
The Arp 2/3 Complex Binding Protein HS1 is Required for 
Efficient Dendritic Cell Random Migration and Force Generation

Amy C. Bendella, Edward K. Williamsonb, Christopher S. Chenc, Janis K. Burkhardtb, and 
Daniel A. Hammera,d

aDepartment of Chemical and Biomolecular Engineering, University of Pennsylvania, 
Philadelphia, PA 19104, USA

bDepartment of Pathology, Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA

cDepartment of Biomedical Engineering, Boston University, Boston, MA 02215, USA

dDepartment of Bioengineering, University of Pennsylvania, Philadelphia, PA 19104, USA

Abstract

Dendritic cell migration to the T-cell-rich areas of the lymph node is essential for their ability to 

initiate the adaptive immune response. While it has been shown that the actin cytoskeleton is 

required for normal DC migration, the role of many of the individual cytoskeletal molecules is 

poorly understood. In this study, we investigated the contribution of the Arp2/3 complex binding 

protein, haematopoietic lineage cell-specific protein 1 (HS1), to DC migration and force 

generation. We quantified the random migration of HS1−/− DCs on 2D micro-contact printed 

surfaces and found that in the absence of HS1, DCs have greatly reduced motility and speed. This 

same reduction in motility was recapitulated when adding Arp2/3 complex inhibitor to WT DCs or 

using DCs deficient in WASP, an activator of Arp2/3 complex-dependent actin polymerization. We 

further investigated the importance of HS1 by measuring the traction forces of HS1−/− DCs on 

micropost array detectors (mPADs). In HS1 deficient DCs, there was a significant reduction in 

force generation (3.96 ± 0.40 nN/cell) compared to WT DCs (13.76 ± 0.84 nN/cell). Interestingly, 

the forces generated in DCs lacking WASP were only slightly reduced compared to WT DCs. 

Taken together, these findings show that HS1 and Arp2/3 complex-mediated actin polymerization 

are essential for the most efficient DC random migration and force generation.
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Introduction

Dendritic cells (DCs) are potent antigen presenting cells (APCs) which possess the unique 

ability of linking the innate and adaptive immune responses (1,2). Immature DCs reside in a 

variety of tissues and continually sample their environment for antigens. Once DCs 

encounter a pathogen, they capture it and load antigenic fragments onto MHC molecules on 

their surface for presentation to other immune cells. Pathogen recognition also triggers DC 

maturation, which is characterized by a variety of phenotypic and functional changes 

(reviewed in (3,4)). Of particular interest to us is a dramatic switch from a slowly moving, 

tissue resident cell to a highly migratory cell (5). This increased level of migration allows 

DCs to exit peripheral tissues and travel via the lymphatic system to T cell rich regions of 

the lymph nodes, where they activate T cells and launch a specialized immune response (6).

Cell migration depends on coordinated interactions among the different components of the 

actin cytoskeleton (7,8). At the front of a migrating cell, rapid actin polymerization forms 

protrusive structures that help to push the plasma membrane forward. One such structure 

found in DCs is the lamellipodium (Figure 2a) (9), which is formed by branched actin 

polymerization driven by the actin related protein (Arp) 2/3 complex (Figure 1b) (10,11). 

While the Arp2/3 complex alone is a weak actin nucleator, the rate of Arp2/3 mediated actin 

polymerization is increased in the presence of a class of proteins known as nucleation 

promoting factors (NPFs) (12–15). These proteins bind to both actin and the Arp2/3 

complex and enhance Arp2/3 complex-dependent nucleation of branched actin filaments. 

One such NPF is hematopoietic lineage cell-specific protein 1 (HS1).

HS1 (also known as HCLS1 and LckBP1) is a 75 kDa protein expressed exclusively in 

hematopoietic cells (16,17). HS1 is the only known Class II NPF in hematopoietic cells and 

is highly homologous with the widely studied protein cortactin (18). It contains an N-

terminal acidic (NTA) region, which binds to the Arp2/3 complex, followed by a helix-turn-

helix region and a coiled-coil domain, both of which bind to F-actin and are required for 

proper Arp2/3 complex activation and branched actin polymerization (Figure 1a) (14,19). 

HS1 has been shown to increase the rate of Arp2/3 complex mediated actin polymerization, 

prolong the half-life of existing branched actin filaments and regulate lamellipodial 

dynamics (14,19–21). It has also been shown that HS1 interacts with another NPF—Wiskott 

Aldrich Syndrome Protein (WASP) (22). Unlike HS1, WASP is a Class I NPF, which uses its 

VCA domain to bind to monomeric actin and the Arp2/3 complex (23). It is one of multiple 

Class I NPFs in DCs and may be redundant in some of its functions (23). Through its 

interactions with the Arp2/3 complex and WASP, HS1 is able to shape the dynamics of 

branched actin networks.

HS1 is expressed at high levels in mature dendritic cells (24), yet the exact role it plays in 

DC migration is not clear. Initial studies revealed that HS1 could be eliminated from 

dendritic cells without altering their morphology or viability (22,24). Nonetheless, there are 

a few differences in the structure and function of HS1−/− DCs. HS1−/− DCs adhere and 

spread normally, but they form disorganized and overly dynamic actin structures, such as 

podosomes and lamellipodia, and have defective antigen capture via receptor-mediated 

endocytosis (22,24). Previous work by Klos Dehring et al. highlighted the importance of 
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HS1 in dendritic cell migration, in particular during chemotaxis (22). The authors found that 

HS1−/− DCs are able to migrate across transwells in response to CCL19 or CCL21 to the 

same degree as WT DCs, and have unaltered expression of chemokine receptors. However, 

when placed in a microfluidic gradient generator, HS1−/− DCs migrate significantly faster 

than WT DCs and are less able to persistently migrate in the direction of the chemokine 

gradient. These findings reveal that the long-term ability of HS1−/− DCs to reach a target 

location is not significantly altered, but that the manner in which DCs migrate to the target is 

affected. Building upon this study, we sought to determine if HS1 impacts other aspects of 

DC migration. Using motility assays and micropost array detectors (mPADs), we quantified 

the random migration and force generation of HS1−/− DCs, respectively. In addition, we 

used both Arp2/3 complex inhibitor and WASP−/− DCs to elucidate the molecular 

mechanisms through which HS1 acts. We found that HS1 is required for efficient migration 

and force generation, and we hypothesize that HS1 likely influences DC migration through 

its interaction with the Arp2/3 complex.

Materials and Methods

Reagents

Recombinant murine CCL19 was purchased from R&D Systems (Minneapolis, MN). 

Lipopolysaccharide (LPS; L4516), CK-666 (Lot: 043M4606V) DMSO, Pluronics F127, 

silane (Trichloro(1H,1H,2H,2H-perfluorooctyl)silane) and bovine fibronectin were obtained 

from Sigma-Aldrich (St. Louis, MO). Penicillin-Streptomycin (10,000 U/mL), RPMI 1640 

(1x, with L-Glutamine and 25 mM HEPES) and PBS were obtained from Thermo Fisher 

Scientific (Hampton, NH). Poly(dimethylsiloxane) (Sylgard 184 Silicone Elastomer) was 

purchased from Dow Corning, Midland, MI. 200 proof ethanol was obtained from Decon 

Laboratories (King of Prussia, PA). Fetal bovine serum was obtained from Atlanta 

Biologicals (Flowery Branch, GA). Recombinant GM-CSF was produced from the B78Hi/

GMCSF.1 cell line provided by T. Laufer (University of Pennsylvania, Philadelphia, PA).

Mice

C57BL/6J mice, WASP−/− mice bred on the C57BL/6J background (25) (both from Jackson 

Laboratories), HS1−/− mice bred on the C57BL/6J background (26) and GFP-Lifeact mice 

bred on the C57BL/6J background (26) were reared at Children’s Hospital of Philadelphia. 

All mice were housed under pathogen-free conditions in the Children’s Hospital of 

Philadelphia animal facility. All studies involving animals were reviewed and approved by 

the Children’s Hospital of Philadelphia Institutional Animal Care and Use Committee.

Culture of bone marrow derived DCs (BMDCs)

Primary dendritic cells were prepared from murine bone marrow, following the protocol of 

Sixt and Lämmermann (27). Bone marrow was flushed from the femurs and tibiae with 

sterile PBS. Cells were centrifuged at 1500 rpm for 10 min at 4°C and resuspended at 2.5 × 

106 cells/mL in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum and 

1% penicillin and streptomycin. 1 mL cell suspension was combined with 9 mL media and 

100 μL GM-CSF in a 10 cm Petri dish. On day 3, 10 mL fresh media and 100 μL GM-CSF 

were added, and on day 6, 100 μL GM-CSF was added after half of the media was gently 
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replaced. 200 ng/mL LPS was added between day 7 to 9 and DCs were matured for 24 

hours. After maturation, DCs were centrifuged at 1500 rpm for 10 min at 4°C and 

resuspended at 100,000 cells/mL for random migration experiments or 50,000 cells/mL for 

force measurement experiments. Cells were maintained at 37°C and 5% CO2.

Surface Preparation for Random Migration Experiments

25 mm round glass coverslips (Thermo Fisher Scientific) were coated with a thin layer of 

degassed poly(dimethylsiloxane) (PDMS, 10:1 base to cure by weight) (using a Laurell 

spinner (4000 rpm, 1 minute). Coverslips were cured for at least three hours at 65°C. 

Circular holes were laser cut from the bottom of each well of a 6 well dish. The PDMS 

coated coverslips were affixed to the bottom of each well using 10:1 PDMS and the seal was 

cured overnight at 65°C. The coverslips were functionalized by microcontact printing 

following the protocol of Desai et al (28). Stamps for printing were prepared by casting 

degassed PDMS against a flat silicon wafer. The PDMS was allowed to cure in contact with 

the wafer overnight at 65°C. 1 cm2 square stamps were cut from the block of PDMS using a 

premade grid pattern as a guide. Stamps were sonicated in 200 proof ethanol for 5 minutes, 

rinsed twice in diH2O and gently dried with N2 gas. 200 μL of a 10 μg/mL solution of 

fibronectin was added to each stamp and incubated at room temperature for 2 hours. Stamps 

were again rinsed twice in diH2O and gently dried with N2 gas. The 6 well dish containing 

the PDMS coverslips was treated for 7 minutes with ultraviolet ozone (UVO Cleaner Model 

342, Jelight, Irvine, CA) and PDMS stamps were used to transfer protein to the coverslip 

surface. The printed coverslips were blocked with 0.2 % Pluronic F127 for 1 hour at room 

temperature, rinsed twice with sterile PBS and stored at 4°C overnight.

The following day, 1 mL of mature DCs (100,000 cells/mL) were seeded on each printed 

coverslip. In inhibition studies, the desired concentration of CK-666 or equivalent volume of 

DMSO was added 1 hour prior to imaging and the cells were incubated at 37°C and 5% 

CO2. Motility was stimulated with 10 nM CCL19 immediately before moving the plate to 

the microscope stage.

Live Cell Imaging for Random Migration Experiments

DCs were imaged at 10× by phase microscopy on a Nikon Eclipse TE300 (Nikon, Melville, 

NY) with custom-built Labview (National Instruments, Austin, TX) software. A motorized 

stage was used to capture images at multiple positions. Time-lapse experiments were 

performed by acquiring images every two to three minutes for up to three hours. Cells were 

maintained at 37°C and 5% CO2 during imaging.

Random Motility Data Analysis

Cell migration was analyzed with the Manual Tracking plugin in ImageJ (http://

rsbweb.nih.gov/ij). Cells were tracked over time by manually specifying their centroid 

positions in each frame. Cells that were apoptotic or completely stationary were excluded, as 

well as any cells in contact with other cells. The list of x- and y-coordinates obtained from 

ImageJ was further analyzed with a custom-written MATLAB (Mathworks, Natick, MA) 

script. The MATLAB script computed the MSD of the compiled list of cell tracks and used 
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the Dunn equation  to fit speed (S) and 

persistence (P) (29). The random motility coefficient was calculated from the speed and 

persistence as follows: , where n specifies the dimensionality (30).

mPAD Preparation

Micropost array detectors (mPADs) were prepared following the protocol of Yang et al. (31). 

Micropost arrays were prepared from a silicon master by replica molding. Negative molds 

were created by casting degassed PDMS (10:1 base to cure) against a silanized silicon 

master mold and curing for 12 minutes at 110°C. The negative molds were gently peeled 

away from the silicon master, plasma treated (SPI Supplies Plasma Prep II, West Chester, 

PA) for 7 seconds, and silanized overnight. PDMS (10:1 base to cure) was added to the 

negative molds and degassed for 30 minutes to remove any air bubbles. 25 mm round glass 

coverslips were cleaned with N2 gas and plasma treated for 90 seconds. The molds were 

placed, fresh PDMS side down, onto the cleaned coverslip and cured at 110°C for 20 hours. 

The mPADs were gently peeled away from the negative molds, immediately submerged in 

200 proof ethanol and supercritical dried (SAMDRI-PVT-3D, Tousimis Corporation, 

Rockville, MD) in liquid CO2. Circular holes were laser cut from the bottom of one well 

dishes. mPAD coverslips were secured to the bottom of the one well dishes with 10:1 PDMS 

and the seal was cured overnight at 65°C.

10 μg/mL fibronectin was microcontact printed onto the post tips, following the same 

procedure as above with minor modifications. After stamping the mPADs, 1 mL of 200 

proof ethanol was added and the stamp was gently flicked off the micropost array. The 

ethanol was immediately diluted to 60% with diH2O. The mPADs were rinsed three times 

with diH2O and were incubated with 1x Δ9-DiI (1,1′-dioleyl-3,3,3′,3′-
tetramethylindocarbocyanine methanesulfonate; Invitrogen Carlsbad, CA) for one hour, at 

room temperature. To prevent photobleaching of the fluorescent label, the mPAD was 

covered and lights were dimmed, when possible, for the rest of the preparation process. The 

mPADs were gently rinsed three times with diH2O. The post tips were blocked with 0.2 % 

Pluronic F127 for 1 hour at room temperature, rinsed three times with sterile diH2O and 

stored at 4°C overnight. The following day 1 mL of mature DCs (50,000 cells/mL) was 

seeded on the mPAD. Motility was stimulated with 10 nM CCL19 immediately before 

moving the dish to the microscope stage, and cells were allowed to settle on the micropost 

array before imaging began.

Live Cell Imaging for Force Measurement Experiments

DCs were imaged at 40× by phase and fluorescence microscopy on a Nikon Eclipse TE300 

with custom-built Labview software. A motorized stage was used to capture images at 

multiple positions. Time-lapse experiments were performed by acquiring images every 

minute for up to an hour. Cells were maintained at 37°C and 5% CO2 during imaging.
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Traction Force Analysis

A custom MATLAB (Mathworks, Natick, MA) script was used to analyze a series of paired 

phase and fluorescent images. Phase images were used to manually delineate the area 

occupied by the cell of interest. The corresponding fluorescent image was then opened and 

the position of the posts in the area of interest was recorded. The script determines the ideal 

position of each post based on the theoretical post packing geometry. Deflection distance 

was calculated for the posts in the area of interest as the 2-dimensional distance between the 

ideal position the measured position. The deflections were then converted into vector forces 

using Hooke’s law ( ) and the known spring constant of the micropost array (k=1.92 

nN/μm) for the given post height and diameter. These forces were then used to calculate the 

total scalar force per cell, which was averaged over the entire ensemble of cells for each type 

of cell (WT, HS1−/− and WASP−/−).

Statistical Analysis

We used a one way ANOVA along with a Tukey’s Post Hoc Test to determine statistical 

significance. Statistically significant differences at p < 0.05 were marked with an asterisk on 

plots (*) and statistically significant differences at p < 0.01 were marked with a double 

asterisk (**).

Results

HS1 is Required for Efficient DC Random Migration

It was previously shown that HS1 contributes to DC speed and persistence during 

chemotaxis (22), but its role in random migration was not tested. It has been revealed in a 

variety of immune cell types that HS1 can have different effects on different modes of 

migration (32–36). Therefore, we hypothesized that we would see defects in DC 

chemokinesis that were absent during DC chemotaxis. To assess this, we performed parallel 

experiments with WT and HS1−/− DCs undergoing chemokinesis. Briefly, we plated cells on 

PDMS surfaces that had been printed with bovine fibronectin and blocked with the Pluronic 

F127. We acquired time lapse images of each cell type in phase contrast and used the 

Manual Tracking Plugin in ImageJ to quantify cell position as a function of time.

In these low magnification, phase contrast experiments, the appearance of HS1−/− DCs was 

qualitatively indistinguishable from that of WT DCs (Supplementary Figure 1, 

Supplementary Video 1, and Supplementary Video 2). HS1−/− DCs were viable and still 

formed extensive membrane veils and protrusions. However, while HS1−/− DCs retained 

some ability to migrate, the extent of their migration was significantly reduced. Figure 2c–d 

shows the migration patterns of representative populations of WT and HS1−/− DCs. The start 

position of each cell was set at the origin to allow for visualization of the distance traveled 

by all cells in a given field of view. As expected, both WT and HS1−/− DCs migrated 

randomly, with no directional bias. While both populations of cells were able to migrate, we 

saw a large difference in the area explored during migration, with HS1−/− DCs restricted to a 

smaller region than WT DCs. From this initial observation, it appears that HS1 is an 

important component of the DC migratory machinery.
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While some HS1−/− DCs were able to move, many HS1−/− DCs appeared to vacillate around 

a fixed point. We designated cells as “motile” if they traveled at least two cell diameters over 

the course of the experiment. Cells that traveled less than this were designated as 

“stationary.” During chemokinesis, 80.45 ± 2.22 % of WT DCs were “motile,” compared to 

only 47.61 ± 1.69% for HS1−/− DCs (Figure 2e). This shows that HS1−/− DCs have a 

significant defect in translocation, as compared to their WT counterparts.

We further quantified the migration of HS1−/− DCs by calculating the mean squared 

displacement (MSD) as a function of time for both WT and HS1−/− DCs (Figure 3a). When 

plotting MSD vs. time on a log-log scale, we would expect to see a slope of one for a 

population of cells moving randomly or diffusively. This is indeed what we observed for WT 

DCs. However, HS1−/− DCs failed to migrate diffusively over the entire course of the 

experiment, as shown by an initial linear rise in MSD followed by a plateau. It has been 

shown that HS1 is necessary for the stability of DC lamellipodia (22) and we have observed 

dynamic ruffling in our HS1 KO DCs (Supplementary Video 3). We hypothesize that the 

decrease in migration that we observed at long times could be related to the inability of these 

cells to form persistent actin structures.

We next fit the curves for MSD vs. time to the Dunn equation 

 (29). This allowed us to calculate a 

variety of useful motility metrics, such as average speed (S), persistence length (the distance 

traveled before a cell changed direction), persistence time (P, length of time a cell traveled 

before changing direction) and random motility coefficient (μ). WT DCs undergoing 

chemokinesis moved at speeds of 4.00 ± 0.18 μm/min (Figure 3b). HS1−/− DCs showed a 

significant reduction in migration speed, traveling at only 2.31 ± 0.08 μm/min. HS1−/− DCs 

also showed significant reductions in persistence length, but their persistence time was 

unaffected (Figure 3c–d). This suggests that HS1−/− DCs were able to turn at the same 

frequency as WT DCs, but their reduced speed led to shorter distances traveled between 

subsequent turns. These effects were extended to the random motility coefficient (Figure 3e), 

which is a quantitative measure of cell diffusivity and is related to speed and persistence as 

follows: . HS1−/− DCs had a much lower random motility coefficient (11.80 ± 1.75 

μm2/min) than WT DCs (38.20 ± 3.41 μm2/min). This agreed with our MSD calculation and 

confirmed that HS1−/− DCs were less capable of diffusive migration. From these initial 

experiments, we conclude that HS1 expression is required for efficient DC chemokinesis.

HS1 and the Arp2/3 Complex Work Together to Coordinate DC Random Migration

HS1 binds to both the Arp2/3 complex and polymerized actin via its N terminus, and is 

thought to stabilize the branched actin network through these interactions (14,19). We 

hypothesize that the reduction (but not total elimination) of HS1−/− DC motility could be 

due to the failure of HS1−/− DCs to stabilize branched actin filaments. To determine how 

inhibition of the Arp2/3 complex compares with loss of HS1 function, we incubated WT 

DCs with CK-666 (Figure 4a). CK-666 is a small molecule inhibitor that binds to the Arp2/3 

complex and locks it in an inactive conformation, thereby preventing actin binding and 

polymerization (37). We tested three different concentrations of CK-666 - 1 μM, 10 μM and 
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100 μM. WT DCs were added to PDMS surfaces microcontact printed with fibronectin and 

were incubated with CK-666 for one hour before imaging. As predicted, inhibiting Arp2/3 

complex function decreased migration, and it did so in a dose dependent manner. At the 

highest concentration of CK-666 tested, migration was quantitatively indistinguishable from 

HS1−/− DC migration, as shown by reductions in average speed, persistence length and 

random motility coefficient (Figure 4b–d). Inhibition with CK-666 at any level did not affect 

the persistence time, suggesting that the Arp2/3 complex is not required for DCs to change 

direction at the proper frequency (data not shown). DMSO exposed cells were used as a 

control and showed no significant defects in persistence or random motility (Supplementary 

Figure 2). To further explore the importance of the Arp2/3 Complex on DC random 

migration, we inhibited HS1−/− DCs with 100 μM CK-666. Addition of Arp2/3 complex 

inhibitor to HS1 −/− DCs led to a reduction in average speed, but the persistence length and 

random motility coefficient were not significantly affected (Figure 5). Since HS1−/− DC 

migration is not greatly affected with addition of Arp2/3 complex inhibitor, this suggests that 

the defects observed in HS1−/− migration are partly due to interaction with the Arp2/3 

complex.

Next we investigated the role of WASP (Wiskott-Aldrich Syndrome protein), another Arp 

2/3 complex activating protein found in hematopoietic cells (38,39). Previous studies in DCs 

have shown that WASP is required for proper morphology and cytoskeletal organization 

(22,40,41), antigen processing (42), activation of the innate and adaptive immune systems 

(43–45), and migration (22,25,40,46). While various aspects of WASP−/− DC migration have 

been studied, to our knowledge no one has yet determined how WASP impacts the random 

migration of mature DCs. Since we hypothesize that defective HS1−/− DC chemokinesis is 

due to impaired Arp2/3 complex activity and branched actin instability, we expected to 

observe similar defects in WASP−/− DC chemokinesis. As we previously observed with 

HS1−/− DCs, WASP−/− DCs had significantly impaired migration, with reduced average 

speed, persistence length and random motility coefficient (Figure 6, previous HS1−/− data 

included as a reference). The persistence length and random motility coefficient were 

comparable to the values calculated for HS1−/− DCs. The average speed of WASP−/− DCs 

(3.07 ± 0.15 μm/min) was significantly lower than WT DCs (4.01 ± 0.18 μm/min), but was 

also significantly higher than HS1−/− DCs (2.35 ± 0.08 μm/min). As with HS1−/− DCs, 

WASP−/− DCs had no significant reduction in persistence time. Since HS1 and WASP have 

similar but non-redundant functions within the cell, it is not surprising that we observe 

similar but non-identical results after their knockout.

HS1 is Required for Maximal Dendritic Cell Force Generation

Previous work from our group has shown that inhibition of actin polymerization results in a 

drastic reduction in magnitude of DC traction forces (47). In that study, we used a 

nonspecific actin polymerization inhibitor, and it is unknown how individual actin-binding 

proteins are involved in DC force production. In the present study, we wanted to determine 

whether HS1 is involved in force generation. In the preceding sections, we have highlighted 

the impact of HS1 on the kinematics of DC migration. Since cell migration and force 

generation are intimately linked processes, we expected the impact of HS1 on random 

migration to correlate with a reduction in traction force strength (48). We also posited that a 
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defect in HS1−/− DC force generation would be a direct result of its interaction with the 

Arp2/3 complex, and would therefore extend to other proteins interacting with the Arp2/3 

complex, such as WASP.

To test this hypothesis, we used micropost array detectors (mPADs) to measure the forces 

exerted by WT, HS1−/− and WASP−/− DCs during chemokinesis. mPADs are arrays of 

elastic micropillars which are sensitive enough to measure the weak forces exerted by DCs 

and other amoeboid cell types (49). We used a 10:1 solution of PDMS to replica mold 

mPADs from silicon master molds. Before adding cells to the mPADs, we stamped the post 

tips with bovine fibronectin, and stained them with a lipophilic dye in order to visualize post 

deflection. The mPADs were also blocked with Pluronic F127 to ensure that the cells were 

interacting with the post tips and not with the sides of the posts or interpost regions. We 

added DCs to the mPADs at a concentration of 50,000 cells/mL along with 10 nM CCL19, 

and allowed the cells to settle on the posts before imaging. A series of fluorescence and 

phase images were captured in order to record post deflections and cell position over time. A 

representative cell imaged in phase and fluorescence is shown in Figure 7a and b. The arrow 

in Figure 7b points to the location of the cell, where post deflections were observed and 

quantified.

Individual traction forces were calculated using a custom MATLAB code that converted post 

deflections into vector forces using Hooke’s law, given the spring constant for the array 

(1.92 nN/μm). We then calculated the total force per cell, as the sum of all the scalar forces 

exerted on the posts by a given DC. Since there was considerable variation within each 

population of cells, we chose to compute an ensemble average as a function of time (Figure 

7c). WT DCs produced traction forces on the order of 10 nN/cell, which agrees well with 

our previous measurements (47). We saw an initial rise in WT traction forces, followed by a 

plateau. We hypothesize that this initial rise in force is due to imaging shortly after adding 

the cells, before they had a chance to fully engage the post array. Both WASP−/− DCs and 

HS1−/− DCs are capable of interacting with the mPAD array, but their force generation 

appeared to be lower than what we observed in WT cells.

We next performed a time and ensemble average for all three populations of DCs (Figure 

7d). Compared to WT DCs, WASP−/− and HS1−/− DCs produced significantly less force per 

cell. WT DCs produced an average force of 13.76 ± 0.84 nN/cell, whereas WASP−/− DCs 

produced an average force of 9.55 ± 0.69 nN/cell and HS1−/− DCs produced an average 

force of 3.96 ± 0.40 nN/cell. The force generation was most affected in HS1−/− DCs, whose 

forces were more than 3 times lower than WT forces. While WASP−/− DCs produced 

significantly less force than WT DCs, they produced significantly greater force than HS1−/− 

DCs. These results show that both WASP and HS1 are involved in the DC force transduction 

pathway, but that HS1 is more important for force generation than WASP.

Discussion

Due to the importance of DC migration and the involvement of the actin cytoskeleton in this 

process (7), we sought to identify whether the actin regulatory protein HS1is required for 

DC random migration and force generation. We used microcontact printed PDMS coverslips 
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to assess random migration and mPADs to measure cellular traction forces. We found that 

HS1 contributed to random migration through its effect on speed but not persistence time. 

HS1−/− DCs migrate more slowly, and often fail to translocate over a 3 hour period, leading 

to a reduction in area explored during migration. One of the ways that HS1 interacts with 

actin is through activation of the Arp2/3 complex. This interaction appears to be important in 

DCs, as inhibition of the Arp2/3 complex in WT DCs or elimination of other Arp2/3 

complex nucleating proteins led to similar reductions in migration. Migration and force 

generation are often intimately linked and we observed a concomitant reduction in force 

generation in HS1−/− DCs along with defects in migration. Interestingly, while migration 

seems to have a general dependence on the Arp2/3 complex, force generation is affected to a 

different degree by different Arp2/3 complex activators. Since DCs need to migrate quickly 

and efficiently to the lymph nodes to launch an adaptive immune response (6), it is possible 

that defects in the Arp2/3 complex, HS1 or other similar proteins could lead to immune 

dysregulation. This is indeed the case for mutated WASP, which leads to the X-linked 

autoimmune disease Wiskott-Aldrich syndrome (WAS) (38,39). WAS leads to complete 

immune system dysregulation (reviewed in (40)) and is characterized by thrombocytopenia, 

easy bruising, frequent and prolonged bleeding, eczema and recurrent infections (41). To 

date, abnormalities in HS1 have been associated with both chronic lymphocytic leukemia 

(50) and systemic lupus erythematosus, (51) and it is possible that HS1 will be linked to 

more diseases in the future.

Two parameters that describe DC random migration are cell speed and cell persistence. In 

DCs, we saw that HS1 does not affect the persistence time, or frequency of turning. It does, 

however, contribute a great deal to the speed of migration. HS1 is the hematopoietic 

homologue of the more widely studied NPF cortactin (18). Many of the migration results 

that we observe in HS1−/− DCs mirror what is seen in cells expressing reduced levels of 

cortactin (52). Cortactin, unlike WASP or other NPFs, has the unique ability to stabilize 

actin branch points and prevent disassembly (53,54). We hypothesize that this stabilizing 

effect is responsible for the reduction in speed we observe in HS1−/− DCs. WASP is still 

present in these cells, allowing Arp2/3 complex branch points to form, but without HS1 

holding the branch point together, the structure disassembles too quickly for a cell to gain 

much speed.

We saw that HS1 and WASP play a role in DC random migration to different degrees. One 

of the first differences we observed was the extent of reduction in average speed for each 

type of cell. Both HS1 and WASP−/− DCs move more slowly, but WASP−/− DCs were 

significantly faster than HS1−/− DCs. These disparate results could be explained by 

differences between the two proteins. WASP is a Class I NPF, with a VCA domain that 

binds to monomeric actin and the Arp2/3 complex, while HS1 is a Class II NPF with an 

NTA domain that binds to polymerized F actin and the Arp2/3 complex (23). Class I NPFs 

like WASP are thought to initiate Arp2/3 complex-mediated actin polymerization by 

bringing monomeric G-actin in close proximity to the Arp2/3 complex, while Class II NPFs 

like HS1 are thought stabilize a pre-formed branch point by binding to both F-actin and the 

Arp2/3 complex. There are multiple Class I NPFs in hematopoietic cells, but HS1 is the only 

known Class II NPF. Perhaps the speed is not affected as much in WASP−/− DCs due to 

Class I NPF redundancy, whereas elimination of HS1 rids the cell of all stabilizing Class II 
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NPFs. Another possibility could be related to differences in downstream binding partners of 

the two proteins.

We expected to see similar force reductions in WASP and HS1−/− DCs, since they are both 

known to play a role in adhesive structures, such as podosomes (22). Furthermore, the 

Arp2/3 complex, which is activated by both HS1 and WASP, has been shown to transiently 

associate with vinculin in focal complex like structures (48). Interestingly, we saw much 

smaller forces in HS1−/− DCs than in WASP−/− DCs. This difference could again be 

explained by the slight differences in function of the two proteins. Since HS1−/− DCs have 

unstable branched actin networks, it is possible that their actin networks disassemble before 

they are able to generate substantial force. It has also been shown that reducing levels of 

cortactin inhibits the assembly of adhesion structures (52), whereas loss of WASP−/− 

seemingly has no effect on integrin organization (5). Therefore, it is possible that adhesion 

and force generation are influenced by Class II NPFs (i.e. HS1) more strongly than they are 

by Class I NPFs (i.e. WASP). Another factor that likely contributes to these differences in 

force generation is NPF redundancy. As discussed in the previous paragraph, HS1 is the only 

Class II NPF in DCs, while WASP is one of multiple Class I NPFs in DCs. It is possible that 

other Class I NPFs compensate for WASP during force generation.

In this study, we used CK-666 to identify whether the migration effects seen in HS1−/− DCs 

were due to HS1’s ability to activate and stabilize Arp2/3 complex mediated actin 

polymerization. CK-666 is a potent inhibitor of the Arp2/3 complex, with an IC50 of 17 μM 

and 4 μM, for bovine and human Arp2/3 complex, respectively (55). We chose a range of 

concentrations surrounding these IC50 values (1 μM, 10 μM and 100 μM), since we expected 

the IC50 for murine Arp2/3 complex to lie somewhere in this range. Previous cytotoxicity 

studies have indicated that concentrations up to 200 μM CK-666 with incubation times 

similar to ours did not negatively impact cell viability (56). We saw a graded decrease in 

migration as more CK-666 was added to DCs, with the highest concentration (100 μM) 

approximating the behavior of HS1−/− DCs. We still saw low levels of migration, even at 

high levels of inhibitor, which is likely due to incomplete inhibition of cellular Arp2/3 

complex. While the speed of HS1−/− DCs is further decreased upon Arp2/3 complex 

inhibition, the persistence length and random motility coefficient are unaffected. Removing 

HS1 from DCs greatly reduces Arp2/3 complex activity without completely eliminating its 

ability to polymerize actin. When inhibitor is added, the remaining Arp2/3 complex activity 

is further reduced.

In combination with previous studies, this work reveals that HS1 is involved in various 

aspects of DC migration. Klos Dehring et al. showed that during chemotaxis, DCs lacking 

HS1 form highly dynamic lamellipodia, move well through transwells and travel through 

microfluidic devices with lower directionality and higher speed (22). This description of 

overly dynamic, unstable lamellipodia agrees well with our observations that HS1−/− DCs 

form extensive membrane ruffles during chemokinesis and are often observed to quickly 

vacillate around fixed points. This suggests that new branched actin structures are actively 

being formed, but due to the loss of HS1, and the resultant instability of the actin network, 

they are often too inefficient to allow for DC translocation. During chemotaxis, HS1−/− DCs 

are less able to migrate persistently up a gradient than WT DCs (22). Since chemokine 
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receptor expression is unaltered by HS1 removal, and endpoint studies of HS1−/− DCs show 

that they are able to properly respond to a gradient (transwell), this defect in directional 

persistence is likely due to instability and not chemokine responsiveness (22). It is possible 

that HS1−/− DCs, are unable to maintain protrusive actin structures at the front of the cell 

while traveling up a gradient. Dynamic lamellipodial protrusions at other areas of the cell 

body may lead to deviations in directionality. These deviations would then be corrected upon 

additional chemokine signaling, but the inherent actin instability would lead to more 

frequent missteps and lower observed persistence in HS1−/− DCs. In our chemokinesis 

experiments, we observed no significant differences in persistence time. While this may 

seem contradictory, DCs behave quite differently in chemokinesis and chemotaxis. In 

chemokinesis, DC motion is completely random, whereas in chemotaxis, DCs are guided in 

a specific direction. Klos Dehring et al. showed that DCs seemed to have a higher propensity 

for deviations from directed migration, and in essence moved more randomly than their WT 

counterparts (22). Therefore, it is quite possible that in a scenario where DCs are being 

encouraged to migrate randomly, HS1−/− DCs will do so as efficiently as WT DCs.

Another major difference between our study and the work of Klos Dehring et al. is the effect 

of HS1 on cell speed. Klos Dehring et al observe a significant increase in speed during 

chemotaxis (22), while we observed a significant decrease during chemokinesis. While it is 

clear that HS1−/− DCs migrate towards a chemokine gradient during chemotaxis, the spread 

of HS1−/− DC trajectories is not identical to the spread of WT DCs trajectories (22). The cell 

tracks for WT DCs traveling towards a gradient in the y-direction are symmetric about the y-

axis (22). However, the cell tracks for HS1−/− DCs traveling towards a gradient in the y-

direction are biased towards the positive x-direction (22). The directional bias seen in 

HS1−/− DCs could be due to an increased susceptibility to flow in the microfluidic gradient 

generator. Therefore, it is possible that the increase in HS1−/− DC speed during chemotaxis 

is due the cells being more easily pushed along by flow in the system. This is quite likely 

given the effect of HS1 on DC adhesive strength (defective podosomes in immature HS1−/− 

DCs (22) and significantly reduced traction forces in mature HS1−/− DCs). In the present 

study, we observed a significant decrease in speed, in an environment free of flow and 

directional cues. Therefore, it is possible that innate, random migratory speed is impaired in 

HS1−/− DCs when they are not presented with any additional stimuli, but that reductions in 

adhesion and subsequent susceptibility to flow could help DCs to compensate for defects in 

speed during chemotaxis. Additional experiments should be performed using chemotactic 

chambers to fully characterize HS1−/− DC chemotaxis and resolve the disparities observed in 

speed during chemokinesis and chemotaxis.

While we found the Arp2/3 complex to be important for DC random migration on 2D 

surfaces, it appears to be dispensable for other forms of migration. Recently Vargas et al. 

showed that Arp2/3 complex inhibition had no effect on DC chemotaxis in confinement 

(57). DCs in confined channels did not form leading edge branched actin networks but 

instead had extensive actin cables at the cell rear. This finding does not negate our findings, 

since many of the experimental variables were different between their study and ours. 

Rather, this suggests that DCs can employ multiple methods of migration based on the 

characteristics of their microenvironment.
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Conclusions

The migration of dendritic cells is essential for launching a proper immune response. The 

biomolecular coordination within a migrating DC is complex. In this study, we explored the 

contributions of one of these molecules, HS1, and determined that it is important for both 

migration and force generation, likely through its interaction with the Arp2/3 complex. With 

such drastic reductions in speed and force generation in HS1−/− DCs, we would expect to 

see other aspects of DC function impaired. Future work on the role of HS1 in vivo could 

help to elucidate its importance for health and immune function.
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Insight, Innovation, Integration

Dendritic cell migration is required for initiation of the adaptive immune response. 

However, the molecular mechanisms underlying dendritic cell migration are not fully 

understood. We used a combination of genetically modified dendritic cells and an Arp2/3 

complex inhibitor to characterize the role of HS1 during DC migration and we used 

micropost array detectors (mPADs) to characterize the ability of these cells to generate 

forces during migration. From this study, we conclude that DC random migration and 

force generation are intimately linked and both depend on HS1. This dependence likely 

stems from the influence of both HS1 and the Arp2/3 complex on branched actin 

polymerization.
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Figure 1. 
HS1 stabilizes branched actin filaments at the leading edge of DCs. (a) Structure of HS1. 

The NTA domain, shown in red, binds to the Arp 2/3 complex. The helix-turn-helix domain 

and coiled-coil domains, shown in blue, bind to F-actin. A proline rich domain, SH3 domain 

and important tyrosine residues are located at the C-terminus. (b) Cartoon representation of 

branched actin structure in lamellipodia. Red represents the Arp 2/3 Complex and blue 

represents actin. HS1 (chain of colored circles) is thought to stabilize actin branch points by 

simultaneously binding the Arp 2/3 Complex and neighboring F-actin.
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Figure 2. 
DCs contain actin rich structures at the leading edge and show defects in migration when 

HS1 is eliminated. (a) Sample images of GFP-Life-act DCs showing GFP-labeled actin 

filaments (top) and phase contrast images of the same cells (bottom). Scale bar equals 20 

μm. Asterisk denotes broad lamellipodium. (b) Sample images of GFP-Life-act transduced 

HS1−/− DC showing GFP-labeled actin filaments (top) and bright field images of the same 

cell (bottom). Cell tracks for (c) WT and (d) HS1−/− DCs during a representative 

chemokinesis experiment. ≥ 110 cells were tracked per condition for a period of 2–3 hours. 

(c) Average percentage of motile cells. Figures represent average values ± SEM, for > 1000 

DCs from at least three independent experiments per condition. Statistical significance 

calculated with single factor ANOVA and post hoc Tukey test. Indicates significant 

difference compared to WT DCs. *p<0.05, **p<0.01
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Figure 3. 
HS1−/− DCs exhibit multiple defects in migration during chemokinesis (a) MSD vs. time on 

log-log scale for WT and HS1−/− DCs. Quantification of DC random migration: (b) average 

speed, (c) persistence length, (d) persistence time, (e) random motility coefficient. Figures 

represent average values ± SEM, for > 1000 DCs from at least three independent 

experiments per condition. Statistical significance calculated with single factor ANOVA and 

post hoc Tukey test. Indicates significant difference compared to WT DCs. *p<0.05, 

**p<0.01
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Figure 4. 
(a) Sample images of GFP-Life-act DC inhibited with CK-666, showing GFP-labeled actin 

filaments (left) and bright field images of the same cell (right). Scale bar equals 20 μm. 

Quantification of WT DC chemokinesis in the presence of CK-666, an Arp2/3 inhibitor (b) 

average speed, (c) persistence length and (d) random motility coefficient (values taken from 

Figure 3 and included for reference). Three different CK-666 concentrations were used: 

from left to right 1 μM, 10 μM and 100 μM. Figures represent average values ± SEM, for > 

290 DCs from at least three independent experiments per condition. Statistical significance 
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calculated with single factor ANOVA and post hoc Tukey test. Indicates significant 

difference compared to WT DCs. *p<0.05, **p<0.01
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Figure 5. 
Quantification of HS1−/− DC chemokinesis in the presence and absence of CK-666 (a) 

average speed, (b) persistence length and (c) random motility coefficient (values taken from 

Figure 3 and included for reference). Figures represent average values ± SEM, for > 1000 

DCs from at least three independent experiments per condition. Statistical significance 

calculated with single factor ANOVA and post hoc Tukey test. *p<0.05, **p<0.01, with lines 

showing conditions being compared.
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Figure 6. 
Comparison of chemokinesis of DCs lacking WASP and HS1 (a) average speed, (b) 

persistence length and (c) random motility coefficient. WASP−/− DCs are shown in gray. WT 

DCs are shown in blue and HS1−/− DCs are shown in red (values taken from Figure 3 and 

included for reference). Figures represent average values ± SEM, for > 1000 DCs from at 

least three independent experiments per condition. Statistical significance calculated with 

single factor ANOVA and post hoc Tukey test. Indicates significant difference compared to 

WT DCs. *p<0.05, **p<0.01
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Figure 7. 
Calculation of DC traction forces using mPADs. (a) Phase contrast image of DC on mPAD 

surface. Scale bar equals 20 μm. Fluorescent and phase images correspond to same cell and 

same position. (b) Sample image of fluorescent micropost tips in area occupied by DC. Post 

diameter and height are 1.83 μm and 12.9 μm, respectively. (c). Average traction forces for 

ensemble of WT DCs, HS1−/− DCs and WASP−/− DCs. The forces were calculated from 

images such as those shown in (a) and (b). Displacement of mPADs was converted to 

traction force using Hooke’s law and known spring constant (1.92 nN/μm) for the mPAD 
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array. The x-axis indicates time in minutes, with 0 corresponding to the start of imaging. 

Lines indicate 3 point moving averages for each condition. (d) Time and ensemble averages 

of DC traction forces, corresponding to values shown in (c). Figures represent average 

values ± SEM, for at least 28 DCs per condition. Statistical significance calculated with 

single factor ANOVA and post hoc Tukey test. Indicates significant difference compared to 

WT DCs. *p<0.05, **p<0.01
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