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 2 

Circulating monocytes are recruited to the tumor microenvironment, where they can 46 

differentiate into macrophages that mediate tumor progression. To reach the tumor 47 

microenvironment, monocytes must first extravasate and migrate through the type-1 48 

collagen rich stromal matrix. The viscoelastic stromal matrix around tumors not only 49 

stiffens relative to normal stromal matrix, but often exhibits enhanced viscous 50 

characteristics, as indicated by a higher loss tangent or faster stress relaxation rate. Here, 51 

we studied how changes in matrix stiffness and viscoelasticity, impact the three-52 

dimensional migration of monocytes through stromal-like matrices. Interpenetrating 53 

networks of type-1 collagen and alginate, which enable independent tunability of stiffness 54 

and stress relaxation over physiologically relevant ranges, were used as confining 55 

matrices for three-dimensional culture of monocytes. Increased stiffness and faster stress 56 

relaxation independently enhanced the 3D migration of monocytes. Migrating monocytes 57 

have an ellipsoidal or rounded wedge-like morphology, reminiscent of amoeboid 58 

migration, with accumulation of actin at the trailing edge. Matrix adhesions and Rho-59 

mediated contractility were dispensable for monocyte migration in 3D, but migration did 60 

require actin polymerization and myosin contractility. Mechanistic studies indicate that 61 

actin polymerization at the leading edge generates protrusive forces that open a path for 62 

the monocytes to migrate through in the confining viscoelastic matrices. Taken together, 63 

our findings implicate matrix stiffness and stress relaxation as key mediators of monocyte 64 

migration and reveal how monocytes use pushing forces at the leading edge mediated by 65 

actin polymerization to generate migration paths in confining viscoelastic matrices.  66 

 67 

Significance Statement 68 

 69 

Cell migration is essential for numerous biological processes in health and disease, 70 

including for immune cell trafficking. Monocyte immune cells migrate through extracellular 71 

matrix to the tumor microenvironment where they can play a role in regulating cancer 72 

progression. Increased extracellular matrix (ECM) stiffness and viscoelasticity have been 73 

implicated in cancer progression, but the impact of these changes in the ECM on 74 

monocyte migration remains unknown. Here, we find that increased ECM stiffness and 75 

viscoelasticity promote monocyte migration. Interestingly, we reveal a previously 76 

undescribed adhesion-independent mode of migration whereby monocytes generate a 77 

path to migrate through pushing forces at the leading edge. These findings help elucidate 78 

how changes in the tumor microenvironment impact monocyte trafficking and thereby 79 

disease progression. 80 

 81 

Main Text 82 

 83 

Introduction 84 

Immune cell migration plays an important role during inflammation and cancer 85 

progression(1, 2). Monocytes, a subset of immune cells, are disproportionately recruited 86 

from the blood stream during these processes, and they migrate through the extracellular 87 

matrix (ECM) to reach the tumor where they differentiate into macrophages(3). Cancer 88 

progression is often associated with changes in the mechanical properties of the 89 

viscoelastic ECM, suggesting that the impact of these changes on monocyte migration 90 

could be significant to cancer progression. Specifically, mechanical properties of the ECM 91 
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such as stiffness, viscoelasticity, and collagen fiber architecture, are altered during 92 

malignancy for certain cancers. For example, in breast cancer, stiffness increases from 93 

~0.1 – 1 kPa in normal tissues to ~1 – 10 kPa for in malignant tumors(4-7). In addition, 94 

some tumors exhibit greater viscous-like behavior compared to normal tissues(4, 8, 9). In 95 

biological tissues and ECMs, the viscous resistance, as measured by the loss modulus, 96 

is typically around 10% of the elastic resistance, as measured by the storage modulus, at 97 

1 Hz, thus exhibiting a loss tangent of 0.1(10). One consequence of this viscoelastic 98 

behavior is that the resistance of the matrix to deformation is reduced over time, a 99 

behavior termed stress relaxation. The characteristic timescales of stress relaxation in 100 

tissues can range from greater than 1,000 seconds to tens of seconds(10). Lastly, the 101 

architecture of the collagen-rich, stromal matrix surrounding tumors changes from wavy 102 

to linearized architecture(11). The impact of these changes in matrix mechanics on the 103 

three-dimensional migration of monocytes remains unknown.   104 

Cell migration is typically characterized as either amoeboid or mesenchymal based 105 

on cell morphological characteristics and activity of cytoskeletal and adhesive 106 

machinery(12). Amoeboid migration is characterized by rounded or ellipsoidal cell 107 

morphologies, weak cell-ECM adhesions, low proteolytic activity, and Rho-mediated 108 

contractility(12). Rho-mediated contractility, acting through Rho kinase (ROCK), is 109 

thought to be critical for squeezing the nucleus through confining pores, and prior studies 110 

have shown that some immune cells, including T-cells, dendritic cells, and neutrophils are 111 

capable of integrin-independent motility(13-15). On the other hand, mesenchymal 112 

migration involves more elongated cell morphologies, requires strong adhesions, high 113 

proteolytic activity, and can be independent of ROCK activity(12). Furthermore, 114 

mesenchymal migration, and to a lesser extent amoeboid migration, can require 115 

generation of contractile traction forces on the substrate(16-20). While macrophages and 116 

neutrophils exhibit both amoeboid and mesenchymal migration characteristics, the 117 

morphologies monocytes utilize to migrate remain unclear(2, 21). Furthermore, much of 118 

our current understanding of cell migration is based on cell migration on 2D surfaces or 119 

in micropatterned confined environments where a migration path is pre-existing. In 120 

contrast, immune cell migration in vivo occurs in a three-dimensional context, and 121 

migration paths do not always exist.  122 

Here, we investigated the impact of changes in matrix stiffness and viscoelasticity 123 

on the three-dimensional migration of monocytes, and how monocytes generate paths to 124 

migrate in confining matrices. Interpenetrating networks of alginate and type-1 collagen 125 

(IPN) with independently tunable stiffness and stress relaxation are developed to model 126 

the type-1 collagen rich stromal matrix. Enhanced stiffness and faster stress relaxation 127 

both promote the migration of monocytes. Monocytes migrated using a wedge or ellipsoid 128 

morphology and depended on actin polymerization and myosin II activation, but not Rho-129 

mediated contractility. Cells also migrated when encapsulated in non-adhesive 130 

viscoelastic matrix consisting of alginate alone with similar characteristics, indicating the 131 

dispensability of adhesion for migration under non-adhesive conditions. Mechanistically, 132 

cells migrated by generating propulsive forces at the leading edge of the cell, pushing of 133 

the trailing edge, which open a migration path in the confining matrix. Together, these 134 

results establish matrix viscoelasticity as a key regulator of monocyte cell migration and 135 

reveal how monocytes generate paths to migrate in cells in confining matrices.  136 

 137 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2023. ; https://doi.org/10.1101/2023.06.09.544394doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.09.544394


 4 

Results 138 

 139 

Development of stromal-like matrices with independently tunable stiffness and 140 

viscoelasticity 141 

 142 

We developed interpenetrating networks of type-1 collagen and unmodified alginate 143 

(IPNs) with independently tunable stiffness and viscoelasticity as a model of the stromal 144 

matrix(22). The type-1 collagen network mimics the collagen structure found in the type-145 

1 collagen rich stroma, while the alginate network enables tunability of the overall IPN 146 

mechanical properties (Fig. 1A, B). Alginate does not provide any adhesion motifs for 147 

cells to bind to and is not susceptible to degradation by mammalian proteases(23). IPN 148 

stiffness was increased from 1 kPa to ~2.5 kPa by increasing the amount of calcium 149 

crosslinker added by ~50% (Figs. 1C,D). Matrix stress relaxation was modulated from 150 

~100 s (fast relaxing) to ~1,000s (slow relaxing), corresponding to a loss tangent of ~0.12 151 

and ~0.08 respectively, by utilizing high or low molecular weight alginate respectively 152 

(Figs. 1E,F. Fig. S1). Note that the strategy to modulate viscoelasticity used here is 153 

different from a previous approach with collagen-alginate IPNs that used covalent versus 154 

ionic crosslinks where the alginate was chemically modified with norbornene and tetrazine 155 

groups to facilitate click chemistry(24). The range of stiffness and stress relaxation 156 

developed is relevant to what is observed during breast cancer, pancreatic cancer, and 157 

bladder cancer progression(4, 9, 25). The collagen structure, visualized via confocal 158 

reflectance microscopy, showed a fiber architecture with micron-scale spacing between 159 

fibers (Fig. 1G). The nanoporous alginate mesh is expected to fill the space between the 160 

fibers, making these matrices highly confining. Collagen fiber length and width 161 

measurements revealed only some minor differences that are not expected to be 162 

biologically meaningful (Figs. 1H-K). Taken together, these data demonstrate the 163 

development of collagen-alginate IPNs with tunable stiffness and viscoelastic properties 164 

with similar collagen fiber architectures. 165 
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 166 
Fig. 1 Interpenetrating networks (IPNs) of alginate and collagen with independently tunable properties are 167 
used to model the type-1 collagen rich stromal matrix around tumors. (A) Schematic describing how 168 
monocytes recruited from the blood migrate through stromal matrix to reach the tumor microenvironment. 169 
(B) Schematic of cell encapsulated in IPN made from high molecular weight (HMW) alginate (slow) and low 170 
molecular weight (LMW) alginate (fast). (C,D) Young’s modulus measurements of the different IPN 171 
formulations d, N = 4 biological replicates for slow and fast. Unpaired t-test; ns p=0.2544, p=0.7130. (E) 172 
Representative stress relaxation curves for slow and fast IPNs. (F) Timescale over which the stress relaxes 173 
to half its original value for slow and fast relaxing IPNs. N = 4 and 5 for slow and fast respectively. Unpaired 174 
t-test; **p=0.0100. (G) Confocal reflectance microscopy of collagen fiber images for IPN. Scale bar: 20 μm. 175 
(H-K) Fiber length and width for indicated IPN formulations. N = 2 biological replicates for all conditions. 176 
Kolmogorov-Smirnov (due to non-normal distributions); ****p<0.0001, *p=0.0254, ns p = 0.4098. Figs. 1A,B 177 
were adapted from previous work(23, 26). 178 
 179 

Increased stiffness and faster stress relaxation promote monocyte migration 180 

 181 

With the independently tunable collagen-alginate IPNs, we examined the impact of 182 

increased stiffness and faster stress relaxation, independently, on monocyte migration. 183 

U937 human monocytes or primary human monocytes were encapsulated in 3D matrices 184 

and tracked during time-lapse microscopy experiments (Fig. 2A). Monocytes were 185 

generally rounded, but more elongated in the fast relaxing IPNs compared to slow 186 

relaxing IPNs (Fig. 2B). Cell migration speed, mean squared displacement (MSD), and 187 

ratio of cell displacement to cell track length (directionality) were used as quantitative 188 

descriptors of migration. Increased stress relaxation or stiffness induced longer cell tracks 189 

(Figs. 2C-F). Faster matrix stress relaxation increases cell migration speed for the same 190 

stiffness values for U937 cells and primary cells from human patients (Figs. 2G-I, Fig. 191 

S2). Cells also migrated with greater speed in stiffer matrices for both slow and fast 192 
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relaxing IPNs (Fig. 2J-L). Both the slope and y-intercept of the MSD curve increased with 193 

stiffness, indicating that cells migrate more efficiently and with higher free diffusivity as 194 

IPN stress relaxation became faster (Fig. 2I). Similar observations were made with 195 

increase in matrix stiffness leading to more efficient migrating in fast relaxing IPN (Fig. 196 

2L). Taken together, these results demonstrate that faster matrix stress relaxation and 197 

increased stiffness both promote increased migration in monocytes. 198 

 199 

 200 
Fig. 2 Faster stress relaxation and increased stiffness independently promote enhanced three-dimensional 201 
migration of monocytes. (A) Representative images of cells embedded in slow relaxing (top row) and fast 202 
relaxing (bottom row) hydrogels. Scale bar: 20 μm. (B) Aspect ratio of monocytes embedded in slow or fast 203 
relaxing matrix. n = 132 cells and N = 2 biological replicates. (C-F) Representative migration tracks for each 204 
of the indicated matrix parameters. Each grid is 50 μm. n > 85 for each condition; N = 1 biological replicate. 205 
(G-I), Migration speed, and MSD when stress relaxation is enhanced in 1 kPa or 2.5 kPa gels. (G,H), n > 206 
1,148 for each condition; N = 2 biological replicates.  (J-L), Migration speed, and MSD when stiffness 207 
(Young’s modulus) is increased in slow or fast relaxing gels. (J,K) n > 2,288 for each condition; N = 2 208 
biological replicates. (I,L) n > 116; N = 1 biological replicate. (B,G,H,J,K) Kolmogorov-Smirnov: **** p < 209 
0.0001. 210 
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 211 
 212 
Migrating monocytes are amoeboid-like, migrate independent of matrix adhesions 213 

 214 

We examined cell morphology and the potential role of matrix adhesions to determine the 215 

mode of migration. Visualization of cells encapsulated in slow and fast relaxing IPNs 216 

revealed that the cells were generally rounded or ellipsoidal, suggesting an amoeboid 217 

type of migration (Fig 2A). There was dependence on matrix stress relaxation as the 218 

ellipsoidal shape of cells in fast relaxing IPNs was marked by a higher aspect ratio and 219 

lower circularity compared to cells in slow relaxing IPNs (Figs. 2B, S3). Importantly, cells 220 

did not display invasive protrusions (i.e., invadopodia, pseudopodia, filopodia, lobopodia) 221 

or blebbing morphologies, which are characteristic of certain kinds of mesenchymal and 222 

amoeboid migration. 223 

Cell-matrix adhesions are thought to be important for migration of many cells and 224 

critical for mesenchymal migration, though some immune cells are known to be capable 225 

of migration independent of adhesions(27). Pharmacological inhibition and CRISPR 226 

knockouts (KOs) were applied to perturb the activity of adhesion receptors and associated 227 

proteins. Small molecule inhibition of the receptor tyrosine kinase activated in response 228 

to collagen, discoidin domain receptor 1 (DDR1), only had a modest impact on cell 229 

migration or MSD (Figs. 3A-C). Furthermore, it is thought that monocytes recruited to 230 

solid tissues polarize to macrophages whose migration is dependent on heterodimeric 231 

Mβ2-integrins(2, 28). Interestingly, CRISPR knockout of β2-integrins resulted in a slight 232 

increase in cell migration consistent with what has been observed for human neutrophil 233 

migration under confinement(15). But CRISPR knockout of M or talin-1, an integrin 234 

associated protein, did lead to a decrease in cell migration (Figs. 3A-C). CRISPR KO of 235 

β2-integrins combined with antibody blocking of β1-integrins only resulted in a modest 236 

decrease in cell migration showing the dispensable nature of integrins when it comes to 237 

monocyte motility in 3D (Fig. 3A). Differentiation of the monocytes towards a highly 238 

adhesive macrophage phenotype by exposure to phorbol myristate acetate (PMA) led to 239 

substantial decrease in migration in the collagen-alginate, consistent with the known 240 

adhesion-dependence migration of macrophages (2) (Fig. S4). 241 

Given the independence of migration on 1 and 2 integrin, as well as DDR1, we 242 

sought to further investigate the role of adhesions in monocyte migration. To this end, we 243 

performed cell migration studies in pure alginate hydrogels that did not contain any cell-244 

adhesion ligands (Fig. 3D). Monocytes encapsulated in the collagen free viscoelastic 245 

matrices had similar morphologies to those in the collagen-1 rich IPN matrices (Fig. 3D). 246 

Cells migrated robustly in the pure alginate gels, with a slight increase in speed for slow 247 

relaxing alginate without collagen (Fig. 3E). Furthermore, the MSD showed similar 248 

diffusive behavior for cells encapsulated in slow relaxing viscoelastic matrices with or 249 

without collagen (Fig. 3F). But there was an increase in MSD diffusive behavior and 250 

directionality for cells in fast relaxing matrix without collagen (Fig. 3F). Morphological and 251 

migration similarity with and without adhesive cues suggest similarity in the mode of 252 

migration in the different matrices.  These data demonstrate that cell-matrix adhesion is 253 

not required for monocyte migration. Together, these results confirm cell migration in 254 

monocytes to be amoeboid and show that adhesion to the matrix is dispensable.  255 
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 256 
Fig. 3 Cells migrate in the collagen-alginate IPNs with amoeboid-like morphologies in an adhesion-257 
dispensable manner. (A,B,C) CRISPR/Cas9 mediated knockout of M or talin-1 decreased migration but 258 
inhibition of DDR1 or β2-integrin knockout led to no change or a slight increase in migration speed and 259 
MSD. (D) Schematic of alginate matrix without collagen adhesive cue. Typical morphology of a cell 260 
migrating in alginate viscoelastic matrix (no collagen) indicated by black arrows. Scale bar: 20 μm. (E) Cell 261 
migration speed increases for slow relaxing viscoelastic matrix without collagen compared to the IPN matrix 262 
with collagen. Migration speeds are similar for fast relaxing matrix with or without collagen adhesions. (F) 263 
Cells display similar MSD profile with or without collagen, indicating similar diffusive behavior. (A) For ctrl, 264 
-2 KO, and -TLN1 n > 2,102 ; N > 2 biological replicates. For -M KO, and -1, -2 KO n > 736 ; N = 1 265 
biological replicate. Kruskal-Wallis test with Dunn’s multiple comparisons: * p = 0.0151,  **** p < 0.0001. 266 
(B) n > 2,287 for each condition; N > 2 biological replicates. (C) n > 60 for each condition; N = 1 biological 267 
replicate. (E) n > 1,606 for each condition; N > 2 biological replicates. (F) n > 145 for each condition; N = 1 268 
biological replicate. (B,E), Kolmogorov-Smirnov: ns p = 0.1096, **** p < 0.0001. 269 
 270 

Monocyte migration requires actin polymerization and myosin contractility 271 

 272 

We then investigated the role of actin polymerization, myosin-mediated contractility, and 273 

the Rho pathway in mediating monocyte migration, given the known importance of the 274 

cytoskeletal machinery in driving cell migration. Actin puncta were observed at the rear 275 

of cells (Fig. 4A). The puncta remained localized at the rear of migrating cells but were 276 

uniformly distributed around the cortex of non-migrating cells (Fig. 4A). Furthermore, 277 

immunofluorescence staining revealed activated myosin staining to be somewhat diffuse 278 

throughout the cell, indicating that cell-contractility throughout the cell was not localized 279 

to any specific regions (Fig. 4B, left). In contrast, WASP, an actin nucleation promotion 280 

factor that promotes growth of a dendritic actin network through the Arp2/3 complex, was 281 

found to be localized at the leading edge of the cell, being opposite to the actin puncta at 282 

the rear of the cell (Fig. 4B, right). Therefore, these data suggest actin polymerization 283 
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mediated by WASP and the Arp2/3 complex to occur at the leading edge of the migrating 284 

cell, with dense actin puncta at the rear.  285 

Next, actin polymerization, myosin activity, and Rho-mediated contractility were 286 

perturbed using pharmacological inhibition to determine their respective roles in cell 287 

migration and directionality of migration (Figs. 4C,D). Inhibition of actin polymerization or 288 

the Arp2/3 complex, known to drive dendritic actin networks growth, led to reduced 289 

migration speed, indicating that dendritic actin network growth at the leading edge is 290 

critical for cell migration. Similarly, inhibition of myosin light chain kinase (MLCK), an 291 

activator of myosin, potently diminished cell migration speed, indicating the role of 292 

actomyosin contractility in driving cell migration. Surprisingly, inhibition of Rho-mediated 293 

contractility through inhibition of ROCK, led to a slight increase in migration speed, 294 

contrasting the results from previous studies of amoeboid migration(14, 29). Relatedly, 295 

strong colocalization of actin and myosin was not observed as has previously been 296 

described for amoeboid migration(14, 30). Together, these findings indicate that 297 

monocytes utilize actin polymerization and myosin contractility to migrate through 3D 298 

matrices, but that the dependence on myosin contractility might be distinct from that of 299 

canonical amoeboid migration.   300 

 301 
Fig. 4 Monocyte migration is dependent on actin polymerization but not Rho-mediated contractility. (A) 302 
Actin is localized at rear of migrating cell (red arrow) but uniformly distributed around cell perimeter of a 303 
non-migrating cell (arrowhead). Scale bar: 20 μm. (B) Immunofluorescence image of representative cell 304 
showing DAPI and phosphorylated myosin II. Dendritic actin nucleator (WASP) and actin filaments 305 
(phalloidin) are localized at cell front and rear respectively. Scale bar: 10 μm. (C) Inhibition of actin 306 
polymerization, decreased cell migration speed but myosin inhibition either increased or decreased 307 
migration. (D) Actin inhibition and MLCK inhibition decreased MSD indicating reduced diffusive behavior of 308 
cells whereas ROCK inhibition had the opposite effect compared to the control. (C) n > 1,351 for each 309 
condition; N > 2 biological replicates. Kruskal-Wallis test with Dunn’s multiple comparisons: ns p = 0.1496,  310 
**** p < 0.0001. (D) n > 139 for each condition; N =1 biological replicate. 311 
 312 
Actin polymerization generates protrusive forces to drive monocyte migration 313 

 314 

The distinct localization of actin at the cell rear and front, and absence of strong 315 

colocalization with phosphorylated myosin suggested that cells might utilize actin 316 

polymerization to generate pushing forces that open up migration paths in the confining 317 

matrices (Figs. 4A,B). To investigate this, we analyzed matrix deformation as the 318 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2023. ; https://doi.org/10.1101/2023.06.09.544394doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.09.544394


 10 

contractile, tangential, or protrusive nature of cell generated forces can provide additional 319 

insights into the mechanism of migration. Three-dimensional ECM deformation field 320 

around a single cell showed protrusive deformations at the leading-edge during migration 321 

(Fig. 5A). To reduce the computational requirements, we measured ECM deformation in 322 

a single optical plane of migrating monocytes and generated an average map of ECM 323 

deformations associated with cell migration and added an overlay of a representative cell 324 

shape (Figs. 5B-C). These analyses confirmed the 3D observation of cells applying 325 

pushing forces on the matrix at the leading edge, with cells pushing off of their rear and, 326 

to some extent, their sides to balance forces. Furthermore, live imaging of phalloidin 327 

demonstrated that actin filament puncta was located exclusively at the trailing edge (Fig. 328 

4A, red arrow). Importantly, migrating cells also generated micron-sized channels in their 329 

wake, highlighting that the observed mode of migration generates migration paths in the 330 

confining matrices (Fig. 5D).  331 

Taken together, these findings suggest a new mode of migration in monocytes 332 

(Fig. 5E). In this mode, actin polymerization generates protrusive forces at the leading 333 

and trailing edge. Divergence of stresses at the leading edge could act to rupture the IPN 334 

matrix to create micron-size channels in otherwise physically confining matrix for the 335 

monocytes to migrate through. Myosin contractility drives flow of the newly polymerized 336 

actin at the leading edge towards the rear of the cell. Cells push off their rear edge, or in 337 

some cases potentially the sides, to generate forward movement analogous to a rock 338 

climber moving up a vertical crevasse.  339 

 340 
Fig. 5 Monocytes generate protrusive forces during migration through the IPN matrix. (A) Three-dimensional 341 
deformation field around a monocyte. Direction of cones represent the direction of the deformation field. 342 
Scale bar: 5 μm. (B) Confocal images of fluorescent beads (green) and a monocyte (red). Grey arrows 343 
represent ECM deformations generated during migration. White arrow (dotted): direction of migration. (C) 344 
Deformation field of ECM induced by migrating monocytes, averaged over 14 cells. Cyan arrow indicates 345 
monocyte direction of migration, cyan outline indicates cell outline, and black arrows indicate deformation 346 
field. (D) Cells open micron-sized channels to migrate. Fluorescent beads (green), and a monocyte (red) 347 
are shown 90 min apart. Dotted line (white) indicates the channel created by the monocyte. (E) Proposed 348 
model of migration. WASP mediated polymerization generates force to push matrix at the cell front, create 349 
a channel for migration while cells push off the back by using filamentous actin polymerization at cell rear 350 
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as cell migrates from left to right. (B,D) Scale bar: 10 μm. (D) 2 h (left) and 3.5 h (right) after encapsulation 351 
of monocytes in IPNs. 352 
 353 

Discussion 354 

 355 

We studied three-dimensional migration of monocytes in viscoelastic collagen-alginate 356 

IPNs. Increased stiffness and faster stress relaxation independently enhance monocyte 357 

migration. Monocytes migrate using amoeboid-like morphologies and depend on myosin 358 

contractility. However, myosin was diffuse throughout the cell and strong colocalization 359 

of myosin with actin was not observed as has been previously described for amoeboid 360 

migration(14). Actin polymerization at the leading edge generates pushing forces on the 361 

matrix, which opens a migration path, while myosin contractility acts throughout the cell. 362 

Together, these results describe a previously undescribed mode of monocyte migration 363 

whereby monocytes generate actin mediated protrusive forces at the leading edge to 364 

open a path to migrate in confining matrices in 3D.  365 

We developed collagen-alginate IPNs to model the viscoelastic type-1 collagen 366 

rich stroma, and capture changes in mechanics associated with cancer progression. Prior 367 

work suggest that tissues become stiffer under some pathological conditions. However, 368 

recent findings demonstrated that alterations in tissue viscoelasticity are a feature of 369 

aberrant tissues(4, 9). Thus, the collagen-alginate IPNs were developed, in which 370 

stiffness and stress relaxation (viscoelasticity) were independently tunable, while 371 

maintaining a similar type-1 collagen rich architecture. We note that previous studies 372 

developed tunable type-1 stromal-matrix mimics using a macromolecular crowding agent 373 

(polyethylene glycol) to modulate the network architecture and mechanics of type-1 374 

collagen gels, or click chemistry to covalently crosslink the alginate network in collagen-375 

alginate IPNs, and thereby reduce the stress relaxation rate(24, 31). The approach 376 

described here is distinct as neither a crowding agent nor covalent bonds are involved, 377 

with IPN stiffness increased by adding more calcium ionic crosslinker and stress 378 

relaxation enhanced by lowering the molecular weight of the alginate. Thus, matrix 379 

stiffnesses from 1kPa to 2.5kPa and stress relaxation times from ~100 s to ~2,000 s were 380 

achieved, values all within physiologically relevant ranges(23).  381 

Here we find that monocytes migrate through the collagen-rich matrices using a 382 

novel amoeboid mode of migration. Cells typically migrate in three dimensions utilizing 383 

mesenchymal or amoeboid modes of migration. Mesenchymal modes of migration 384 

typically involve spread cell morphologies, protrusions, and involve secretion of proteases 385 

combined with contractile forces at the protrusive front to generate a path for migration in 386 

confining matrices. Further, mesenchymal migration relies on strong cell-matrix adhesion 387 

while amoeboid migration uses weak adhesions. 3D migration of monocytes involved 388 

rounded or ellipsoidal morphologies and did not rely on strong adhesions, suggesting the 389 

migration mode to be more amoeboid in nature. However, there were some key 390 

distinctions with known modes of amoeboid migration. For example, Rho-mediated 391 

contractility is thought to be important for squeezing the nucleus during amoeboid 392 

migration through confining spaces, whereas monocyte 3D migration in the collagen-393 

alginate IPNs did not require Rho activity.  394 

In particular, our 3D migration studies tested the ability of monocytes to generate 395 

migration path, an ability which is often not assessed in other assays. Cells were 396 

embedded in three-dimensional IPN matrices that are nanoporous, therefore requiring 397 
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cells to generate micron-sized openings to migrate through. Thus, to migrate, 398 

encapsulated cells must either degrade the matrix or use mechanical force to deform or 399 

remodel the matrix. This contrasts several recent studies that monitor cell migration 400 

through microchannels in microfluidic devices, geometries where the migration path is 401 

pre-existing, or type-1 collagen matrices with sufficiently large pore sizes(32). It is likely 402 

that monocytes in vivo do not always have pre-existing paths to migrate through, as the 403 

stromal matrix is continuously being remodeled and maintained by fibroblasts, and that 404 

some dense stromal matrices they encounter exhibit pore sizes on the nanometer scale, 405 

suggesting the physiological relevance of migration path finding. As the IPNs used here 406 

contain a nanoporous alginate mesh, and as alginate is not susceptible to degradation by 407 

mammalian proteases, the robust 3D migration of the monocytes in the alginate-collagen 408 

IPNs occurs independent of proteases. This indicates that monocytes use mechanical 409 

forces to mechanically deform and remodel the matrix and generate a migration path, 410 

similar to recent observations with cancer cells and mesenchymal stem cells(26, 33). 411 

However, cancer cells were found to utilize invadopodial protrusions to generate a 412 

migration path while mesenchymal stem cells utilize a nuclear piston. Monocytes instead 413 

generate substantial protrusive forces using actin polymerization at a lamellipodia-like 414 

leading edge, and divergence of the stresses due to curvature, could act to rupture the 415 

matrix and create a migration path. This highlights a mechanism of migration path 416 

generation in confining matrices that enable cell migration. 417 

Furthermore, the finding that monocytes possess the ability to migrate independent 418 

of adhesions is consistent with migration studies of other immune cells, though the 419 

specific nature of the cell-matrix interactions occurring during migration may be unique. 420 

Previous studies demonstrated that T-cells, macrophages, and neutrophils can migrate 421 

without adhesions in microfluidic channels with serrated edges or when confined between 422 

two macroscopic gels or between glass slides (15, 32, 34, 35). Integrin-independent 423 

migration of dendritic cells through collagen and fibrin matrix has also been reported(14). 424 

Furthermore, dendritic cells migrate in an adhesion-independent manner using protrusive 425 

actin flowing at the leading edge, similar to monocytes, but require large pore sizes and 426 

Rho-mediated contractility(14). Here, we show that monocytes migrate with similar 427 

characteristics in non-adhesive (alginate only), viscoelastic matrices as they do in 428 

collagen-rich matrices but contrary to most other immune cells do not require Rho-429 

mediated forces to move. T-cells also can migrate in an amoeboid, adhesion-independent 430 

manner using topographical features of the matrix, and the effective friction these features 431 

generate on the sides of the cell, to propel cells forward(32). Notably, this mode of 432 

migration would result in matrix traction strains parallel to the cell body along the sides, a 433 

feature that was not consistently found with monocytes. Monocytes instead mostly 434 

typically push off their trailing edge. M and talin-1 perturbation led to a significant 435 

decrease in cell migration whereas β1, β2, and collagen receptor perturbation (DDR1) only 436 

had a moderate impact. These data suggest that monocytes migration in nanoporous 437 

matrices is primarily mediated by protrusive forces generated at the leading edge by 438 

polymerization of a dendritic actin network, actin flow to the rear of the cell, and cells 439 

pushing off their very back. Though in some cases, it is possible that friction mediated by 440 

membrane surface proteins and low affinity adhesions could contribute.   441 

Changes in extracellular matrix (ECM) stiffness and viscoelasticity are associated 442 

with pathological conditions. In addition, mounting evidence implicates migration and 443 
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accumulation of monocytes and macrophages in disease progression. However, the 444 

potential role of ECM changes on monocyte 3D migration has not been reported. Previous 445 

work investigated the role of biochemical cues on monocyte/macrophage migration. This 446 

study raises the possibility that biophysical cues, enhanced ECM stress relaxation, 447 

promote monocyte recruitment and migration. However, monocytes could become less 448 

migratory as they differentiate into more adhesive macrophage phenotypes. Differences 449 

in migration behavior suggests that different molecular targets will likely need to be 450 

considered depending on the whether the therapeutic goal is monocyte-depletion or 451 

macrophage-depletion. More broadly, our material system provides a platform to study 452 

the role of viscoelasticity on migration of normal leukocytes and diseased leukocytes such 453 

as those with Leukocyte Adhesion Deficiency-1. Taken together, our data raises the 454 

possibility that ECM stiffness and viscoelasticity could determine immune cell recruitment 455 

and ultimately shape the immune response under normal and pathological conditions. 456 

 457 

Materials and Methods 458 

 459 

U937 cell culture, reagents primary human cells, and generation of cell lines.  460 

U937 cells were maintained in suspension culture in RPMI media containing 2mM 461 

glutamine (Thermo Fisher) supplemented with 10% fetal bovine serum (FBS) (Hyclone), 462 

and 1% Penicillin/Streptomycin (Life Technologies). Cells were cultured in a standard 463 

humidified incubator at 37 °C in a 5% CO2 atmosphere. Cells were maintained at sub-464 

confluency and passaged every 2-3 days. To generate frozen aliquots, cells were pelleted 465 

by centrifugation (150g, 5min, room temperature), suspended in 90% FBS and 10% 466 

dimethylsulfoxide (DMSO, Tocris Bioscience), and frozen in cell-freezing containers at 467 

−80°C overnight before transfer to liquid nitrogen for long-term storage. Primary human 468 

monocytes were isolated from Leukopak following manufacturer protocols for the 469 

EasyEight separation magnet (EasySepTM human CD14 positive selection kit II, 470 

STEMCELLTM technologies). The generation of U937 CRISPR KO cell lines were 471 

described previously (36, 37). Briefly, 10-sgRNA-per-gene CRISPR/Cas9 deletion library 472 

were synthesized, cloned, and infected into Cas9-expressing U937 cells. ~300 million 473 

U937 cells stably expressing SFFV-Cas9-BFP were infected with the ten-guide-per-gene 474 

genome-wide sgRNA library at a multiplicity of infection <1. Puromycin selection (1 μg ml-475 
1) was applied to cells for 5 d. Puromycin was then removed and cells were resuspended 476 

in normal growth media (no puromycin). Flow cytometry was used to confirm sgRNA 477 

infection as >90% of cells were mCherry-positive. U937 KO lines were stored in liquid 478 

nitrogen. 479 

 480 

Alginate preparation. Low molecular weight (MW) ultra-pure sodium alginate (Provona 481 

UP VLVG, NovaMatrix) was used for fast-relaxing substrates, with MW of <75 kDa, 482 

according to the manufacturer. Sodium alginate rich in guluronic acid blocks and with a 483 

high-MW (FMC Biopolymer, Protanal LF 20/40, High-MW, 280 kDa) was prepared for 484 

slow-relaxing substrates. Alginate was dialyzed against deionized water for 3–4 days 485 

(MW cutoff of 3,500 Da), treated with activated charcoal, sterile-filtered, lyophilized, and 486 

then reconstituted to 3.5 wt% in serum-free Dulbecco's modified Eagle's medium (DMEM, 487 

Gibco). The use of low/high molecular weight alginate resulted in fast/slow-relaxing IPNs. 488 

 489 
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Mechanical characterization of IPNs. IPNs were characterized as previously 490 

described(38). Briefly, rheology testing was done with a stress-controlled AR2000EX 491 

rheometer (TA instruments). IPNs for rheology testing were deposited directly onto the 492 

bottom Peltier plate. A 25 mm flat plate was then slowly lowered to contact the gel, forming 493 

a 25 mm disk gel. Mineral oil (Sigma) was applied to the edges of the gel to prevent 494 

dehydration. For modulus measurement, a time sweep was performed at 1 rad/s, 37 °C, 495 

and 1% strain for 3 h after which the storage and loss moduli had equilibrated. Young’s 496 

modulus (E) was calculated, assuming a Poisson’s ratio (v) of 0.5, from the equation: 497 

E = 2(1+ ν)G*,      (1) 498 

where complex modulus, G*, was calculated from the measured storage (G’) and loss 499 

moduli (G’’) using: 500 

G* = (G’2 + G’’2)1/2.     (2) 501 

For stress relaxation experiments, the time sweep was followed by applying a constant 502 

strain of 5% to the gel, at 37 °C, and the resulting stress was recorded over the course of 503 

3 h. For time-dependent measurements, the time sweep was followed by a creep-504 

recovery test where a 100 Pa stress was applied to the gel and the resulting strain was 505 

measured over 1 h. The sample was then unloaded (0 Pa) and the strain was measured 506 

over an additional 2 h. The stress relaxation and creep-recovery results establish that the 507 

gels behave like viscoelastic solids. 508 

 509 

Hydrogel formation, cell encapsulation and monocyte differentiation. For each 510 

viscoelastic gel, alginate was delivered to a 1.5 mL eppendorf tube (polymers tube) at 511 

room temperature. Rat tail collagen I (Corning), was neutralized with 10X DMEM and pH 512 

adjusted to 7.4. Neutralized collaged was added to the alginate and carefully mixed 30 513 

times with a pipette, being careful not to generate bubbles. Extra DMEM was added to 514 

ensure 4.8 mg/ml - 1.6 mg/ml alginate-collagen final gel concentration. For 3D migration 515 

assays, cells were resuspended in growth media containing octadecyl rhodamine B 516 

chloride (R18, ThermoFisher, 1:1000 dilution of 10mg/ml stock), centrifuged, and re-517 

suspended in growth media. The concentration of cells was determined using a Vi-Cell 518 

Coulter counter (Beckman Coulter) after passing through a 40 μM filter (Fisher Scientific) 519 

to obtain single cell suspensions. ~2x106 cells were encapsulated in each gel condition. 520 

Extra DMEM was added such that all substrates had a final concentration of 4.8 mg/mL 521 

alginate and 1.6 mg/mL collagen. This was mixed 30 times with a pipette. 522 

 Next, different calcium sulfate concentrations were added to a 1 mL Luer lock 523 

syringe (Cole-Parmer), to ensure that the initial Young’s modulus is kept constant for fast, 524 

and slow-relaxing substrates. The mixture of the polymers was transferred to a separate 525 

1 mL Luer lock syringe (polymers syringe). The calcium sulfate solution was shaken to 526 

mix the calcium sulfate evenly, and it was then coupled to the polymers syringe with a 527 

female-female Luer lock (Cole-Parmer), taking care not to introduce bubbles or air in the 528 

mixture. Finally, the two solutions were rapidly mixed together with 15 pumps on the 529 

syringe handles and instantly deposited into a well in an 8-well Lab-Tek dish (Thermo 530 

Scientific). We sought to maintain similar collagen fiber architecture when IPN stiffness 531 

and viscoelasticity was tuned. The optimal conditions we found to accomplish this was 532 

initiation of IPN gelation at 22ºC for 1 h before media was added to the wells. The samples 533 

were then allowed to gel for an additional 1 h followed by transfer to 37ºC incubator to 534 

complete gelation. Media was replaced with fresh media for all gels 24 h after 535 
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encapsulation. For cell differentiation assays, 200 ng/ml Phorbol 12-myristate 13-acetate 536 

(Fisher Scientific, PMA) was added to the gel. 537 

 538 

Inhibition studies. Pharmacological inhibitors were added to cell media 10 minutes 539 

before time-lapse microscopy experiments. The concentrations used for the inhibitors are: 540 

2 μM Latrunculin A (Tocris Bioscience, actin polymerization inhibitor) 100 μM Y-27632 541 

(Sigma, ROCK inhibitor) 2 μM DDR1 (Fisher Scientific, discoidin domain receptor 1 542 

inhibitor). Time lapse images were acquired every 10 minutes for 24 hours. 543 

 544 

Immunofluorescence for fixed cells. Cells were embedded in matrix for 24 hours. 545 

Media was then removed from the matrix and replaced with low-melting-temperature 546 

agarose to prevent matrix from floating in subsequent steps. Matrix was then washed with 547 

serum-free DMEM and then fixed with 4% paraformaldehyde in serum-free DMEM, at 548 

room temperature, for 20 min. This was followed by three washes with Phosphate 549 

Buffered Saline (PBS) for 10 min each time. IPN hydrogels were then embedded in OCT 550 

compound (optimal cutting temperature compound; Fisher Scientific) and cryo-sectioned. 551 

Cells were then permeabilized with a permeabilizing solution for 15 min and washed twice 552 

with PBS for 5 min each time. Blocking solution was added to minimize non-specific 553 

staining. After this, primary antibodies were added overnight at room temperature and 554 

subsequently washed twice with PBS. Secondary antibodies, DAPI and phalloidin, were 555 

added for 1.5 h at room temperature followed by two PBS washes. ProLong Gold antifade 556 

reagent (Life Technologies) was added just before imaging to minimize photobleaching. 557 

Images were acquired with a Leica 25X objective. 558 

 559 

Confocal microscopy. All microscope imaging was done with a laser scanning confocal 560 

microscope (Leica SP8) fitted with temperature/incubator control, suitable for live imaging 561 

(37 °C, 5% CO2). In live-cell time-lapse imaging, R18 membrane labeled cells were 562 

tracked with a 20X NA = 0.75 air objective for 24 hours. For live-cell time lapse imaging, 563 

60 μm stack images were acquired every 10 minutes and imaging parameters were 564 

adjusted to minimize photobleaching and avoid cell death.  565 

 566 

Confocal reflectance microscopy for collagen fiber characterization. Alginate-567 

collagen matrices in 8-well Labtek chamber were mounted on a laser scanning confocal 568 

microscope (Leica SP8) equipped with a 25X NA = 0.95 water-matched objective. A 569 

single slice of the sample was excited at 488 nm and reflected light was collected using 570 

the “Reflectance” setting on the microscope. Several, randomly selected sections of the 571 

matrix were imaged. Collagen fibril length and width were analyzed using the free and 572 

publicly available CT-FIRE software (http://loci.wisc.edu/ software/ctfire)(39-41). 573 

 574 

Imaris cell tracking algorithm. For migration studies, the centroids of R18-labeled cells 575 

were tracked using the spots detection functionality in Imaris (Bitplane). Poorly 576 

segmented cells and cell debris were excluded from the analysis and drift correction was 577 

implemented where appropriate. A custom MATLAB script was used to reconstruct cell 578 

migration trajectory.  579 

 580 
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Measuring cell-induced ECM deformations. To measure ECM mechanical 581 

deformations induced by cell forces, we seeded IPNs with fluorescent beads following 582 

established protocols(38, 42). For 3D deformation field, we employed fast-iterative digital 583 

volume correlation(43) with a subset size of 32x32x32 voxels, and spacing of 8 voxels 584 

(2.4 μm). For 2D deformations, fast-iterative digital image correlation(44) was used on 585 

confocal images of fluorescent beads with a subset size of 32x32 pixels, and spacing of 586 

8x8 pixels (2.4 um). To average 2D deformation field across various cells, we measured 587 

the direction of velocities of the cells, and rotated the deformation field accordingly, with 588 

each cell’s velocity directed in the new x-direction. This enabled us to average the ECM 589 

deformations in the direction of cell velocities.  590 

 591 

Statistics and reproducibility. All measurements were performed on 1-3 biological 592 

replicates from separate experiments. Exact sample size and exact statistical test 593 

performed for each experiment is indicated in appropriate figure legends. Statistical 594 

analyses were performed using GraphPad Prism (La Jolla, California). For all violin plots, 595 

broken lines are median values. For scatter plots, solid lines are median values. p-values 596 

reported were corrected for multiple comparisons, where appropriate.  597 

 598 

Data availability 599 

All data relevant to this manuscript are available upon request. 600 
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 766 

Fig. S1 Loss tangent measurements of the different IPN formulations for slow and fast matrices. 767 
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 774 

Fig. S2 Speed of migration for primary human monocytes embedded in slow and fast IPN matrices. 775 
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 785 

Fig. S3 Circularity for U937 human monocytes embedded in slow and fast IPN matrices. 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 11, 2023. ; https://doi.org/10.1101/2023.06.09.544394doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.09.544394


 23 

 804 

 805 

 806 

 807 

Fig. S4 U937 migration decreases upon addition of Phorbol 12-myristate 13-acetate (PMA) to U937 cells 808 
embedded in fast relaxing IPN matrix. 809 
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