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ABSTRACT Dendritic cells (DCs) are antigen-presenting cells that reside in peripheral tissues and are responsible for initiating
adaptive immune responses. As gatekeepers of the immune system, DCs need to continuously explore their surroundings, for
which they can rapidly move through various types of connective tissue and basement membranes. DC motility has been exten-
sively studied on flat 2D surfaces, yet the influences of a contextual 3D fibrous environment still need to be described. Using
ECM-mimicking suspended fiber networks, we show how immature DCs (iDCs) engage in migratory cycles that allow them
to transition from persistent migration to slow migratory states. For a subset of iDCs with high migratory potential, we report
the organization of protrusions at the front of the cell body, which reverses upon treatment with inflammation agent PGE2.
We identify an unusual migratory response to aligned fiber networks, whereby iDCs use filamentous protrusions to attach later-
ally and exert forces on fibers to migrate independent of fiber alignment. Increasing the fiber diameter from 200 to 500 nm does
not significantly affect the migratory response; however, iDCs respond by forming denser actin bundles around larger diameters.
Overall, the correlation between force-coupling and random migration of iDCs in aligned fibrous topography offers new insights
into how iDCs might move in fibrous environments in vivo.

SIGNIFICANCE Dendritic cells (DCs) are immune cells that patrol our bodies in search of invaders. While doing so, they
encounter tissue microenvironments with different mechanical and topographical properties due to extracellular matrix
(ECM) composition and organization. These properties are known to influence the function of many cell types including
fibroblasts and stem cells but much less is known about their effect on immune cells. Using our ECM-mimicking nanofiber
platform with precise control over fiber spacing and diameter and the ability to measure forces, we present new knowledge
on DC adhesion and migration strategies. Our study increases our understanding of ECM-immune cell interactions that are
important for pathophysiological processes such as wound healing, infection, cancer, and response to implants.

INTRODUCTION lymph nodes, mDCs activate T cells, resulting in an anti-
gen-specific immune response. The migratory switch during
DC maturation is regulated by changes in the organization
of the cytoskeleton induced by prostaglandin E, (PGE2).
PGE?2 contributes to inflammation and can enhance the infil-
tration of immune cells into various tissues by increasing
vascular permeability (5). Specifically, in iDCs, PGE2 in-
duces the dissolution of adhesive actin-based structures
called podosomes, which are essential for the fast migration
of mDCs (6-9).

To perform their immune function, iDCs must migrate
through various extracellular matrix (ECM) environments
such as connective tissue and basement membranes

Dendritic cells (DCs) are specialized cells of the immune
system that bridge innate and adaptive immunity. They
emerge from the hematopoietic system (1), where common
myeloid progenitors differentiate into the pre-DC popula-
tion that resides in the blood, lymphoid, and peripheral tis-
sues as immature DCs (iDCs) (2). In peripheral tissues,
iDCs adopt a slow migratory phenotype while patrolling
for pathogenic antigens (3). After antigen uptake, iDCs
differentiate into mature DCs (mDCs), switch to a fast
migratory phenotype, and migrate to lymph nodes (4). In
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adopt an ameboid phenotype in porous 3D gels, while they
use a mesenchymal migration mode in dense 3D environ-
ments exploiting podosomes to adhere to and degrade the
matrix (8). iDCs are further known to migrate by exerting
low traction forces around the migrating cell body (15).
While iDC traction forces on various platforms are well es-
tablished, contractile forces in a fibrous medium, such as
implantable biomaterials, are not well known. Knowledge
of iDC interaction with fibrous materials can be important
considering the adjuvant effects of DC-mediated immunity
on implantable 3D biomaterial gels (16). iDCs are among
the first cells to interact with implants after proteins like
fibronectin, vitronectin, or albumin deposit on the surface
to promote cell adhesion (17). Furthermore, the material
properties of foreign bodies including shape, stiffness,
roughness, and nanofiber porosity have been linked to stron-
ger/weaker inflammatory responses (18,19). A vast majority
of studies on adaptive immune responses have focused on
macrophages, while the interactions of iDCs with such
fibrous implants remain understudied (16,20). Studies that
mimic the fibrous conditions of the ECM can therefore pro-
vide valuable insight that broadens our understanding of
iDC migratory and immune surveillance mechanisms.

Previous iDC migratory studies in 3D fibrous collagen
lattices have shown how the deformation of polymerized
gels results in regions of fiber alignment that can increase
directional persistence in iDC migration (21). Furthermore,
substrate topographical cues have been shown to prevent
PGE2-mediated RhoA activation resulting in faster podo-
some dissolution rates (22). While studies on microfabri-
cated anisotropic architectures reported increases in iDC
speed and persistence influenced by the alignment of
confined spaces (23), other studies using microchannels
with iDCs have shown migration modes characterized by
cycles of rapid migration/high motility and arrest/low
motility, which was absent on flat substrates (24,25). Over-
all, it has been established that iDCs are sensitive to shape,
alignment, and the confinement offered by the 3D properties
of their surroundings, and the mechanotransductive role of
the ECM topography remains an active area of study for
iDCs (26,27). While traction forces using micropillars
have been linked to the migratory direction with iDC
filopodial or dendritic extensions (28), few studies have
investigated iDC migration in the context of fiber-based
methods, and none explored the role of forces in fiber net-
works for iDC migration.

Cell migration on 2D flat coverslips and 3D fibrous envi-
ronments is known to be very different due to the changes in
cell morphology and migratory modes (29-33). To capture
the interactions of fiber architecture on cell migration, we
used fiber networks fabricated using our previously reported
nonelectrospinning spinneret-based tunable engineered pa-
rameters (STEP) technique (34,35). We sought to describe
iDC migratory responses to fibers as those occurring in vivo
or on implantable fibrous materials. We chose aligned fibers
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as cells usually migrate persistently along the fiber axis
(36,37), which provides a straightforward template to inter-
rogate cell behavior on fibers. Furthermore, we used Nano-
net force microscopy to quantify iDC contractility (38-42).
We discovered that, while a large portion of iDCs were in a
nonmotile state, a subset of the population used their fila-
mentous protrusions to attach laterally and tug on neigh-
boring fibers to migrate independently of fiber alignment
and density. Interestingly, we found that iDCs switched
the concentration of their protrusions from front to rear in
the presence of PGE2. Increasing the fiber diameter resulted
in denser actin networks but did not affect the migratory
behavior. Overall, we present new knowledge in immune
cell mechanobiology by interrogating the topological inter-
actions and force-driven migration of iDCs in ECM-
mimicking fiber networks.

MATERIALS AND METHODS
Scaffold preparation

Using our previously developed nonelectrospinning STEP technique
(34,35,43), suspended fiber nanonets composed of 200 or 500 nm diameter
fibers spaced 12 um apart were deposited orthogonally on 2 um diameter fi-
bers spaced 300 um apart. Nanofibers for 200 and 500 nm were manufactured
from solutions of polystyrene (MW = 2,500,000 g mol‘lg cat. no. 1025; Sci-
entific Polymer Products, Ontario, NY) dissolved in xylene (X5-500;
Thermo Fisher Scientific, Waltham, MA) in 6 and 9 wt % solutions. Fiber di-
ameters were chosen to match the diameters of individual collagen fibrils
(44). Two-micrometer diameter fibers were manufactured from 5 wt % of
high-molecular-weight polystyrene (MW = 15,000,000 g mol™, Agilent
Technologies, Santa Clara, CA). The polymeric solutions were extruded
through micropipettes with an inside diameter of 100 um (Jensen Global,
Santa Barbara, CA) for the deposition of fibers on a hollow substrate. All fi-
ber networks were cross-linked at intersection points using a custom fusing
chamber, to create fixed-fixed boundary conditions (interface of small and
large diameter fibers).

Cell culturing and drug inhibition experiments

iDCs were generated from peripheral blood mononuclear cells (PBMCs)
(45,46). Monocytes were derived either from buffy coats or from a leukaphe-
resis product, purchased at Sanquin Blood Bank, Nijmegen, the Netherlands.
PBMC:s were isolated by Ficoll density gradient centrifugation (GE Health-
care Biosciences, Piscataway, NJ, 30 min, 4°C, 2100 rpm). PBMCs were
extensively washed in cold phosphate-buffered saline (PBS) supplemented
with 0.1% (w/v) bovine serum albumin (BSA) (Roche Diagnostics, Indian-
apolis, IN) and 0.45% (w/v) sodium citrate (Sigma-Aldrich, St. Louis, MO).
PBMCs were seeded in plastic culture flasks and left to adhere for 1 hin Ros-
well Park Memorial Institute (RPMI) 1640 medium (Life Technologies,
Carlsbad, CA) supplemented with 2% human serum. Next, cells were
washed three times with PBS to remove the lymphocytes and nonadherent
monocytic cells and isolate the monocytes by plastic adherence. The
adherent monocytes were subsequently cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) (Greiner Bio-One,
Frickenhausen, Germany), 1 mM ultraglutamine (BioWhittaker, Walkers-
ville, MD), antibiotics (100 ug mL~" penicillin, 100 ug mL ™" streptomycin,
and 0.25 ug mL~! amphotericin B, Gibco, Thermo Fisher Scientific) for 5 or
6 days, in a humidified, 5% CO,-containing atmosphere. DC differentiation
was induced by the addition of IL-4 (500 ug mL~") and GM-CSF (800 ug
mLfl) to the culture medium (45,46). On day 5 or 6, cells were collected,
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suspended in cryomedium (10% DMSO, 40% FBS, and 50% medium), and
stored in cryovials in liquid nitrogen.

Cells were cultured on T75s using RPMI (Gibco, Thermo Fisher Scien-
tific) with 10% FBS (Invitrogen, Carlsbad, CA). STEP-spun scaffolds were
attached on six-well plates using corning vacuum grease (the experimental
assembly of the scaffolds is depicted in Fig. S1), disinfected with 70%
ethanol, and then coated with 4 ug/mL of fibronectin (cat. no. FNROI,
Cytoskeleton, Denver, CO) by incubating at 37°C for 1 h. DCs were lifted
from T75s by incubating at 4°C with PBS; the resuspended cells were
seeded onto STEP-spun scaffolds at low densities to avoid cell-cell interac-
tions, allowed to attach for at least 2 h, and the wells were flooded with
3 mL of RPMI + 10% FBS. DCs for PGE2 stimulated studies were lifted
after 8 h of stimulation while incubated at 37°C. Drug inhibition experi-
ments were performed following the same culture protocol; blebbistatin
(20 uM), CK666 (100 uM), and SMIFH2 (20 uM) were added 2 h postseed-
ing on the scaffolds.

Migration and protrusion analysis

Cells attached to nanofiber architectures were imaged at 5-min intervals
for 8 h with an AxioObserver Z1 (Carl Zeiss, Jena, Germany) using a
20 x 0.8 NA objective. Experimental data were collected across at least
three independent experimental rounds per category. The centroid of the
cells was tracked by drawing the cell outlines, which were used to calculate
the instantaneous velocities, angular displacements, persistence, and mean-
squared displacement (MSD). Migratory persistence (P) is defined as:

Net Displacement
_ Net Displacement )

Contour Length

MSDs are defined by the equation:

MSD(7) = ([x(t+7) — x(O + [t +7) — y(O)F) (@)
MSD(t) = 2Dny(At — P(1 — e #)) A3)

MSD = 4DA#* 4

where D is the diffusion coefficient, n, is the dimensionality for the
random-walk diffusion, and P is the persistence time. The database of
CSV files from ImageJ manual measurements and tracking functions was
loaded into R Studio for plotting and analyzing. The reported values for
the diffusion coefficients and MSD exponents were selected only for those
satisfying the model with R? > 0.8 where 80.8% of the cells analyzed satis-
fied this condition. Vectorial analysis of the protrusion positions of the
migrating cell used the information manually measured in ImageJ from
40x bright-field videos imaged every 5 s for 15 min. From these vectors,
as shown schematically in section “Filamentous lateral protrusions guide
migration independent of underlying anisotropy”, we calculated the scalar
product of the vectors (v, -v,) and, by counting positive and negative results,
we determined the directionality of the vectorial pairs. Protrusive events
were classified as front or back if they had 50% of their time points in
one direction or the other.

Statistics and determining speed subsets

The data set was tested for statistical significance using Tukey’s honestly
significant difference for multiple comparisons between overall categories
and subcategories (p values: *p = 0.05, **p = 0.01, ***p = 0.001). Popu-
lation velocity was positively skewed with a value of 4.98 (Fig. S2 A).
Furthermore, the qqplot showed that the theoretical quantiles began to
deviate into outliers for speeds higher than 0.25 2" (Fig. S2 B). Once the

min
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domain was kept at 0 < speed < 0.25 L= data followed a normal distribution
(Fig. S2 C) and had a skewness value of 0.51 for the low migratory subset
population. Data followed normal distributions through normality tests and
theoretical quantile plots. Fig. S2 D shows qualitatively low deviation tails
(skewness value of 0.95), thus justifying key assumptions to use Tukey’s
honestly significant difference method for the multiple comparisons in
the paper. Data used for comparison plots were subset using the mentioned
0.25 um/min cutoff, and cells with these speed characteristics had distinct
migratory patterns. All significant comparison tests reported were for this
subpopulation of DCs. Finally, the significance of the changes in protrusion
proportions was calculated from Eq. 5 for two independent samples with
dichotomous outcomes (front and back).

z = ®)

Force studies

Migratory cases were randomly selected for the force calculations. Forces
were calculated through a custom-built MATLAB pipeline that ran an opti-
mization algorithm to match the tracked fiber deflections with computa-
tional finite-element fiber deflections (42,47). Forces only report vertical
force components representing filamentous interactions with the fibers
that can be considered to be point loads. Using the aforementioned fiber net-
works, the Nanonet force microscopy resolution is =2 nN, therefore forces
below 2.0 nN were considered as noise and reported as NA values (48).
Front and back categories of forces were determined from the net migration
direction of the path and the position of the cell centroid to the fibers. Side
forces represent instances when the analyzed cell stops, and migrates to the
side.

Immunofluorescence and imaging

iDCs were fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100 solution, and blocked with 5% goat serum. F-actin was
stained using rhodamine phalloidin (Santa Cruz Biotechnologies) at a ratio
of 1:100 of an antibody dilution buffer with 1% BSA in PBS. DAPI stock
solution was diluted with a ratio of 1:80 of the buffer. Vinculin (hVin-1) pri-
mary antibody (Sigma-Aldrich) staining images were diluted with a ratio of
1:200 and conjugated with Alexa Fluor 488 (Invitrogen) secondary anti-
bodies. Fixed samples were imaged on an LSM 880 (Carl Zeiss) using a
63x 1.2 NA water immersion objective. Multiple immunofluorescent
rounds reused imaging settings defined in the first experiment for cross-
sample comparisons. Laser power across multiple samples was 0.2% for
405 nm and 4% for 543 nm. Fluorescent images and actin heatmaps were
postprocessed and rendered in Zen blue (Zeiss) using look-up tables to
show the differences in fluorescent intensity.

RESULTS

DC shapes and speed on suspended aligned fiber
networks

To assess the behavior of iDCs on suspended fiber networks,
we deposited aligned fibers of 200 and 500 nm diameters
with an interfiber spacing of 12 um (Fig. 1 A) so that cells
could attach to at least two fibers. Unexpectedly, iDC shapes
had strikingly different responses to our previous studies of
cells on fibers (41,49). We observed that, on both fiber
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FIGURE 1

iDC shape and overall motility on nanonets. (A) SEM images of nanonets composed of vertical base fiber posts (~2000 nm diameter) and

orthogonally aligned 200 nm fibers. (B) Confocal images of iDCs stained for actin with rhodamine-phalloidin (red), a nucleus with DAPI (blue), and sus-
pended fibers (green). Cells either elongated along the fiber axis or remained rounded on fiber networks. Filamentous protrusions are pointed by yellow ar-
rows. (C) Histogram of DC migration shows that ~80% of the population exists in a nonmotile phenotype (elongated morphologies); however, ~20%
(rounded morphologies) migrate at speeds greater than or equal to 0.25 um/min (n = 98). Migratory data were collected over 2 h. (D) The cell body orien-
tation was determined from ImagelJ analysis and binned into aligned and orthogonal groups as depicted in the schematic. (i) Density plot that shows the
distribution of cell body orientations for iDC (n = 74). (ii) Pie chart showing percentages of alignment using the binning described in the schematic. (E)
Time-lapse images illustrating the migratory behavior of iDCs in fibronectin-coated 500 nm aligned fibers with arrows pointing to filamentous protrusions
as they occur throughout migration, and (F) on flat 2D control. Imaging was conducted at 3 min intervals. Scale bars, 10 um.

diameter categories, a portion of iDCs sensed fibers by
adopting elongated shapes along the fibers, while another
portion remained oblong, with some cases boasting dynamic
filamentous structures (Fig. 1 B). We proceeded to investi-
gate the distribution of iDC alignment and migration speed
on fibers (Fig. 1, C and D) to determine if we could establish
a link between migration and this surprising response
aligned fibers. We found that iDC body orientations were

uniformly distributed (from 0 to 90°, Fig. 1 D(i)), while
other cell lines such as 3T3s (50), C2C12s (41), mesen-
chymal stem cells (48), and U251s (37) are well established
to respond in favor of horizontal alignment (closer to 0°).
Approximately 95% of other cells become aligned to the fi-
bers as opposed to 63% for iDCs (Fig. 1 D(i)). This re-
vealed that iDCs had a subpopulation (37%) of cells that
were independent of the alignment of the fibers, which we
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believed could be linked to different migration modes. The
distribution of average migration speeds (Fig. S2 A) did not
match the uniform distribution of the body alignments. We
found that approximately 80% of iDCs on fibers, migrated at
speeds lower than 0.25 um/min (Fig. 1 C). Furthermore, this
speed was an important separation point for the tails in the
data, where all of the subsequent points above this mark,
began to separate from the theoretical trend for a normal dis-
tribution (skewness of 4.98, Fig. S2 B). We separated the
data for the nonmigratory population (Fig. S2 C) and this
lowered the skewness to 0.51, suggesting that the nonmigra-
tory cells followed a normal distribution. The migratory
subset which represented 20% of the population (Fig. 1 C)
also followed a normal distribution (Fig. S2 D) with a skew-
ness of 0.95. This revealed that the majority of the cells were
predisposed to low motility, a behavior expected of iDCs,
while around 20% were found to be fast moving (>0.25
um/min) (Figs. 1 C and S2, A and B), a behavior unique
to the population on the fibers. In comparison, on flat 2D
substrates, the iDC population exhibited significantly
(Pagj = 2.26 x 10~ %) slower migration speeds on average
(0.13+0.13 um/min, Fig. S3) to those on fibers. These
initial findings exposed that fibers significantly enhanced
iDC motility and that the fiber population was split into pre-
viously unknown nonmigratory and migratory subpopula-
tions of iDCs.

The migration speeds revealed that to analyze iDC
migration we must focus on a subset of the population.
We hypothesized that iDC shapes could help us predict
these migratory functions on the fibers. iDCs on fibers
had pseudopod-like structures while the main cell body re-
mained in oblong shapes of varied circularities (Fig. 1, B
and E), suggesting that shape indexes such as circularity
could predict the cell’s migratory state. In contrast, on
flat substrates cells were consistently in spread shapes
with large pseudopods (Figs. 1 F and S3). The visible dif-
ferences between morphology fibers and flat substrates also
reinforced that morphological differences could correlate
with migratory states. We quantified cell shapes in migra-
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tion and found an unexpectedly large variability for areas,
circularities, and aspect ratios of migratory (Fig. S4) and
nonmigratory (Fig. S5) cells. DC projected areas on fibers
ranged between 600 and 1200 wm? and circularities be-
tween 0.09 and 0.9. We used the standard deviation of
the bright-field video stacks in ImagelJ (Fig. S6 B) to qual-
itatively show the differences in hotspots, representing re-
gions of slower migration with dynamic changes of DC
shapes. We plotted these shape fluctuations (Fig. S6,
A-D) and attempted to find a correlation between circu-
larity and speed (Fig. S6 E), which to our surprise revealed
a nearly uniform distribution of circularities and speeds.
Thus, we concluded that iDC shapes were so dynamic on
fibers that it made it troublesome to implement any reliable
shape segmentation approach. We proceeded to only
consider cells that on average migrated faster than the
0.25 pum/min threshold. Overall, compared with flat 2D
substrates, suspended fiber architecture produced a hetero-
geneity in iDC shapes and revealed a subpopulation of cells
that roamed over the scaffold at high speeds.

PGEZ2 stimulation enhances migratory
persistence without affecting speed

iDC migration and adhesion on various substrates are con-
trolled by many of the same proteins as focal adhesions,
including vinculin (51). Cell adhesion is an essential structure
in effective migration; thus, to understand the cytoskeletal
differences of iDCs and their podosomes across substrates,
we used immunofluorescence of actin and vinculin. For
both cells on fibers and flat 2D substrates, we observed diffu-
sive actin cytoskeletons (Figs. | B and S3), which correlates to
iDC’s capacity to adopt highly dynamic shapes. Notably, cells
had regions of actin enrichment at the locations of the fibers
(Fig. 1 B), whereas in flat 2D substrates they had ring-like
structures (Fig. S3). Vinculin staining confirmed that these
enrichment regions were podosomes on the fibers and in flat
2D substrates (Figs. 2, S7, and S8). On fibers (Fig. | B), not
all cells had regions of enrichment or podosomes, in

FIGURE 2 iDCs form podosome-like structures
along the fibers. Representative confocal micro-
scopy image of a iDC immunostained with actin
(green) and vinculin (magenta) and the nucleus
(blue). The enlargement shows the typical central
localization of actin surrounded by vinculin.



correlation with the overarching subpopulations determined
by speed. This suggested that new DC migration phenotypes
on fibers could be driven by the dissolution of podosomes; a
parallel to established research in flat 2D substrates (22).
We had reasonable suspicion that perturbing iDC podosome
adhesion with PGE2 and varying fiber diameters could be
important drivers of these new iDC subpopulations.

When we manually tracked iDCs, we expected them to
sense the fiber alignment and result in 1D persistent migra-
tion. Yet, we found that this fast-moving subpopulation of
cells engaged in random walks even in the presence of the
contact guidance of our highly aligned fiber networks
(Fig. 3 A) and notably shown by their migration turning an-
gles (Fig. S9). We found this to be strikingly different from
our previous studies on the role of substrate alignment
(37,48,52,53). We stimulated iDCs in culture with PGE2
and anticipated an increase in migration speed as well
as persistence (7). We found that PGE2-stimulated iDCs
traveled significantly (p,; = 0.034) more persistent on
200 nm fibers; however, this effect was not shared with
the 500 nm fibers (Fig. 3 B). PGE2 caused a nonstatistically
significant ~25% mean increase in migratory persistence
on 500 nm fibers (Perscopyror = 0.24+0.15;Perspgey =
0.31£0.20), whereas on 200 nm fibers it caused a sig-
nificant ~66% mean increase (Perscomror = 0.16+0.13;
Perspggy = 0.32+0.19 for 200 nm fibers, Fig. 3 B).
Contrary to what we expected, we found that iDC average
speeds on fiber networks remained largely unchanged af-
ter PGE2 stimulation (Scomror = 1.59 £0.66 22 Spopy =
1.65+0.86 % for 500 nm fibers and Sconnor = 1.63 %
1.86 L Spgry = 1.34+0.65 &5 for 200 nm fibers Fig. 3
B). This contrasted the 0.4 um/min mean increase in flat
2D substrates after PGE2 stimulation (Fig. S3). Another char-
acteristic we identified in this migratory subpopulation, is
how they transitioned between higher and lower motility
states (Fig. S10), as reflected by their changes in persistence
and speed with time (Videos S1, S2, S3, S4, and S5). iDCs in
200 nm control cases had the largest ranges with instanta-
neous speeds ranging between 2 and 20 um/min; conversely,
other categories ranged between 1 and 3 um/min. We sus-
pected that this drastic difference in speed fluctuations for
iDCs on 200 nm fibers was largely driven by the changes
in the available surface area of the smaller diameter. This
result motivated us to consider the changes in cellular forces
that we explore in further sections. Our analysis revealed
enhanced migratory patterns on 200 nm fibers, whereas
increasing the diameter or exposing the PGE2 enhanced the
persistence of the migration, thus linking fiber size to iDC
migration patterns.

We proceeded with time-independent comparisons by
looking at MSD curves. MSD profiles were fitted to Eq. 4
(see materials and methods) where an «a <1 represents
depressed motion, & = 1 describes a random walk, and
a > 1 is reflective of more directional motion. For both fiber
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diameters, we reported nonstatistically significant shifts in
the mean for a-scaling exponents; however, for 200 nm fi-
bers the ~26% change between control and PGE2 had a
Pagj = 0.070 (Fig. 3 C) (tconrot = 0.95+0.39 ; apgrr =
1.23 +0.40), which had a close agreement with our reported
change in persistence for the same categories. iDCs for con-
trol/PGE2 and 200/500 nm fibers could patrol over large dis-
tances independent of the alignment of the underlying
architecture, opposite to our expectations from previous
studies using similar fiber architectures (53).

Lastly, we report that iDCs migrated significantly differ-
ently on fibers from 2D substrates for almost all migration
metrics (Table 1). Cells migrating on the fibers had high pro-
trusive activity in both motile and nonmotile populations in
our migration videos (Videos S2, S3, S4, S4, and S5), which
contrasted with their slower-moving pseudopods on flat
2D substrates (Video S1). Suspecting that protrusions me-
chanically drove cells to achieve higher speeds and the
new phenotypes, we sought to test the role of actin branch-
ing, nucleators, and myosin in regulating iDC migration.
The inhibition of formins (by SMIFH2) and myosin ITA
(by blebbistatin) significantly impacted the migration of
iDCs on fibers (Fig. S11), resulting in practically no discern-
ible migration. The complete arrest of migration on fibers
showed that actin nucleators (formins) and contractility
(myosin ITA) were still retained as essential migratory
mechanisms. However, when the Arp2/3 complex was phar-
macologically inhibited (54), iDCs were still able to migrate
slowly (0.067 =0.06 £%5), showing that actin branching fa-
cilitates migration but it is not essential. Our findings are
similar to previous literature that suggested that Arp2/3
facilitated the forward locomotion of iDCs (55). Overall,
we identified that the migratory behavior of iDCs had dy-
namic fluctuations, was influenced by fiber diameter, and
had critical links to the protrusive/contractile ability of the
cells.

Filamentous lateral protrusions guide migration
independent of underlying anisotropy

Actomyosin-based contraction is essential for DC migration
and antigen capture (56-58); therefore we aimed to charac-
terize the force generation ability of iDCs on the suspended
nanofibers. We were interested in determining if the random
migration of iDCs on aligned fibers was influenced by force
magnitudes and the orientation of these forces. It has been
shown that DCs under the influence of shear stress in a micro-
fluidic device exert higher forces and move persistently (59).
Furthermore, the rearrangement of the cytoskeleton is well
established to generate locomotion forces known to coordi-
nate DC functions such as antigen processing, inflammatory
cytokine production, and chemotactic migration (60). With
this motivation in mind, we began a morphological analysis
of iDC migration (imaged at 5 s intervals) where we manually
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FIGURE 3 Effects of PGE2 on iDC migration along aligned fibers. (A) 2D scatter/line plot showing the difference in migratory paths along with corresponding
optical images with and without PGE?2 stimulation for the two fiber diameters. The total migration time for all groups is equal to 2 h. Scale bar, 20 um. (B) Persistence
and migratory speeds for iDCs under PGE2 stimulation for the tested diameters. For parallel 200 nm the *p,; = 0.034. (C) Experimental MSD plots organized by
diameter subcategories (sample size of control-PGE2: 23-27 for 500 nm and 23-21 for 200 nm). Solid lines represent the average MSD profile experimentally
calculated and the MSD exponent computed from MSD profiles. All boxplots without stars are NS p value comparisons that have been omitted.

segmented cells into three parts: the overall cell body (Fig. 4 We obtained the shape descriptors of the overall cell,
A(i,ii); Videos S6, S7, S8, and S9), the body (minus the pro- the body, and the protrusions, thus allowing us to vectori-
trusions), and protrusions (Fig. 4 A(iii)). ally correlate iDC protrusive activity with migration
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TABLE 1 p values for comparison between 2D and diameters

p values 2D vs. fibers

Metric Comparison Dadj Star
Speed 2D - 200 nm 1.93e-5 okk
Speed 2D - 500 nm 2.26e—6 okk
Persistence 2D - 200 nm 0.118 NS
Persistence 2D - 500 nm 8.38e—4 woEE
a 2D - 200 nm 1.12e-5 ok
a 2D - 500 nm 2.62e-6 ok

(Fig. 4 B). The analyzed cellular paths for all categories
(Fig. 4 C) contained between 18 and 25 recorded protru-
sion events over 15 min. First, we looked at the locations
of these protrusive events with respect to the cell centroid
in 2D histograms and found that the position of iDC
protrusions was also independent of fiber diameter (200/
500 nm) and PGE2 stimulation (Fig. S12). However, the
dot products of the protrusion vectors (v, in Fig. 4 B)
with respect to the migratory direction (v, in Fig. 4 B) re-
vealed that, on 200 nm fibers, 60% of protrusions formed
at the front of the migrating body (42 front, 28 back,
Fig. 4 C). This strikingly contrasted the PGE2 experi-
mental group, where 71% the protrusions oriented toward
the rear of the migrating body, a highly significant shift in

B Main Body Protrusions

Dendritic cell migration on nanofibers

proportion (p,q; = 0.004) (13 front, 32 back, Fig. 4 C).
On the 500 nm diameter fiber networks, the effect on
the differences in protrusive activity was reduced with
nonsignificant proportions between populations (control:
33 front and 27 back; PGE2 stimulation: 10 front and
12 back, Fig. 4 C). Unfortunately, this analysis could
not be extended to flat substrates as cells were observed
to have broad lamellipodia instead of the filamentous pro-
trusions we analyzed on fibers (Figs. S3 and S8). Our data
suggest that iDCs migrate on fibers by concentrating
active protrusive fronts that correlate with their direction
of migration.

Forces on fibers concentrate behind and laterally
to the direction of migration

We next sought to link cell migration and protrusive events
with force vectors as the cell migrated. First, we observed
that the low motile (elongated) cells attached to two fibers
contracted the fibers inwards, signifying force exertions
(Fig. 5 A). We characterized contractile forces of nonmotile
iDCs attached to two 200 nm diameter fibers (Fig. 5 B(i))
with and without stimulation of PGE2. We found the con-
tractile forces to slightly decrease with PGE2 stimulation

C Position Vectors Front W Back

200 | [ 500mm |
S04 =
_ 40
. % 304
\a O 207
@ 10 4 .
_ >0 Front 0-
p < 0 Back C«g@” e NS C"@/ b@

FIGURE 4 Vectorial correlation of DC protrusive activity with migration on aligned fibers. (A) Bright-field images showing an example cell and how the
dynamic shapes of iDCs were manually segmented for dot product analysis of the iDCs. Scale bars, 5 um. (i) Reference image shown without annotation
using the inverted lookup table (LUT). (ii) Representative depiction of gross cell body outlines. (iii) Manual segmentation of main body (Main) and protru-
sion sections (1 and 2) in teal (solid) and orange (dashed), respectively. (B) Schematic representation of main body and protrusion segmentation in teal and
orange. The vector traces show the temporal approach for analyzing the directionality of the position of the protrusion with respect to the migrating body
through the dot product of the vectors v, (migration vector of the main body drawn from the current time “n” to the next time “n+-1") to v, (protrusion vector
drawn from the current position of the body to the current position of the protrusion at time “n”). The path schematic shows the drawn vectors for mapping the
position of the protrusions. The dot product of these vectors was used to ascertain if protrusions were at the front or back. (C) Protrusion counts with 50% or
more incidence of front or back time points are counted for n = 3 cells per diameter and drug category. Statistics were calculated with population proportions
test using Eq. 5; for 200 nm p,q; = 0.004.
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FIGURE 5 Analysis of contractile forces of DCs and their orientation in migration. (A) Bright-phase image illustrating the low motile morphologies used
for the total contractile forces. Scale bar, 20 um. (B) (i) Illustration representing iDC low motile categories for total contractile forces added from 4 force
vectors. (ii) Total contractile force between control and PGE2 groups on 200 nm fibers (p,qj = 0.08). (C) Immunostained iDC shown through actin heatmap
LUT with annotations pointing to their filamentous protrusions. (D) Schematic depicting the perpendicular traction force vectors for the initial and final time
points of the selected case with a 3D bar plot below representing the transient traction force exertion in a supplementary movie (Videos S6). Image insets at
the top have the fiber number labels. Scale bar, 20 um. These two images correspond to the initial time (0 min) and final time (80 min). (E) (i) Example
migration path of iDC with a straight segment of migration. (ii) Forces occurring in front, rear, and side that were plotted with respect to the cell centroid
in migration. (iii) Respective force magnitudes show that the cell does not have a contractile bias for either configuration or location of the forces. For both bar
plots, N = 4 migrating cells and n = 300 recorded forces at different time points.

(Fep = 7.3x3.360N, Fpgep = 5.9+£3.73nN, Fig. 5 easily measurable, thus not allowing us to estimate the
B(ii)). As in earlier sections, we wanted to compare with forces. Morphologically, we compared actin clustering by
forces on 500 nm; however, the small deflections were not immunofluorescence and found denser actin regions present
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on 500 nm fibers (Fig. S13). In contrast to nonmotile cells,
fast-moving cells had filamentous protrusions extending in
alignment and laterally from the main cell body, thus being
able to attach to the neighboring fibers (Figs. 5 C, S12, and
S13). Having found slight contractile differences with PGE2
stimulation, and morphological differences in actin, next we
focused on the lateral force interaction.

Knowing that protrusive activity concentrated at the front
of the cell, we investigated if the concentration of forces
coincided with the protrusive fronts of the migrating cell
(Videos S10, S11, and S12). To obtain migration forces of
iDCs, we analyzed cells with a persistent migration segment
that spanned multiple force fibers (Fig. 5 D shown for a
representative case). We recorded the forces as the iDC
tugged on the fibers (Video S6) and found that the forces
cycled from high (~9 nN) to low values (below 2 nN) as
the cell migrated (Figs. 5 D and S14 A). Having cells
interact with multiple aligned fibers allowed us to track
the deflection of individual fibers as cell migration pro-
gressed, thus enabling us to investigate the occurrence of
these forces relative to the cell centroid and the direction
of migration (Fig. 5 E(i)). Tracking cell forces across the
cell body revealed a higher incidence of forces behind the
cell centroid and in the lateral direction (Fig. 5 E(i),
Frear =31% ; Fyige =47%), in agreement with force profiles
of DCs reported earlier using other systems (28). However,
we did not find differences in magnitudes for these migra-
tory forces depending upon location (Fig. 5 E(iii)). Stimula-
tion by PGE2 reduced the ability of cells to exert measurable
forces (Fig. S14 B). Overall we found that iDCs migrated
independently of the fiber alignment by applying forces
that mostly originated laterally.

DISCUSSION

DCs are highly dynamic cells whose migratory mechanisms
are an essential aspect of adaptive immune responses. Here,
we developed new knowledge surrounding the role of the
underlying ECM fiber architecture in controlling iDC
migration paths associated with high and low motility
cycles. Interestingly, we observed a subpopulation of fast-
moving iDCs, for which the aligned substrates do not neces-
sarily induce 1D-aligned migration. We hypothesize that
this small portion of fast-moving iDCs is either the result
of a subpopulation of iDCs that is present within the pool
of differentiated cells or the result of iDCs switching be-
tween fast and slow migration modes on the suspended
nanofibers. Interestingly, we have previously observed occa-
sional switching of migration modes on 2D where a rela-
tively nonmotile period was followed by a motile phase
with enhanced protrusive activity and podosome formation
at the cell edge (61).

The 2D random walks by iDCs seemed to be induced by a
force-migration coupling of filamentous protrusions with fi-
bers. We analyzed the orientation, protrusive motions, and

Dendritic cell migration on nanofibers

force distributions around the cell body and this suggested
a dual function of migrating iDCs to continuously probe
their environments for antigen capture at the front of the
cell (24) while concentrating forces at the sides or rear of
the cell to facilitate migration. We found that iDC protru-
sions in both 200 and 500 nm fibers, were localized at the
front of the migrating directions. Our findings of a higher
number of protrusions on smaller 200 nm fibers suggest a
potential impact on iDC functions such as antigenic uptake
(24). Although the mechanisms for the forces associated
with the protrusions remain to be elucidated, they may be
induced by the molecular clutch mechanism as has been
described for macrophages during receptor-mediated
phagocytosis (62). Future investigations to detail the locali-
zation of receptors and clutch proteins could help to better
understand the origin of the forces. Interestingly, the pres-
ence of PGE2 reduced the overall protrusive activity and
concentrated it to the back of the cell, impacting the migra-
tory persistence and protrusive events in iDCs. Increasing
the fiber diameter to 500 nm resulted in reduced protrusive
activity, lower persistence, and less front/back polarity.
These findings suggest that larger fiber diameters occasion-
ally associated with fibrosis in aging (63), wound healing
(64), and cancer (65) can potentially inhibit the overall
migration ability of iDCs.

We qualitatively contrasted the impact on podosome or-
ganization and observed areas of actin enrichment on
500 nm diameter fibers that were not present on 200 nm fi-
bers. This suggests that, when confronted with the lesser
available substrate (as in our case of reduced fiber diameter),
podosomes cannot be assembled properly by iDCs, some-
thing that corresponds well with the notion that an adhesive
substrate is required for podosome formation (22). Further-
more, while it has been established that the number of podo-
somes is unaffected by the pattern of the underlying 2D
geometry (22), our data suggest that the presence of a 3D
nano surface such as the fibers may impact the enrichment
of actin. The flux of vinculin cluster formation has been
linked to the directional growth of actin filaments (61);
thus, further studies could potentially capture a link between
the regulation of podosome adhesions through fiber diame-
ters and inflammation markers.

iDC cortical stiffness can be increased by the upregula-
tion of fascin, which in turn increases the activation of
RhoGTPases that regulate the expression of Arp2/3 and
formins (66). In this work, we tested the role of Arp2/3
and formins as well as the response to PGE2, which is
known to activate RhoA in DCs on flat substrates (7),
thus impacting cell motility. We noted that the inhibition
of Arp2/3 and formins critically impacted iDC migration
and force generation, which matches with previous studies
that noted the importance of the Arp2/3 complex iDC
migration on micropost arrays (from ~13 to ~9 nN)
(67). Importantly, for PGE2, we observed an overall reduc-
tion in protrusive activity but migration remained similar,
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which contrasts with the increased speed of iDCs observed
after PGE2 stimulation on flat surfaces (7,68). This finding
is particularly interesting since this observation aligns with
our observations that topographical cues can interfere with
PGE2-mediated signaling in iDCs (22). Moreover, it has
also been reported by others that PGE2 stimulation does
not necessarily increase the migration of iDCs in 3D envi-
ronments (8). Together, these results suggest that the
migratory behavior in response to PGE2 is strongly influ-
enced by the physical properties of the environment in
which the DCs reside. For future studies, it would be valu-
able to determine the molecular mechanisms that orches-
trate the interplay between topographical conditions and
PGE2-mediated cytoskeletal remodeling to better under-
stand how DCs respond to different types of ECM environ-
ments encountered in vivo.

The forces measured by our system have similar magni-
tudes and patterns (front, side, and back of the cell) compared
with reported measurements from micropost-based force
measurement systems (28,67). However, our studies extend
the knowledge by showing that DC migration in aligned
fibrous environments can be random as iDCs concentrate
forces to their sides and back of the migrating cell body,
which resembles ameboid traction force polarity (69). Our fi-
ber platform can control individual parameters, which is
difficult to control in 3D gels (70). We focused on the role
of fibrillar diameters in iDC migration, where we found
that the reduction increased the variability of the migrational
speeds. These results would be consistent with the role of low
mechanical stiffness in other systems in enhancing the speed
and migratory persistence in confined agarose gels (71).
However, because of the highly random orientation and
arrangement of pores in 3D gel systems, it is difficult to estab-
lish direct comparisons. iDCs in other 3D gel and confine-
ment systems exhibit dynamic pseudopods as those we
recapitulate in our fibrous environments (8,72).

CONCLUSION

Overall, we report an unusual force-migration coupling in DC
migration through filamentous protrusions studied on nano-
fibers, which propel a migratory subpopulation that we stud-
ied separately. Their protrusions concentrate at the front of
the migrating cell and are clearly reoriented under PGE2
stimulus. The forces associated with cell movements have
higher incidence at the rear and side of the cell, which in
turn allows cells to migrate in dynamic directions not aligned
with the fiber axis. We determined that these migratory capa-
bilities on nanofibers were critically regulated by formins and
myosin II. Studies addressing the molecular mechanisms
driving the response of DCs and other myeloid cells to various
mechanical signals from their environment are significantly
increasing, testifying to the pathophysiological relevance of
investigating myeloid cell mechanobiology (73). Our studies
using ECM-mimicking fiber networks emphasize the need to
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investigate the mechanical cues of myeloid cell dynamic pro-
trusions on fiber networks, as they may occur in vivo during
organ fibrosis or in response to implanted biomaterials.
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