C. (2001).
Alpha-smooth muscle actin expression upregulates fibroblast contractile activity.
Mol. Biol. Cell 12, 2730-2741. doi:10.1091/mbc.12.9.2730

Karki, P. and Birukova, A. A. (2018). Substrate stiffness-dependent exacerbation
of endothelial permeability and inflammation: mechanisms and potential
implications in ALI and PH (2017 Grover Conference Series). Pulmon. Circ. 8,
2045894018773044. doi:10.1177/2045894018773044

Kinchen, J., Chen, H. H., Parikh, K., Antanaviciute, A., Jagielowicz, M.,
Fawkner-Corbett, D., Ashley, N., Cubitt, L., Mellado-Gomez, E., Attar, M. et al.
(2018). Structural remodeling of the human colonic mesenchyme in inflammatory
bowel disease. Cell 175, 372-386.e317. doi:10.1016/j.cell.2018.08.067

Liu, F. and Tschumperlin, D. J. (2011). Micro-mechanical characterization of lung
tissue using atomic force microscopy. J. Vis. Exp., e2911. doi:10.3791/2911

Liu, F., Lagares, D., Choi, K. M., Stopfer, L., Marinković, A., Vrbanac, V., Probst,
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