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Objective. Pathologically activated circulating immune cells, including monocytes, play major roles in systemic
sclerosis (SSc). Their functional characterization can provide crucial information with direct clinical relevance. How-
ever, tools for the evaluation of pathologic immune cell activation and, in general, of clinical outcomes in SSc are
scarce. Biophysical phenotyping (including characterization of cell mechanics and morphology) provides access to a
novel, mostly unexplored layer of information regarding pathophysiologic immune cell activation. We hypothesized
that the biophysical phenotyping of circulating immune cells, reflecting their pathologic activation, can be used as a
clinical tool for the evaluation and risk stratification of patients with SSc.

Methods. We performed biophysical phenotyping of circulating immune cells by real-time fluorescence and
deformability cytometry (RT-FDC) in 63 SSc patients, 59 rheumatoid arthritis (RA) patients, 28 antineutrophil cytoplas-
mic antibody–associated vasculitis (AAV) patients, and 22 age- and sex-matched healthy donors.

Results. We identified a specific signature of biophysical properties of circulating immune cells in SSc patients that
was mainly driven by monocytes. Since it is absent in RA and AAV, this signature reflects an SSc-specific monocyte
activation rather than general inflammation. The biophysical properties of monocytes indicate current disease activity,
the extent of skin or lung fibrosis, and the severity of manifestations of microvascular damage, as well as the risk of dis-
ease progression in SSc patients.

Conclusion. Changes in the biophysical properties of circulating immune cells reflect their pathologic activation in
SSc patients and are associated with clinical outcomes. As a high-throughput approach that requires minimal prepara-
tions, RT-FDC–based biophysical phenotyping of monocytes can serve as a tool for the evaluation and risk stratifica-
tion of patients with SSc.

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune fibrotic disease of

unknown etiology. SSc is associated with substantial morbidity

and is one of the autoimmune diseases with the highest mortality

(1). Key pathogenic hallmarks of SSc include autoimmunity,

inflammation, fibrotic tissue remodeling, and microvascular dam-

age. Dysregulated immune responses, involving both innate and
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adaptive immunity, are major pathogenic players at the onset of

SSc and are important drivers of disease progression (2).
Several circulating immune cell subsets (including T cells, B

cells, natural killer [NK] cells, monocytes, and dendritic cells) have,
beyond changed frequencies, an abnormal functional state in SSc
(3–9). While the function of circulating cells can be characterized
by their marker expression, few markers unambiguously identify
distinct functional states of immune cells in SSc. A comprehensive
functional profile of the circulating cells can only be obtained by
complex, high-dimensional phenotyping with methods such as
single-cell RNA sequencing or mass cytometry, or by functional
assays (10). However, these approaches are expensive and
time-consuming and thus cannot be used for high-throughput
testing as part of routine clinical assessment.

While the relevance of biochemical properties for cell physiol-
ogy is well-established, biophysical properties of cells such as
morphology and mechanics are just beginning to emerge as
markers of cell function (11–13). Biophysical properties have been
shown to indicate distinct stages in stem cell differentiation or dis-
tinct leukocyte activation states (14–16). Moreover, changes in
the biophysical properties of leukocyte subsets are intrinsically
linked with pathophysiologic processes such as margination,
extravasation, infiltration in the target tissue, and migration toward
chemoattractants (17,18). For example, leukocyte stiffening might
be necessary for retention in capillaries, whereas softening might
be required for extravasation (19).

Pathologic changes in the biophysical properties of circulat-
ing immune cells have recently been described in the setting of
several infectious diseases, such as malaria and viral respiratory
tract infections, including COVID-19, as well as in hematologic-
oncologic diseases such as acute lymphoid and myeloid leuke-
mia, or malignant pleural effusions (20–22). However, biophysical
profiling of circulating leukocytes has not been performed in auto-
immune rheumatic diseases so far.

Real-time fluorescence and deformability cytometry (RT-FDC)
is a novel technique that enables simultaneous assessment of
multiple physical parameters of individual cells, such as deforma-
tion under shear stress, Young’s modulus (a measure of cell stiff-
ness), and cell size, in a high-throughput manner (23,24). These
parameters are derived from brightfield images of cells acquired
as they flow through a channel constriction in a microfluidic chip.
As the RT-FDC device can also detect fluorescent signals, fluo-
rescence immunolabeling enables the identification of major leu-
kocyte subpopulations by marker expression and their in-depth
physical characteristics. Of particular note, RT-FDC measure-
ments can be performed with a throughput of up to 1,000 cells
per second, which enables characterization of rare leukocyte sub-
sets and measurements of multiple samples in the same day (25).

Moreover, RT-FDC measurements require only minimal cell
preparations or specific reagents (26), further facilitating
high-throughput analyses at low costs. Therefore, biophysical

phenotyping of circulating leukocytes using RT-FDC could
potentially be applied in disease diagnostics and in routine clinical
follow-up.

We hypothesized that aberrant immune cell activation in SSc
might be accompanied by changes in the biophysical properties
of these cells, and that these changes, in turn, might reflect dis-
ease activity, severity, or progression. Therefore, we performed
RT-FDC–based biophysical phenotyping of the most frequent
subpopulations of circulating leukocytes in patients with SSc.

Here, we describe changes in the biophysical properties of
several leukocyte subpopulations in SSc patients, many of which
are specific to SSc rather than general reflections of inflammation,
as they are not observed in patients with rheumatoid arthritis
(RA) or antineutrophil cytoplasmic antibody–associated vasculitis
(AAV). Biophysical alterations of monocyte subsets are not only
associated with current disease activity, manifestations of micro-
vascular damage, and the extent of fibrosis, but also with future
risk of disease progression in SSc patients. The changes in bio-
physical properties of circulating monocytes in SSc patients can
be partially reproduced in vitro by exposure of healthy monocytes
to transforming growth factor β (TGFβ) or to serum from SSc
patients, suggesting that a profibrotic environment might be
responsible in part for these changes. Although further studies
are required, our results provide the first evidence that biophysical
phenotyping of circulating leukocytes may offer diagnostic poten-
tial in SSc.

PATIENTS AND METHODS

We performed RT-FDC measurements of peripheral blood
mononuclear cells (PBMCs) isolated from 22 healthy controls,
63 patients with SSc, 59 patients with RA, and 28 patients with
AAV after immunolabeling to identify major circulating immune
cells and characterize their biophysical phenotype. Measure-
ments were performed between May 2019 and October 2021.
Demographic data from all study groups (SSc patients, RA
patients, AAV patients, and healthy controls) are summarized in
Supplementary Table 1, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42394.
We included donors ages >18 years who fulfilled the respective
classification criteria for SSc, RA, or AAV without further inclusion
criteria, in the order of their visit in the outpatient department,
without randomization. We excluded patients with overlap of
SSc, RA, or AAV with other rheumatologic diseases, including
other connective tissue diseases or sarcoidosis and patients with
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active infection or malignant tumors. The researchers performing
the measurements (AEM, MK, LX) were blinded with regard to
diagnosis and clinical data. Additional descriptions of the materi-
als and methods used in this study are available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.42394.

Data availability. All data generated or analyzed during
this study are included in this published article (and its Supple-
mentary files). Additional supporting information or raw data are
available as deidentified participant data sets from the corre-
sponding author upon request.

RESULTS

Study design and RT-FDC measurements. We first
aimed to analyze whether circulating leukocytes in SSc patients have
specific biophysical properties that distinguish them from the leuko-
cytes of healthy donors or patients with other autoimmune rheumatic
diseases such as RA and AAV. For this, we collected peripheral
blood samples from 63 SSc patients, 59 RA patients, 28 AAV
patients, and 22 healthy controls, isolated and immunolabeled
PBMCs, and performed RT-FDC measurements (Figures 1A–C).

To identify the major subpopulations of leukocytes in hetero-
geneous PBMC samples, we designed 5 antibody panels, each
consisting of a combination of 3 surface markers, to identify the
major subpopulations of lymphoid cells (T helper cells, T cytotoxic
cells, B cells, NK cells, and natural killer T [NKT]–like cells) and
myeloid cells (classical, intermediate, and inflammatory mono-
cytes, type 2 conventional dendritic [cDC2] cells, and plasmacy-
toid dendritic [pDCs] cells) by standard gating strategies used in
flow cytometry (Figure 1D and Supplementary Figure 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394) (27–29). Using
this strategy, we were able to analyze the following biophysical
properties of single cells from each subpopulation: 1) cross-
sectional area (as a measurement of cell size), 2) deformation
(i.e., deviation from a perfect circle due to shear stresses in a cell
flowing through a constriction in the microfluidic chip), and 3)
Young’s modulus (i.e., a measurement of cell stiffness). Cell defor-
mation is correlated with cell area; bigger cells are subjected to
higher shear stresses than smaller cells with identical stiffness
and thus deform more. Young’s modulus is independent of cell
size and is used as a parameter of cell stiffness.

Starting from the single-cell data, we calculated the median
and SD of the biophysical parameters of all cells belonging to
1 population from 1 donor (i.e., intra-donor median [medianID]
and intra-donor SD [SDID] of area, deformation, and Young’s
modulus) and evaluated changes in these parameters in SSc,
RA, and AAV patients compared to healthy controls. We also
evaluated the associations of these parameters with clinical
parameters in SSc patients (Figure 1E). The biophysical proper-
ties of all PBMC populations from healthy donors are summarized

in Supplementary Table 6 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42394).

SSc-specific changes in biophysical properties of
circulating monocytes, NK cells, and NKT-like cells. We
evaluated in an exploratory, unbiased manner whether the bio-
physical properties of individual leukocyte subpopulations differ
between SSc patients and matched healthy individuals or
patients with RA or AAV. We observed a consistent pattern of
changes in the biophysical properties of lymphoid cell subpopula-
tions in patients with SSc compared to the other groups, with sig-
nificantly higher medianID of cross-sectional areas of CD4+ and
CD8+ T cells, NK cells, and NKT-like cells (Figures 2A–C and
Supplementary Figures 2A and B, http://onlinelibrary.wiley.com/
doi/10.1002/art.42394). Among myeloid cells, classical and inter-
mediate monocytes had a significantly higher SDID of deformation
in SSc patients compared to healthy donors, whereas inflamma-
tory monocytes had a higher medianID of deformation
(Figures 2D–F and Supplementary Figures 2C–E). The change in
SDID suggests intra-donor changes in deformation of subpopula-
tions of these cells (e.g., as a consequence of activation, rather
than a shift in the deformation of the whole population). Of note,
B cells, cDC2 cells, and pDCs had comparable properties in
SSc patients and healthy controls, suggesting that changes in
the biophysical properties of leukocytes in SSc patients are cell
population–specific (Figure 2A).

In SSc patients, the pattern of changes in the biophysical
properties of circulating leukocytes was strikingly different com-
pared to that in RA patients, AAV patients, and healthy controls
(Supplementary Figures 3A and 4A, http://onlinelibrary.wiley.
com/doi/10.1002/art.42394). Most changes observed in SSc
patients were SSc-specific; NK cells and NKT-like cells had a
higher medianID of cross-sectional area, classical and intermedi-
ate monocyte subsets had a higher SDID of deformation, and
inflammatory monocytes had a higher medianID of deformation in
SSc patients compared to healthy controls, RA patients, and
AAV patients (Supplementary Figures 3B–F and 4B–F). However,
some of the changes were shared between RA, AAV, and SSc
patients. For instance, CD4+ and CD8+ T cells had a higher med-
ianID of cross-sectional area in SSc, RA, and AAV patients com-
pared to healthy controls (Supplementary Figures 3G and H and
4G and H). For further analyses, we focused on the leukocyte
subpopulations with SSc-specific changes in their biophysical
properties.

Correlation of biophysical properties of monocytes
with disease activity in SSc. We next evaluated whether the
biophysical properties of circulating leukocytes were associated
with disease activity in SSc patients (assessed by the European
Scleroderma Trials and Research [EUSTAR] activity index) (30).
In particular, the biophysical properties of monocyte subsets were
changed in patients with active disease; classical and intermediate
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Figure 1. Design of the current study on the association of biophysical properties of circulating immune cells and their pathologic activation in
systemic sclerosis (SSc) patients. A, Schematic representation of the study design including the study cohort and immunolabeling of participant
peripheral blood mononuclear cells (PBMCs). B and C, Schematic representation of the deformation of cells moving through a constriction chan-
nel in a microfluidic chip (B) and subsequent representative brightfield images of cells of different cross-sectional area and deformation (contours in
red) (C) acquired at a region (dashed rectangle in B) in which 3 lasers excited fluorophores on the antibodies bound to cell surface markers (cor-
responding fluorescence signals in bottom row of C). D and E, Representative scatter plots of fluorescence signal intensities, illustrating the
approach for identification of leukocyte subpopulations by gating according to marker expression (D) and of area, deformation, and Young’s mod-
ulus of individual cells (E). ANCA = antineutrophil cytoplasmic antibody; RT-FDC = real-time fluorescence and deformability cytometry.
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Figure 2. Changes in biophysical properties of immune cell subpopulations in systemic sclerosis (SSc) patients. A, Heatmap of normalized bio-
physical parameters of immune cell subpopulations. B–F, Box plots showing the intra-donor median (medianID) and intra-donor SD (SDID) of area,
deformation, and Young’s modulus of cell populations with SSc-specific differences (distinct biophysical parameters in SSc patients compared to
healthy donors, but not in rheumatoid arthritis or antineutrophil cytoplasmic antibody–associated vasculitis patients compared to healthy donors).
Each circle represents the medianID or SDID of all cells in the indicated immune cell subpopulation from 1 donor. Lines inside the boxes represent
the median. Boxes represent the 25th to 75th percentiles. Lines outside the boxes represent the 10th and 90th percentile. * P < 0.05;
** = P < 0.01; *** = P < 0.001 by Mann-Whitney U test with Hochberg’s correction for multiple testing (red frames indicate significant differences).
NK = natural killer; NKT-like = natural killer T–like; Cl. Mon. = classical monocyte; Int. Mon. = intermediate monocyte; Infl. Mon. = inflammatory
monocyte; cDC2 = type 2 conventional dendritic cell; pDC = plasmacytoid dendritic cell; n.s. = not significant.
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monocytes had a lower SDID of cross-sectional area, intermediate
and inflammatory monocytes had a higher medianID of deformation,
and intermediate monocytes also had a higher medianID of cross-
sectional area in patients with active SSc compared to patients with
stable disease (Figures 3A–D and Supplementary Figure 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394).

In SSc patients, the odds of having active disease decreased
with higher SDID of cross-sectional area of classical and intermedi-
ate monocytes and increased with higher medianID of deformation
of intermediate and inflammatory monocytes both in simple logistic
regression models and after adjustment for antibody status,
immunosuppressive therapy, diffuse or limited skin involvement
(with diffuse skin involvement as independent predictor), diffusing
capacity for carbon monoxide (DLCO), monocyte counts, or donor
age (Supplementary Table 7, http://onlinelibrary.wiley.com/doi/
10.1002/art.42394). The SDID of cross-sectional area of classical
and intermediate monocytes also negatively correlated with the
EUSTAR index as a continuous variable (Figures 3E–G). Moreover,
the medianID of cross-sectional area of classical and intermediate
monocytes correlated positively with the EUSTAR activity index,
whereas the SDID of the Young’s modulus of classical monocytes
correlated negatively with the EUSTAR activity index (Figures 3E–G).

Indication of the severity of dermal fibrosis in SSc
by the biophysical properties of monocytes. We next ana-
lyzed potential correlations between the biophysical properties of cir-
culating leukocytes and the severity of skin involvement in SSc
patients. Classical and intermediate monocytes had a lower SDID of
cross-sectional area in patients with diffuse cutaneous SSc (dcSSc)
compared to patients with limited cutaneous SSc (lcSSc) and healthy
controls (Figures 4A–C and Supplementary Figures 6A and B, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394). Classical monocytes
also had a higher medianID of deformation and a lower SDID of
Young’s modulus in dcSSc patients compared to lcSSc patients
and healthy controls (Figures 4A and B and Supplementary
Figure 6A). The odds of having diffuse skin involvement decreased
with higher SDID of cross-sectional area of classical and intermediate
monocytes and with higher SDID of Young’s modulus of classical
monocytes, both in simple logistic regression models and after
adjustment for antibody status, immunosuppressive therapy, mono-
cyte counts, and donor age (Supplementary Table 8, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394).

The medianID of cross-sectional area and the medianID of
deformation of all monocyte subpopulations positively correlated
with the modified Rodnan skin thickness score (MRSS) (31),
whereas the SDID of area, deformation, and Young’s modulus of
classical monocytes and the SDID of cross-sectional area in inter-
mediate monocytes negatively correlated with the MRSS
(Figure 4D and Supplementary Figures 6D–F, http://onlinelibrary.
wiley.com/doi/10.1002/art.42394).

The SDID of deformation for all monocyte subsets was signif-
icantly lower in patients with progression of skin involvement at

the time of measurement as compared to skin involvement
observed at a previous visit (6 months earlier) (Supplementary
Figure 7 and Supplementary Table 9, http://onlinelibrary.wiley.
com/doi/10.1002/art.42394). This further highlights that biophys-
ical phenotyping of monocyte subsets can indicate the severity of
skin involvement in SSc patients.

Reflection of the severity of pulmonary fibrosis in
SSc by the biophysical properties of monocytes. We next
evaluated whether the biophysical properties of circulating leuko-
cytes can indicate the severity of lung involvement in SSc patients.
In general, monocyte subsets had a lower SDID of cross-sectional
area and deformation, and classical monocytes also had a lower
SDID of Young’s modulus in patients with extensive interstitial lung
disease (ILD) (defined according to Goh et al) (32) compared to
patients without ILD or with limited ILD (Figures 5A–D and Supple-
mentary Figure 8, http://onlinelibrary.wiley.com/doi/10.1002/art.
42394). In SSc patients, the odds of having extensive ILD (relative
to the odds of having limited or no ILD) decreased with higher
SDID of deformation in all monocyte subsets both in simple logistic
regression models and when adjusting for antibody status, immu-
nosuppressive therapy, diffuse or limited skin involvement, activity
status, monocyte counts, and donor age (Supplementary
Table 10, http://onlinelibrary.wiley.com/doi/10.1002/art.42394).
In SSc patients without confirmed pulmonary hypertension, SDID

of cross-sectional area in intermediate and inflammatory mono-
cytes positively correlated with the DLCO, whereas SDID of defor-
mation in all monocyte subsets showed a trend toward positive
correlation, suggesting that, in patients with SSc-related ILD
(SSc-ILD), worsening of lung function is associated with a more
compact intra-donor distribution of area and deformation of
monocyte subsets (Figures 5E–G).

In patients with progression of SSc-ILD at the time of mea-
surement as compared to measurements taken during a previous
visit (1 year earlier), assessed according to the definition from the
INBUILD trial (33), classical and intermediate monocytes had a
lower SDID of deformation, whereas all monocyte subsets had a
higher medianID of Young’s modulus than patients with stable lung
involvement (Figures 6A–F and Supplementary Table 11, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394). Furthermore, SDID

of deformation in inflammatory monocytes positively correlated with
the change in forced vital capacity (FVC) at the time of measure-
ment as compared to a visit 1 year prior (ΔFVC; Figures 6G
and H). We also observed a positive correlation trend between the
SDID of deformation in the other monocyte subsets and a negative
correlation trend between Young’s modulus of all monocyte sub-
sets and ΔFVC, suggesting that, in patients with worsening lung
function, all monocyte subsets might have a more compact distri-
bution of deformation and might be stiffer (Figure 6G).

The odds of having progressive ILD at the time of measure-
ment decreased with a higher SDID of deformation in classical
and intermediate monocytes and increased with a higher
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Figure 3. Biophysical properties of monocyte subsets in SSc patients stratified by disease activity. A, Heatmap of the normalized biophysical
parameters of immune cell subpopulations with SSc-specific changes according to SSc-specific disease activity levels. B–D, Box plots illustrating
the biophysical parameters (medianID or SDID of area, deformation, and Young’s modulus) of classical (B), intermediate (C), and inflammatory
monocytes (D) in patients with active SSc as compared to patients with stable SSc and healthy donors. Each circle represents the medianID or
SDID of all cells in the indicated immune cell subpopulation from 1 donor. Lines inside the boxes represent the median. Boxes represent the
25th to 75th percentiles. Lines outside the boxes represent the 10th and 90th percentile. Significant differences are highlighted with red frames.
E, Correlogram illustrating the Spearman’s correlation between the European Scleroderma Trials and Research Group (EUSTAR) activity index
and the biophysical properties of immune cell subpopulations with SSc-specific changes. F–G, Scatter plots illustrating statistically significant cor-
relations between EUSTAR activity index score and biophysical properties of classical monocytes (F) and intermediate monocytes (G). In F and G,
each circle corresponds to the medianID or SDID of the respective parameter (median or SD of all the cells belonging to the respective subpopula-
tion from 1 donor). * P < 0.05; ** = P < 0.01; *** = P < 0.001 by Dunn’s post-hoc test with Hochberg’s correction for multiple testing (A–D) or by
Spearman’s 2-sided test with Hochberg’s correction for multiple testing (E–G). See Figure 2 for definitions.
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Figure 4. Biophysical properties of monocyte subsets indicate the severity of skin fibrosis in SSc. A, Heatmap of the normalized biophysical
parameters of immune cell subpopulations according to SSc patient groups stratified by the extent of skin involvement, including patients with lim-
ited cutaneous SSc (lcSSc) or diffuse cutaneous SSc (dcSSc) and healthy donors.B–C, Box plots illustrating the biophysical parameters (medianID
or SDID of area, deformation, or Young’s modulus) of classical (B) and intermediate (C) monocytes in patients with dcSSc, lcSSc, and healthy
donors. Each circle represents the medianID or SDID of all cells in the indicated immune cell subpopulation from 1 donor. Lines inside the boxes
represent the median. Boxes represent the 25th to 75th percentiles. Lines outside the boxes represent the 10th and 90th percentile. Significant
differences are highlighted with red frames. D, Correlogram illustrating the Spearman’s correlation between modified Rodnan skin thickness score
(mRss) and the biophysical properties of immune cells subpopulations (with SSc-specific changes). * P < 0.05; ** = P < 0.01; **** = P < 0.0001 by
Dunn’s post-hoc test with Hochberg’s correction for multiple testing (A–C) or by Spearman’s 2-sided test with Hochberg’s correction for multiple
testing (D). See Figure 2 for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.42394/abstract.
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Figure 5. Biophysical properties of monocyte subsets associated with severity of SSc-related interstitial lung disease (SSc-ILD). A, Heatmap of
normalized biophysical parameters of immune cell subpopulations according to SSc-specific changes in the extent of lung fibrosis in patients with
limited or extensive SSc-ILD and those with no ILD. B–D, Box plots illustrating the biophysical parameters (medianID or SDID of area, deformation,
and Young’s modulus) of classical (B), intermediate (C), and inflammatory (D) monocytes in patients with limited or extensive SSc-ILD compared to
patients without SSc-ILD. Each circle represents the medianID or SDID of all cells in the indicated immune cell subpopulation from 1 donor. Lines
inside the boxes represent the median. Boxes represent the 25th to 75th percentiles. Lines outside the boxes represent the 10th and 90th percen-
tile. Significant differences are highlighted with red frames. E, Correlogram illustrating Spearman’s correlations between diffusing capacity for
carbon monoxide (DLCO) (in patients without diagnosed pulmonary hypertension [PH]) and the biophysical properties of immune cells with
SSc-specific changes. F and G, Scatter plots illustrating statistically significant correlations between DLCO (in patients without diagnosed PH)
and SDID of cross-sectional area of intermediate monocytes (F) and inflammatory monocytes (G). In F and G, each circle corresponds to the
medianID or SDID of the respective parameter (median or SD of all the cells belonging to the respective subpopulation from 1 donor). * P < 0.05;
** = P < 0.01 by Dunn’s post-hoc test with Hochberg’s correction for multiple testing (A–D) or by Spearman’s 2-sided test with Hochberg’s
correction for multiple testing (E–G). See Figure 2 for definitions.
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Figure 6. Biophysical properties of monocyte subsets indicate progression of SSc-related interstitial lung disease (SSc-ILD). A–F, Box plots
illustrate the biophysical parameters (intra-donor median [medianID]or intra-donor SD [SDID] of area, deformation, or Young’s modulus) of classical
(A), intermediate (C), and inflammatory (E) monocytes in patients with SSc-ILD progression in the year prior to the measurement compared to
patients with stable SSc-ILD. Each circle represents the medianID or SDID of all cells in the indicated immune cell subpopulation from 1 donor. Lines
inside the boxes represent the median. Boxes represent the 25th to 75th percentiles. Lines outside the boxes represent the 10th and 90th percen-
tile. Representative scatter plots and contour plots illustrate the intra-donor distribution of cross-sectional area, deformation, and Young’s modu-
lus of single classical (B), intermediate (D), and inflammatory (F) monocytes. Significant differences are highlighted with red frames.G, Correlogram
illustrating Spearman’s correlations between change in forced vital capacity (ΔFVC) at the time of measurement compared to 12 months earlier
and the biophysical properties of monocyte subsets. H, Scatter plot illustrating the correlation between ΔFVC and SDID of deformation of inflam-
matory monocytes. In A, C, E, and H, each circle corresponds to the medianID or SDID of the respective parameter (median or SD of all the cells
belonging to the respective subpopulation from 1 donor). * P < 0.05; ** = P < 0.01; *** = P < 0.001 by Mann-Whitney U test with Hochberg’s cor-
rection for multiple testing (A, C, and E) or by Spearman’s 2-sided test with Hochberg’s correction for multiple testing (G and H). See Figure 2 for
definitions.
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medianID of Young’s modulus of all monocyte subsets both in
simple logistic regression models and when adjusting for antibody
status, immunosuppressive therapy, diffuse or limited skin
involvement, activity status, extensive or limited ILD (with exten-
sive ILD as independent predictor), monocyte counts, and donor
age (Supplementary Table 12, http://onlinelibrary.wiley.com/doi/
10.1002/art.42394).

For a subset of patients with follow-up visits 1 year after the
initial measurements, we also evaluated whether the mechanical
properties of monocytes at baseline might predict future lung
progression. The biophysical properties of intermediate mono-
cytes were changed in patients who would go on to experience
progression of SSc-ILD; the medianID of area was significantly
higher and SDID of deformation was lower (Supplementary
Table 13, http://onlinelibrary.wiley.com/doi/10.1002/art.42394).
Thus, changes in the biophysical properties of monocyte subsets
can indicate the severity and might predict the progression of lung
involvement in SSc patients.

Association of changes in biophysical properties of
monocytes with clinical manifestations of microvascu-
lar damage in SSc. We further analyzed whether the biophysical
properties of circulating immune cells were changed in SSc
patients with clinical manifestations of microvascular damage as
exemplified by pulmonary arterial hypertension (PAH) and
active digital ulcerations. In patients with active digital ulcerations,
inflammatory monocytes had a higher medianID of cross-sectional
area (Supplementary Table 14, http://onlinelibrary.wiley.com/doi/
10.1002/art.42394). In patients with PAH, classical monocytes
had a lower SDID of deformation, whereas intermediate monocytes
had a higher medianID of Young’s modulus (Supplementary
Table 15, http://onlinelibrary.wiley.com/doi/10.1002/art.42394).

Reproducibility of RT-FDC–based biophysical pheno-
typing of circulatingmonocytes.We further aimed to evaluate
the reproducibility of the RT-FDCmeasurements for determination of
the biophysical properties of circulating monocytes. For this, we per-
formed 2 repeated RT-FDC measurements of monocytes from the
same donor and a PBMC isolation procedure on the same day for
9 healthy donors. We observed a high degree of overlap between
the distributions of cross-sectional area, deformation, and Young’s
modulus of monocytes between the repeated measurements from
the same donor for all 9 donors (Supplementary Figure 9A, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394).

One-way analysis of variance fitted on measurements from
different donors as experimental groups and measurements from
the same donor as replicates showed significant differences
between donors for all RT-FDC parameters of monocytes, further
demonstrating that RT-FDCmeasurements can capture the inter-
donor variation in the biophysical properties of monocytes. The
inter-donor variability accounted for a minimum of 76% (for the
SDID of Young’s modulus) to a maximum of 95% (for medianID of

Young’s modulus) of the total (inter- and intra-donor) variability of
the biophysical properties of monocytes (Supplementary
Figure 9B, http://onlinelibrary.wiley.com/doi/10.1002/art.42394).
These results demonstrate that RT-FDC measurements enable
the reproducible characterization of the biophysical properties of
circulating monocytes with minimal technical variability.

Changes in biophysical properties of monocytes in
SSc patients partially reproduced in vitro by exposure
of healthy monocytes to TGFβ or SSc serum.We next eval-
uated whether the changes in biophysical properties of mono-
cytes observed in different subgroups of SSc patients could be
reproduced in vitro by exposure of healthy monocytes to proin-
flammatory or profibrotic cytokines or to serum from SSc patients
(Supplementary Figures 10A, B, and D, http://onlinelibrary.wiley.
com/doi/10.1002/art.42394). Treatment with TGFβ, a key profi-
brotic mediator, induced an increase in medianID of Young’s
modulus of monocytes, whereas treatment with interleukin-6
(IL-6), a proinflammatory cytokine with central roles in autoimmu-
nity, did not induce significant changes in the biophysical
properties of monocytes (Supplementary Figures 10C and
11A and B, http://onlinelibrary.wiley.com/doi/10.1002/art.
42394) (34,35). Exposure to pooled serum from SSc patients with
anti–topoisomerase I antibody positivity, with active disease, and
with extensive, progressive ILD, induced an increase in medianID
of Young’s modulus and a decrease in SDID of deformation of
monocytes, whereas exposure to pooled serum from SSc
patients with anticentromere antibody positivity, with stable dis-
ease, and without ILD did not induce significant changes in the
biophysical properties of monocytes (with exposure to autolo-
gous serum as control).

Of note, similar changes in the biophysical properties of mono-
cytes from healthy donors exposed in vitro to TGFβ or SSc patient
serum were observed in circulating monocytes of different subsets
of SSc patients. Circulating monocytes from patients with progres-
sive ILD had a higher medianID of Young’s modulus in comparison
to patients with stable ILD (Figures 6A–F), which is a change that
can be induced in cultured healthy monocytes by exposure to either
TGFβ or serum from SSc patients with progressive ILD
(Supplementary Figures 10C and E, and 11B and D, http://
onlinelibrary.wiley.com/doi/10.1002/art.42394). Moreover, circulat-
ing monocytes from patients with extensive and/or progressive ILD
had a lower SDID of deformation (Figures 5A–D and 6A–F and Sup-
plementary Figure 8, http://onlinelibrary.wiley.com/doi/10.1002/art.
42394), and this change can be induced in cultured healthy mono-
cytes by exposure to serum from SSc patients with extensive, pro-
gressive ILD (Supplementary Figures 10C and E, and 11B and D).

DISCUSSION

In this study, we demonstrated that RT-FDC can detect
changes in the biophysical properties of individual immune cell
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populations in SSc patients with high reproducibility. In general,
lymphoid subsets (except for B cells) had a higher cross-sectional
area in SSc patients compared to healthy controls, whereas mye-
loid cells had a higher intra-donor heterogeneity in their distribu-
tion of deformation in SSc patients compared to healthy
controls. Moreover, we demonstrated that most of these changes
were specific to patients with SSc and were not observed in
patients with RA or AAV, indicating that they were not merely a
reflection of inflammatory or autoimmune activity, but rather
reflect disease-specific changes. Consistent with this conclusion,
biophysical changes of monocyte subsets are associated with
clinical features of SSc, such as disease activity and the severity
of skin and lung involvement, independently of other features,
such as autoantibody status, immunosuppressive therapy, donor
age, or monocyte counts (where high monocyte counts are a bio-
marker of poor outcomes in fibrosis) (36), and might identify
patients at risk for disease progression.

Changes in biophysical properties of individual immune cell
populations are directly linked to cytoskeletal reorganization and
may reflect the activation of the respective immune cells
(14,19,37). Biophysical adaptation is required for leukocyte acti-
vation to facilitate margination, extravasation, and migration along
chemotactic gradients (19,38,39). Indeed, we demonstrated that
the biophysical properties of monocytes, which are key cellular
players in the pathogenesis of SSc that drive both inflammation
and fibrotic tissue remodeling (e.g., by secreting proinflammatory
and profibrotic cytokines, such as IL-6 and TGFβ), are associated
with clinical outcomes in SSc patients (2). The changes in bio-
physical properties of circulating monocytes in SSc patients with
extensive, progressive ILD were partially reproduced in vitro by
exposure of healthy monocytes to TGFβ or to serum from SSc
patients with extensive, progressive ILD, suggesting that a profi-
brotic environment with high levels of TGFβ and/or SSc-specific
autoantibodies might play a direct role in inducing these changes.

We demonstrated that monocytes had different biophysical
changes in different clinical subsets of SSc patients: 1) a higher
median cross-sectional area, a higher deformation, and reduced
heterogeneity of area in SSc patients with active disease or
with severe skin or lung involvement; 2) a reduced heterogeneity
of deformation in SSc patients with extensive ILD or progressive
skin or lung involvement; and 3) an increased stiffness
(intra-donor median of Young’s modulus) in SSc patients with
progressive ILD or with PAH. The increase in cell area and
deformation might directly reflect their pathologic activation; an
increased area might slow the monocyte flow through capillaries
and thus facilitate their margination and promote their extrava-
sation into affected tissues (further facilitated by their higher
deformation) (38,40). Indeed, monocytes from SSc patients
have been reported to have increased migratory, chemotactic,
and adhesive capacity (3). The reduced intra-donor heterogene-
ity of area or deformation of monocytes might reflect a loss of
homeostatic or antifibrotic/antiinflammatory subpopulations of

monocytes with lower area or deformation in SSc patients with
active or severe disease. However, these hypotheses require
further experimental validation.

In SSc patients with worsening of skin or lung involvement at
the time of measurement, monocyte subsets had a lower intra-
donor heterogeneity of deformation. The intra-donor heterogene-
ity of deformation of monocytes also decreased with the severity
of skin or lung involvement. Moreover, intermediate monocytes
had a lower SDID of deformation in patients with future ILD pro-
gression at a follow-up visit 1 year after the measurements, and
the SDID of deformation of monocyte subsets did not correlate
with disease activity. Together, these findings indicate that mono-
cytes of SSc patients with severe disease have a lower intra-
donor heterogeneity of deformation early in the disease course,
and this property is maintained during disease progression.
Changes in the SDID of deformation of monocytes might thus
serve as an early marker for patients at high risk for severe, pro-
gressive disease. This change can be reproduced in vitro by
exposure of healthy monocytes to serum of patients with exten-
sive, progressive ILD, but not by exposure to TGFβ or IL-6, sug-
gesting that disease-specific serum factors with temporal
stability, such as the presence of anti–topoisomerase I autoanti-
bodies, might contribute to the reduced heterogeneity of defor-
mation of monocytes. However, this biophysical alteration is
associated with the extent or progression of ILD after adjusting
for autoantibody status, and thus provides more information than
simple risk stratification by autoantibody status.

In contrast to changes in the SDID of deformation, the stiff-
ness of monocyte subsets (measured by Young’s modulus) was
higher only in SSc patients with ILD progression at the time of
analyses, but not in patients with severe skin or lung involvement.
This change can be reproduced in vitro by exposure of healthy
monocytes to both TGFβ and to serum from patients with exten-
sive, progressive ILD, suggesting that a profibrotic environment
with high levels of TGFβ might be responsible at least in part for
the increased stiffness of circulating monocytes in SSc patients.
An increase in monocyte stiffness might thus indicate active lung
remodeling rather than the presence of damage. This might be
of particular interest, since evaluation of active lung remodeling
in SSc remains challenging with current tools, due in part to the
confounding effects of irreversible tissue damage (41). Further
studies with long-term follow-up and higher numbers of patients
are required to confirm these hypotheses.

Of note, changes in the biophysical properties of circulating
cells can influence the flow of blood through capillaries (42–44).
This might be of particular relevance in SSc, since changes in
blood flow contribute to ischemia in the context of preexisting
vascular abnormalities in SSc (45). In line with this, we observed
that inflammatory monocytes have an increased area in patients
with active digital ulcerations, whereas intermediate monocytes
are stiffer in patients with PAH (Supplementary Tables 14 and
15, http://onlinelibrary.wiley.com/doi/10.1002/art.42394). Since
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these changes were not observed in patients with AAV, they
reflect SSc-specific abnormalities rather than general vascular
pathology. An increase in either area or stiffness of monocytes
could, in theory, lead to an increased retention of inflammatory
monocytes in capillaries with reduced blood flow.

Our study had certain limitations. First, this study predomi-
nantly included patients of German ethnicity. Further studies will
be required to confirm our findings in additional cohorts that
include patients with different ethnicities. Second, the follow-up
time was limited to up to 1 year after the RT-FDC measurements
were made, and the number of patients with progression of skin
or lung involvement within this timeframe was limited. Additional
studies may provide longer clinical follow-up on larger cohorts to
determine potential associations with event-driven outcomes
such as new organ involvement, hospitalization, or survival. Third,
regarding treatment, we only stratified patients according to
whether or not they received immunosuppressive therapy, but
not by drug class. Such an analysis would require larger cohorts,
may allow for the evaluation of whether current therapeutic inter-
ventions revert the aberrant biophysical properties of monocytes,
andmay reveal whether clinical response to treatment can be pre-
dicted by RT-FDC–based phenotyping of monocytes. Finally,
characterization of the molecular mechanisms underlying the
observed biophysical alterations will require further studies based
on enrichment of cells with different biophysical states, with sub-
sequent “omic” analyses such as single-cell RNA sequencing or
mass cytometry (46). This approach could provide candidates
for therapeutic interventions in SSc that target the biophysical
alterations of circulating monocytes.

Biophysical phenotyping of immune cells provides access to a
mostly unexplored layer of information with direct relevance for the
immune cell activation state. RT-FDC–based biophysical pheno-
typing can be performed with high-throughput and minimal costs,
which facilitates its use in a clinical context. Many biomarker candi-
dates proposed for the diagnosis or outcome evaluation of SSc or
other fibrotic diseases such as gene signatures or panels ofmultiple
cytokines are not currently used in routine clinical assessment, as
they are too expensive and/or labor intensive (47,48). Thus, RT-
FDC–based biophysical phenotyping of circulating monocytes has
the potential to address a yet to be fulfilled need for biomarkers that
directly reflect pathophysiologic processes in SSc and other fibrotic
diseases, after confirmation in additional cohorts.
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