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Summary

Chemoattractant-mediated recruitment of hematopoietic cells to sites of pathogen growth or tissue 

damage is critical to host defense and organ homeostasis. Chemotaxis is typically considered to 

rely on spatial sensing, with cells following concentration gradients as long as these are present. 

Utilizing a microfluidic approach, we found that stable gradients of intermediate chemokines 

(CCL19 and CXCL12) failed to promote persistent directional migration of dendritic cells or 

neutrophils. Instead, rising chemokine concentrations were needed, implying that temporal sensing 

mechanisms controlled prolonged responses to these ligands. This behavior was found to depend 

on G-coupled receptor kinase-mediated negative regulation of receptor signaling and contrasted 

with responses to an end agonist chemoattractant (C5a), for which a stable gradient led to 

persistent migration. These findings identify temporal sensing as a key requirement for long-range 

myeloid cell migration to intermediate chemokines and provide insights into the mechanisms 

controlling immune cell motility in complex tissue environments.

Introduction

The ability of the immune system to develop organized lymphoid tissues, respond to tissue 

damage, and mount effective responses towards pathogenic challenges critically depends on 

the spatio-temporal coordination of hematopoietic cell migration and positioning. 

Chemokines play an essential role in these developmental (van de Pavert and Mebius, 2010) 
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and host defense processes (Rot and von Andrian, 2004), where they control cell migratory 

behavior, steady-state positioning (Link et al., 2007), and the efficiency of interactions 

between rare cell subpopulations (Castellino et al., 2006).

Eukaryotic chemotaxis is a remarkably sensitive process with chemoattractant concentration 

differences of few percent across the cell diameter being sufficient to induce cell polarization 

and promote migration along the sensed gradient. The molecular mechanisms regulating 

such cellular responses to even shallow chemoattractant fields have not been fully elucidated 

but the overwhelming majority of hypotheses suggests that eukaryotic cells respond to 

spatial concentration differences (Parent and Devreotes, 1999), in contrast to bacteria that 

analyze temporal changes to bias their tumbling motion towards nutrient sources (Macnab 

and Koshland, 1972). Early studies on eukaryotic chemotaxis considered both spatial and 

temporal characteristics of the chemoattractant signal as potentially important in cell 

guidance (Lauffenburger et al., 1987; Lauffenburger et al., 1988; Vicker, 1989; Vicker et al., 

1986). A major subject of contention in trying to assess the relative importance of these two 

modes of migratory control has been uncertainty over what local concentration differences 

cells experience in various experimental systems and more so, in vivo, with particular 

concern about whether presumed stable gradients were indeed stable or whether they were 

subject to temporal variations. The latter could be either due to differences between the 

initial and later plateau phases of gradient development or to movement of the cells within 

spatially heterogeneous chemoattractant fields that would result in temporally changing local 

concentration environments. In either case, the existence of such variations would have a 

major impact on how the data are interpreted.

Despite such considerations and available evidence that fluctuations in chemoattractant 

concentrations can indeed modulate cellular migration behavior (Ebrahimzadeh et al., 2000) 

a clear consensus that hematopoietic cells use spatial sensing to guide their polarization and 

long-distance directional movement has emerged in the field. Several models have in turn 

been developed to explain how cells reliably translate a stable, often very shallow, gradient 

of an extracellular stimulus into an intracellular polarized response that guides sustained 

directional migration (Arrieumerlou and Meyer, 2005; Charest and Firtel, 2006; Levine et 

al., 2006; Ma et al., 2004; Meier-Schellersheim et al., 2006; Meinhardt, 1999; Postma and 

Van Haastert, 2001). The most widely accepted model postulates that the difference in the 

degree of receptor ligation between the sides of the cell experiencing the highest and the 

lowest chemoattractant concentrations drives polarized actin dynamics, which then promotes 

persistent cell movement in the direction of the upward slope of the gradient (Parent and 

Devreotes, 1999).

However, in the context of immune cell recruitment within complex environments, there is 

evidence that hierarchies of chemotactic signals direct cellular migration to and within target 

tissues, indicating that the control of chemotactic responses clearly goes beyond the action 

of single spatial cues (Campbell et al., 1997). Receptor desensitization plays an essential 

role in such multi-step navigation during which cells respond to newly emerging or initially 

distant signals (Foxman et al., 1997; Lin and Butcher, 2008; Wu and Lin, 2011) but the 

mechanism by which certain chemoattractants (‘end point agonists’) can provide dominant 

guidance whereas others (‘intermediate chemokines’) function as less persistent directional 
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cues has not yet been clearly identified. A related issue is the extent to which soluble vs. 

matrix-bound stimuli direct cell movement. While gradients of immobilized chemokines 

have been shown to play a role in directional cell guidance in vivo (Sarris et al., 2012; Weber 

et al., 2013), not all chemoattractants act in this manner. CCL19, an agonist closely related 

to CCL21, lacks the C-terminus needed to bind matrix proteins (Nagira et al., 1997; Tanabe 

et al., 1997), and it is unknown whether lipids such as S1P and LPA or protein fragments 

such as C5a and fMLP can bind to extracellular matrix proteins or if they form only soluble 

gradients.

Given these many uncertainties about how migration and positioning are regulated, 

especially in complex 3D environments, we adopted and modified a microfabricated 3D 

migration chamber system first described by Haessler et al. (Haessler et al., 2009) and used 

this device to obtain quantitative data about how gradients of soluble chemoattractants 

control the directed migration of dendritic cells and neutrophils, cell populations that play 

key roles during the onset and for the regulation of local immune responses. In contrast to 

what would be expected based on guidance control involving only spatial gradient sensing, 

these studies surprisingly revealed that neither cell type showed persistent directional 

migration in stable gradients of CCL19 or CXCL12 across a wide range of steepness. 

Further analysis revealed that this behavior reflected the operation of a potent negative 

feedback mechanism involving G-coupled receptor kinases (GRKs) that led to rapid cellular 

adaptation to the existing gradient. Continued migration required a temporally rising 

chemoattractant stimulus, with the cells moving along a preexisting direction of polarization. 

This requirement for temporal sensing was observed for chemoattractants (CCL19 and 

CXCL12) that are classified as ‘intermediate chemokines’ whereas C5a, a member of 

another class of compounds termed ‘end agonist’ chemoattractants, induced persistent 

movement when provided as a stable gradient. Thus, our findings reveal a striking 

dependence of the mode of immune cell chemotactic behavior on the class of ligand, and 

require a modification of the predominant, purely spatial model for control of long-range 

cell guidance in complex tissue environments with multiple chemoattractant sources whose 

strengths often vary over time.

Results

A microfluidic platform establishes a defined soluble chemokine gradient in a 3D collagen 
network

To generate defined 3D soluble gradients of chemokine across a collagen fiber scaffold, we 

employed a microfluidic platform first described by Haessler et al. (Haessler et al., 2009) in 

which chemokine source and sink channels are separated from the cell-matrix compartment 

by an agarose barrier (Figure S1A–E). This porous barrier prevents convective fluid flow but 

allows passive chemokine diffusion and gradient development across the cell channel, thus 

removing the effects of shear flow from our analysis of cellular responses towards 

chemokine gradients. Utilizing programmable syringe pumps operating in parallel to control 

flow profiles in both source and sink channels, steady-state and rising concentrations of 

diffusing chemokine can be established. This setup, combined with time-lapse microscopy 
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permitted image capture of cell shape changes (Movie S1) and migratory trajectories in 

response to definable chemokine gradient profiles.

Dendritic cells migrate only transiently during the formation of a CCL19 gradient

We first examined the CCR7-dependent migration of fluorescent reporter (CD11c-EYFP) 

bone marrow-derived mature dendritic cells (BMDCs) in response to the chemokine CCL19 

that binds CCR7 with a Kd of about 1.5 nM (Comerford et al., 2006). Unlike many 

chemokines, CCL19 lacks the positively charged C-terminus that binds these mediators to a 

variety of proteoglycans and matrix proteins (Yoshida et al., 1998). This permitted the 

formation of well-defined soluble CCL19 gradients without the added complexity of 

association with extracellular components in our experimental system. Labeled Alexa-Fluor 

594-CCL19 was utilized in initial gradient characterization studies to ensure that bulk 

chemokine gradients were not significantly disturbed by local cellular uptake and migration 

(Figure S2A–B). Alexa-Fluor 594-CCL19 diffuses similarly to 10kDa FITC-dextran (Figure 

S2C–D) and this latter molecule was used for all subsequent gradient characterization 

studies (Figure S2E–M).

BMDCs exposed to CCL19 revealed the expected directed migration during early times after 

initial contact with the developing gradient, but surprisingly, lost gradient-oriented 

directional migration persistence once a stable gradient state was reached (Movie S2). Our 

3D system relies on passive chemokine diffusion from the source channel across the porous 

agarose barrier into the subsequent cell-matrix channel. Therefore, during ‘de novo’ gradient 

formation cells do not immediately experience steady-state concentrations but rather 

continuously rising chemoattractant concentrations for approximately 30 minutes (Figure 

1A, B). Note, however, that the slope of the gradient becomes stable very soon while the 

absolute concentration rises.

To determine whether there was a relationship between the rising concentrations in a 

forming gradient and the movement of the DC in response to CCL19, we conducted a 

careful kinetic study. This time-resolved analysis of BMDC migration revealed that 

significant displacement towards the CCL19 source occurred almost exclusively during the 

first 30 minutes during which CCL19 concentrations were still rising (Figure 1C, D). 

Additionally, cellular forward protrusions became significantly less aligned toward the 

source channel once steady state gradients were fully established (40min – 60min (Figure 

1E)). Establishing a gradient in the agarose device prior to the introduction of cells (referred 

to as ‘pre-set’ gradient in Figure 1 and in Figures 2, 4 and S4 as ‘stable’) reduced the time 

for stable gradient formation to 10 minutes and led to a corresponding decrease in the 

duration of BMDC directional migration persistence (Figure 1F, Movie S3). This 

phenomenon of transient directional movement limited to the gradient formation stage was 

seen across a wide-range of absolute CCL19 concentrations and relative gradient steepness. 

While there was a slight increase in directed cell migration in the secondary (stable gradient) 

phase for very steep gradients this increase did not reach statistical significance (Figure S3A, 

and Figure S2N).

A critical issue was whether the environment in the chamber caused a loss of cell 

homeostasis, viability, or signaling capacity, accounting for the failure of the BMDCs to 
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show persistent migration for longer than 30 minutes. Several controls were performed to 

test for such effects. Cells incubated in the chamber for 1 hour and then provided a rising 

source concentration showed robust directed migration similar to that of cells provided the 

same stimulus immediately after seeding (Figure S3B–E). These findings argue against a 

loss of viability or motile capacity among the BMDC as the basis for the short duration of 

continued migration in the preceding experiments. Likewise, cells that had stopped 

migrating after being held in a fully-developed stable gradient for 25 minutes subsequently 

showed a significant increase in cell velocity and migratory persistence when exposed to a 

further increase in source concentration (Figure S3F-H, Movie S4), indicating that such cells 

are still capable of responding to rising inputs and have not become unresponsive, saturated 

in receptor occupancy, or unhealthy. Finally, neither gradient steepness nor chemokine 

concentration per se dictated the failure of cells to migrate persistently in stable gradients. 

(Figure S3A and Figure S2N). Given this evidence against an artifactual explanation for the 

failure of BMDC to show persistent migration in a stable CCL19 gradient, we considered 

the alternative: that cellular sensing of temporally rising concentrations of this chemokine 

was required for long-range persistent BMDC chemotaxis.

BMDC show persistent directional migration in a rising CCL19 gradient

To investigate this possibility more thoroughly, we examined cellular responses under 

controllable conditions in which we could provide either stable or continuously rising source 

chemokine concentrations. Indeed, rather than ceasing directional migration after 30–40 

minutes, BMDCs exposed to continuously rising source chemokine (Figure 2A) responded 

with robust migration towards the CCL19 source that persisted during the entire 1.5 hours of 

image capture (Figure 2B, and Movie S5). Gradient-aligned migratory persistence, the ratio 

of displacement along the gradient to the total path length, was significantly greater with 

continuously rising source concentrations than with stable inputs (Figure 2C). Individual cell 

velocities in continuously rising groups remained at 1.8 μm/min for the duration of the 

experiment vs. a much lower 0.3 μm/min for cells in stable gradients (Figure 2D). 

Additionally, we observed a substantial shift to higher population speeds of cells exposed to 

continuously rising inputs as compared to those in stable gradients (Figure 2E) and the 

percent of migrating cells within a population was higher (82% compared with 57%), for 

cells exposed to continuously rising source concentrations as compared to those in stable 

gradients. Importantly, directed migration persisted well after the gradient steepness reached 

a steady state equivalent to that of the stable gradients (Figure S2K, L). This further 

indicated that the persistent migration in rising chemokine concentrations was not due to 

distinct spatial characteristics such as gradient slope but rather depended on the increasing 

absolute concentration of chemoattractant.

In further support of a temporal sensing mechanism, chemotactic dynamics appeared well 

tuned with source chemokine dynamics. Dendritic cell velocities were correlated with the 

rates of source concentration rise (Figure S3I, J) and directed chemotaxis under continuously 

rising conditions was consistent with receptor occupancy and saturation principles. 

Migratory persistence along the gradient, forward protrusion alignment, and speed 

distributions were greatest at 5–10 nM of CCL19 (Figure S3K–O), suggesting that BMDC 

migratory response increased as the CCL19 concentration reached a few-fold of the ligand-
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receptor KD but became less pronounced at higher concentrations. Having established the 

influence of the temporal characteristics of these chemokine gradients on cell migration, we 

shifted our focus toward identifying which cellular signaling components or mechanisms 

might account for the observed behavior.

GRK-mediated receptor desensitization interferes with persistent migration

The requirement for continuously rising source chemokine to drive persistent directed 

migration suggested that receptor desensitization might contribute to this behavior. We 

speculated that as a cell moves up a stable gradient, desensitization or adaptation could 

reduce the signal available to the cell to such a low level that it becomes insufficient to 

sustain continuing migration. This limitation could, however, be overcome by exposure to a 

temporal increase in the absolute amount of available ligand. The soluble chemokine 

CCL19, along with its receptor, CCR7, are internalized via a clathrin-mediated process 

involving β-arrestin-2, GRK6 (G protein-coupled receptor kinase 6) (receptor 

phosphorylation), and GRK3 (receptor desensitization) (Byers et al., 2008; Kohout et al., 

2004; Ren et al., 2005; Wisler et al., 2014; Zidar et al., 2009). We therefore tested whether 

cells from animals deficient in any of these regulatory molecules showed spatial rather than 

temporal sensing requirements for persistent migration to CCL19, as such a model would 

predict. With regard to the comparison between exposure to stable vs. to rising inputs, 

mature dendritic cells isolated from bone marrow of β-arrestin-2-, β-arrestin-1-, and GRK6-

deficient animals showed very similar behavior as wild-type cells (Figure S4A–D). 

Consistent with other reports that suggest that removal of such negative regulatory 

components enhance chemotaxis (Balabanian et al., 2008; Kavelaars et al., 2003), β-

arrestin-1-deficient cells showed higher velocities relative to WT cells in continuously rising 

source conditions. Moreover, all three mutant populations showed stronger persistence in 

rising gradients of CCL19, albeit at a lower absolute level than wild-type cells did in 

response to CXCL12. GRK6, in particular, appears to play complex roles, as indicated by 

the fact that it recently was found to be important for chemotaxis along surface-bound 

gradients while being dispensable for soluble ones (Schwarz et al., 2017).

In clear contrast to the properties of wild-type, β-arrestin-2 deficient, β-arrestin-1 deficient, 

or GRK6 deficient cells, BMDCs isolated from Grk3−/− mice showed robust migration in 

both stable and continuously rising source conditions, as measured by migratory persistence, 

cell speeds, and forward protrusion alignments (Figure 3A–D). To minimize any possible 

differences in the gradient conditions experienced by WT and mutant cells during these 

analyses, we directly compared the spatiotemporal chemotactic response of BMDCs isolated 

from CD11c-EYFP and DsRed Grk3−/− mice to rising then stable and continuously rising 

CCL19 gradients using mixed populations examined simultaneously in the same migration 

chamber (Movie S6–S7). To avoid selection bias in identifying cells for tracking, the videos 

were re-named and re-colored by a third party before collection of migration data so that the 

identities of the cells being tracked and the gradient conditions were not known until the 

color code was revealed after the tracking data had been processed. The data from these co-

migration experiments are consistent with receptor desensitization promoting dependence on 

temporal sensing for persistent directional migration of WT BMDCs in response to CCL19. 

Removing the negative regulator GRK3 presumably limits desensitization, thus permitting 
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prolonged directed migration in stable gradients. For CCL19 interacting with CCR7, 

receptor desensitization is promoted by GRK3 whereas β-arrestin mediated signaling is 

promoted by GRK6 (Byers et al., 2008; Ren et al., 2005; Wisler et al., 2014). These 

biochemical observations are consistent with our migration data, suggesting GRK3-mediated 

control for CCL19-triggered CCR7 desensitization. However, it remained to be seen whether 

similar observations could be made with other chemokine pathways or cell types.

Chemoattractant class dictates operation of spatial vs. temporal sensing modalities

Neutrophils have been a major focus for studies of migration control among immune cells. 

Therefore, in an effort to determine whether the observed role of temporal chemokine 

sensing in directed movement of dendritic cells applies more widely to other immune cells 

and chemokines, comparisons between rising and stable inputs were undertaken utilizing 

freshly isolated neutrophils from bone marrow and the chemoattractant C5a that binds to its 

receptor on leukocytes with a Kd of about 1nM (Chenoweth and Goodman, 1983). In 

contrast to the data with CCL19 and BMDCs, neutrophils migrated to C5a equally well 

under both continuously rising and stable conditions, showing similar directional persistence 

(Figure 4A, Movie S8, S9) and speed distributions (Figure S4G) in the two situations.

Previous work on neutrophil chemotaxis led to the development of a nomenclature that 

categorized chemoattractants into two classes, ‘intermediate’ and ‘end agonist’. The two 

classes of ligands were proposed to play distinct roles in the guidance of immune cells at 

different steps in their migration from blood to an infected or wounded site (Foxman et al., 

1997). Prior studies suggested a hierarchical arrangement of desensitization mechanisms for 

the receptors for the different ligand types, in which intermediate chemokines display 

homologous desensitization, whereas end-point chemoattractants such as C5a demonstrate 

heterologous desensitization, thought to occur independently of GRKs (Milcent et al., 1999). 

This suggested the possibility that there might be distinct rules for control of cell movement 

depending on ligand class. If so, then the qualitative differences we observed using CCL19 

(an intermediate chemokine using the neutrophil conventions) and C5a (an end agonist by 

these definitions) might not be due to differences in BMDC vs. neutrophil chemosensing 

mechanisms but rather to the specific ligand employed. We therefore conducted additional 

experiments using BMDCs and neutrophils with representatives of the two different 

chemoattractant classes. With another intermediate chemokine, CXCL12, both mature DCs 

and fresh neutrophils showed differences in chemotaxis between stable and continuously 

rising conditions exhibiting behavior similar to that seen using CCL19 and BMDCs (Figure 

4B, C, Figure S4H, I). In contrast, immature BMDCs that express the C5a receptor showed 

migration behavior similar to that of neutrophils in response to the end agonist C5a, with no 

significant differences in migration between stable and rising inputs (Figure 4D, Figure S4J). 

These findings strongly suggest that it is the nature of the chemoattractant receptor-ligand 

pair, and not the cell type, that dictates the requirement for temporal sensing in promoting 

sustained directional responses.

Spatial and temporal sensing play sequential roles for persistent directional migration

Given that BMDC and neutrophils show directional movement up the slope of a gradient 

even when temporal sensing is necessary for persistent migration to intermediate 
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chemokines, we suspected that orientation of a cell along the gradient arises from a transient 

phase of spatial sensing when the cell first experiences the chemoattractant. This initial 

polarization would be followed by sensory adaptation and a requirement for a rising 

chemoattractant concentration to promote continued migration in this pre-established 

direction. To test this hypothesis, we pre-soaked the agarose chamber device with defined 

CCL19 concentrations (pre-soak) (Figure 5A). In contrast to the developing gradient under 

our standard experimental setup (immediate), pre-soaking allowed exposure of BMDCs to a 

spatially homogeneous stimulus with stochastic distributions of cell polarity directions 

(Figure 5C, early tracks distinguished by color scale bar). Subsequent introduction of a 

spatial gradient with continuously rising source concentration evoked persistent migration in 

the direction of polarization acquired at the time of gradient development. BMDCs did not 

re-align to move along the new spatial gradient (Figure 5B, C, Movie S10), confirming that 

the pivotal element at later time points was the temporally rising concentration and that 

spatial sensing, which would be expected to result in re-orientation of the cells along the 

gradient slope, did not occur. Additional presoaking experiments revealed that neutrophils 

showed stochastic polarization in both homogeneous CXCL12 and C5a fields in a similar 

manner to BMDCs prior to the introduction of continuously rising chemokine input. 

Confirming our findings that the mechanisms by which intermediate chemokines guide 

sustained chemotactic motion differ from those used by end agonist chemokines, subsequent 

introduction of a rising spatial CXCL12 gradient caused neutrophils to persist along initial 

trajectories (Figure 5D, E) whereas the imposition of a spatial C5a gradient caused 

neutrophils to re-orient and migrate up the gradient (Figure 5F, G, Movie S11). Collectively, 

these data imply that while cellular sensing of temporally rising concentrations is required 

for persistent cell chemotaxis in 3D soluble intermediate chemokine gradients, early spatial 

cues (front-rear concentration differences) may control the initial direction of cell 

polarization in such situations (Table 1) and explain the directional nature of migration even 

when temporal sensing is controlling long-term cell movement.

A closer examination of the early spatial cues in the pre-soaking experiments revealed that 

leukocytes, on average, had negligible net displacement (less than two cell diameters) in 

homogeneous chemokine fields after 10 minutes of imaging (Figure S5A–F), exhibiting 

characteristic stochastic turning behavior in this condition of uniform chemoattractant. The 

homogeneous chemokine field was generated using chemokines at concentration ranges 

within their respective KD values. Thus, we sought to investigate whether the absolute 

concentration of source chemokine influenced BMDC polarization. BMDCs were exposed 

to a homogeneous chemokine field of CCL19 at three different concentrations (smaller than, 

close to, or greater than the KD of its association with CCR7) for 10 min, after which the 

source concentration kept increasing at a rate such that after 30 min, the concentration in the 

source equaled twice that in the sink (Figure S5G).

As a result, continuously rising chemokine gradients were being established with the 

homogeneous pre-soak chemokine field as the background. As would be expected from 

receptor saturation effects, cell displacement and persistence was greatest at CCL19 

concentrations close to the KD and smallest at CCL19 concentrations much greater than the 

KD, while differences in angles of trajectory and average speed were much less pronounced 

if the concentration was not much greater than the KD (Figure S5H-L).
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Grk3−/− cells show persistent migration in gradients of intermediate chemokines

To perform a stringent test of our assumption that GRK3 plays an important role for the 

adaptation mechanisms that temporally limit spatial sensing of intermediate chemokines we 

repeated the pre-soaking assays, performing a direct comparison of Grk3−/− and WT cells. 

As in the experiments reported in Fig. 5, we exposed cells first to a homogeneous 

concentration of CCL19 (for BMDC) or CXCL12 (for neutrophils) and then initiated the 

formation of a gradient. We found that the Grk3−/− cell populations were able to reorient in 

the evolving gradient that followed the initial homogeneous chemokine stimulus whereas, as 

reported in Fig. 5, the majority of the WT cells ignored the gradient and maintained motility 

along stochastically determined directions (Fig. 6). Importantly, as in Fig. 5, those WT cells 

that did turn into the direction of the rising gradient after the pre-soaking with the 

homogeneous concentration did so in an early phase of their migration, again indicating that 

their behavior was controlled by two phases of chemokine sensing, an initial directional 

orientation that was followed by temporal sensing of the absolute concentration of the 

stimulus.

Discussion

Here we provide data demonstrating that myeloid cells, when migrating toward intermediate 

chemokines (such as CCL19 and CXCL12), can detect whether the absolute concentration 

of a chemotactic stimulus is increasing over time and will cease to migrate persistently when 

it does not. In addition to their well-established spatial sensing capabilities, neutrophils and 

immature DC thus can read the temporal evolution of chemokine concentrations, a capacity 

that may be intimately linked to determining whether an infection is increasing or resolving 

and limiting effector cell recruitment capable of added tissue damage in the latter case. 

Indeed, both CCL19 and CXCL12 have been found to regulate neutrophil and dendritic cell 

recruitment under conditions involving responses to acute stimuli, as opposed to organismal 

steady states (Delano et al., 2011; Robbiani et al., 2000; Yamada et al., 2011), conditions 

where the cells’ ability to adjust their migratory responses to the temporal evolution of the 

chemotactic signal may play a central role in preventing immunopathology.

Exposure of DC and neutrophils to gradients of intermediate chemokines resulted in cellular 

polarization based on short-term spatial sensing followed by a short-lived phase of cell 

migration in the direction of this initial polarization. Then, as GRK-mediated desensitization 

occurs, persistent migration no longer involved sensing the orientation of the gradient slope, 

but instead was based on cell movement along the existing polarization axis and a 

requirement for exposure to a rising concentration of attractant to overcome the loss in 

receptor sensitivity. Our findings also provide clear evidence that the mode of cell 

chemotactic control differs between intermediate chemokines and those such as C5a defined 

as ‘end agonists’. Myeloid cell migration directed by intermediate chemokines involves 

initial spatial gradient sensing that determines cell orientation followed by temporal sensing 

that drives persistent migration, whereas end agonists can direct persistent migration as 

stable gradients.

The predominant ‘spatial sensing’ model proposes that a cell entering a gradient of 

chemoattractant detects the differences in extracellular attractant concentration across the 
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cell diameter via receptor-mediated signaling mechanisms. Based on as little as a 2–5% 

concentration difference across the cell diameter (Parent and Devreotes, 1999; Zigmond, 

1977), the cell then polarizes and engages in directed migration along the upward slope of 

the gradient. It is widely believed that any concentration difference that can be detected by 

the chemosensing mechanisms of the cell is also sufficient to drive persistent directed 

migration. As noted previously, Lauffenburger et al. (Lauffenburger et al., 1987) argued that 

spatial and not temporal gradients were sufficient for directed chemotaxis of neutrophils. 

Interestingly, many of these early studies utilized neutrophils and fMLP, an end agonist 

whose capacity to induce persistent migration with stable gradients is consistent with our 

current data on C5a. Early work from Vicker et al. (Vicker, 1989; Vicker et al., 1986), while 

failing to substantially influence the prevailing spatial-sensing paradigm that has dominated 

since then, provided evidence that the nature of the response might depend on the ligand 

studied, results that agree with the more extensive analysis we have conducted here.

Most previous quantitative studies of chemotaxis have been conducted in 2D spatially-

restrictive channels (Zigmond, 1977), either with flow-induced soluble gradients or with 

surface-bound gradients, or in semi-quantitative 3D chambers (Boyden, 1962). It is worth 

noting that many of the custom (Abhyankar et al., 2008; Amadi et al., 2010; Saadi et al., 

2007) and commercially available gradient generators (EZ Taxiscan, Ibidi) (Bae et al., 2008; 

Kanegasaki et al., 2003) used in these experiments require cell introduction into the 

chamber, followed by gradient establishment. In these cases, there is a gradual increase in 

chemokine concentration throughout the device as the gradient develops until a steady state 

persistent stable gradient is established. Often, cell migration data in these devices has been 

acquired during the early rising phase, which as we show here corresponds to markedly 

different cell migration behavior as compared to what is observed in stable gradients of 

intermediate chemokines. A focus on cell behavior during this initial gradient development 

phase may also explain why Haessler et al. (Haessler et al., 2009), using a similar chamber 

design as employed here, did not report the shift from spatial to temporal sensing in their 

studies.

What is the origin of the requirement for rising stimulus levels for persistent migration to 

intermediate chemoattractants? Our study shows that negative feedback regulation of the 

chemokine sensing apparatus (desensitization involving GRK3) plays a central, though not 

necessarily exclusive, role in determining whether the cell processes spatial or temporal 

information about the chemokine concentration during long-range migration. Presumably, 

the extent of the desensitization process for receptors engaging intermediate chemokines 

only permits signaling sufficient to sustain locomotion when the absolute concentration of 

the attractant rises so that additional receptor engagement at the leading edge overcomes the 

desensitization process. Our previous Dictyostelium chemosensing studies revealed that 

exposure to cAMP diminishes responsiveness to the spatial gradient at the front of the cell 

(Xu et al., 2007), though apparently not to an extent that eliminates the capacity to receive a 

signal driving persistent migratory behavior. Here we speculate that a stronger 

desensitization and, potentially, adaptation process in myeloid cells that experience soluble 

fields of intermediate chemokines, results in a more potent negative feedback mechanism. 

Temporal increases in absolute chemokine concentration are required to drive receptor-

dependent signaling at a sufficient rate to overcome such feedback. In contrast to soluble 
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ligands, matrix-bound chemokines lead to much slower cellular desensitization. Given our 

data, we speculate that spatial gradients of bound intermediate chemokines, such as CCL21, 

are sufficient to drive dendritic cell haptotaxis on 2D planar anatomy (Weber et al., 2013) 

because the velocity of the moving cell exposes its leading edge to a higher level of 

chemokine sufficient to overcome the slower loss of responsiveness. With soluble ligands, 

the migration rate is presumably too slow to overcome the faster rate of desensitization and a 

rising input of chemokine is needed to sustain motility. Interestingly, even for bound 

chemokines, the same research group recently found that exponentially increasing 

chemokine concentrations are required for persistent chemotaxis towards CCL21 (Schwarz 

et al., 2017). One possible explanation for the requirement for exponential gradients would 

be that in exponential gradients the relative concentration difference across the cell diameter 

(difference between front and back concentration divided by absolute concentration) stays 

constant whereas it decreases in linear gradients as the absolute concentration increases. The 

physical/chemical limits of receptor-mediated gradient sensing would thus dictate the 

requirement for exponential gradients. But while this mechanism may control haptotactic 

migration along surface bound chemokine gradients it does not appear to control the 

migration of myeloid cells in soluble gradients. This is evident from our findings that the 

cells migrate well in static linear end agonist gradients and that even static linear gradients 

of intermediate chemokines can induce prolonged chemotaxis in Grk3−/− cells.

In other biological systems, temporal rises in signaling cues can dictate cell behavior. 

Bacteria use temporal sensing to guide their migration; the small size of bacteria precludes 

effective spatial sensing across the cell length, and these organisms switch between tumbling 

and straight motion depending on the temporal features of the external chemoattractant 

signal (Macnab and Koshland, 1972). Mammalian spermatozoa distinguish temporal 

progesterone gradients from spatial gradients with distinct biological responses, either 

hyperactivation or reduced activation (Armon and Eisenbach, 2011). Perhaps most relevant 

to the present study is fly imaginal disc patterning, where a graded Dpp signal leads to 

proliferative growth that is homogeneous in space. Similar to this study, Wartlick and 

colleagues considered steepness of the spatial gradient as a plausible explanation, but they 

found that temporal sensing of 50% increases in local Dpp concentration and not assessment 

of the spatial gradient of Dpp across the developing wing dictated cell division and growth 

(Wartlick et al., 2011).

While it is easy to imagine how an adaptive temporal sensing mechanism would be effective 

in a time-limited development process, it is less clear how it would work in an ongoing 

inflammatory process of variable duration. A requirement for rising concentrations to yield 

robust directed migration with intermediate chemokines implies that in vivo mechanisms 

must operate to allow such sensing within reasonable bounds of chemokine production and 

tissue accumulation (Foxman et al., 1997). Possibilities include the operation of recurring 

local oscillations of chemokine gradients within tissue spaces, allowing cells to reset their 

sensitivity and persist in migration without a need for ever higher intermediate 

chemoattractant levels (Yde et al., 2011). Alternatively, there may be a role for time-

changing levels of chemokine receptors (Sallusto et al., 1998; Sozzani et al., 1998) rather 

than chemokine in providing the necessary delta between input stimulus and desensitization 

effects, or feed-forward amplification mechanisms that produce continually rising attractant 
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concentrations (Brandes et al., 2013; Lammermann et al., 2008). Finally, even though we 

found temporal sensing to play an important role for bone-marrow derived DC and 

neutrophil chemotaxis toward intermediate chemokines the behavior of other cell types may 

be different, depending on their role during organism maintenance or immune responses. 

Such notions make it clear that new models and new data will be needed to more fully 

understand hematopoietic cell navigation from blood to distant locations in complex tissues, 

given the role of temporal chemokine sensing we document here for key innate immune cell 

populations.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to Lead 

Contact, Martin Meier-Schellersheim (mms@niaid.nih.gov). CD11c-EYFP C57BL/6 

(Taconic®) and Grk3−/− (Jackson®) are available commercially. The Grk3−/− DsRed+/+ cross 

mouse line described in this study is available from our laboratory and requires a Material 

Transfer Agreement (MTA). The β-arrestin-2−/− mice were a donation from the RJ 

Lefkowitz lab, Duke Medical Center. The β-arrestin-1−/− mice were a donation from the JH 

Kehrl lab (NIAID, NIH).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Murine bone marrow-derived dendritic cells from several mouse strains (CD11c-EYFP 

C57BL/6 (Lindquist et al., 2004), Grk3−/−, Grk6−/− (Gainetdinov et al., 2003), β-

arrestin-2−/− (Bohn et al., 1999), β-arrestin-1−/− (Conner et al., 1997) and Grk3−/− C57BL/6 

mice, crossed with DsRed mice to generate DsRed/Grk3−/− mice.

METHOD DETAILS

Mice, Cell Culture—Primary cells isolated from CD11c-EYFP C57BL/6 (Lindquist et al., 

2004) or WT C57BL/6 mice were utilized for the majority of migration experiments. Cells 

isolated from Grk3−/−, Grk6−/− mice (Jackson Laboratories (Line 012431 (Peppel et al., 

1997) and 010961 (Gainetdinov et al., 2003), respectively), β-arrestin-2−/− mice (Bohn et al., 

1999) (a generous donation from the RJ Lefkowitz lab, Duke Medical Center), and β-

arrestin-1−/− mice (Conner et al., 1997) (a generous donation from the JH Kehrl lab, NIAID, 

NIH) were also used in the indicated experiments. Grk3−/− C57BL/6 mice were crossed with 

DsRed mice to generate DsRed/Grk3−/− mice to be used with CD11c-EYFP C57Bl/6 mice 

in co-migration experiments. All donor mice were maintained in specific-pathogen-free 

conditions at an Association for Assessment and Accreditation of Laboratory Animal Care-

accredited animal facility at the NIAID. All procedures were approved by the NIAID 

Animal Care and Use Committee (National Institutes of Health, Bethesda, MD).

Murine bone marrow-derived dendritic cells were isolated as described elsewhere 

(Lammermann et al., 2008). Briefly, cells were flushed from mouse femurs and tibias, plated 

in petri dishes at 2.5 million cells per dish, and supplemented with 20ng/ml GM-CSF 

(Peprotech, #315-03) in base medium (10% Hyclone FBS, 1% penicillin-streptomycin in 

RPMI) for 7 days. Dendritic cells were then transferred to tissue culture plates and matured 
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overnight in 0.2ug/ml lipopolysaccharide (LPS). The non-adherent fraction of matured 

dendritic cells was harvested for cell migration studies. Murine neutrophils were freshly 

isolated from bone marrow utilizing a Percoll gradient separation method described 

elsewhere (Peters et al., 2008). Briefly, cells were flushed from mouse femurs and tibias, 

incubated with ACK buffer for 1min, under-laid in a discontinuous Percoll gradient, and 

spun at 1500g for 40 minutes at room temperature. Cells were harvested from the 69%/78% 

interface, washed 2× in buffer, and used for cell migration studies following a 30 minute 

incubation at 37°C.

Mask and Template Fabrication—Devices were fabricated using commercial film 

masks generated by high-resolution laser photoplotting (CAD/Art Services, Bandon OR). 

The 3-inch silicon wafers were first cleaned with solvent (acetone, methanol, and 18MΩ 
water and then dehydrated for 10 minutes on a 200°C hotplate. The wafers were then 

immediately laminated with two layers of 100μm thick DuPont WBR2000 Series dry film 

photoresist (Microchem, Newton MA) at a temperature of 95°C and a speed of 1mm/sec, 

using a hot roll laminator (model HRL 4200, Think and Tinker, Palmer Lake CO). After 

lamination, the wafers were baked at 65°C for 20 minutes to promote adhesion of the resist. 

The silicon wafers were then held in contact with the channel-patterned film mask, using a 

glass wafer and exposed using a collimated near-UV light source (model LS30/10, OAI, San 

Jose CA). An hour after exposure, the wafers were developed in a 0.85% solution of a 

potassium carbonate developer (RBP DX-40, Microchem, Newton MA) at 30°C for 3 

minutes using a spray developer (Rotaspray, Mega-UK, Cambridge UK). Following 

development, the completed templates were immediately rinsed in tap water, then DI water, 

and finally, baked at 200°C for 10 minutes to promote resist adhesion.

Agarose Device Fabrication and Assembly—The agarose device was fabricated 

using the methods established by Haessler et al. (Haessler et al., 2009). First, a PDMS frame 

(with a thickness of 500μm) with outer dimensions of 2.5mm × 3.5mm and inner opening of 

1.25mm × 2mm was cut and placed on the silicon template. After pouring melted 3% w/v 

agarose (SeaKem LE Agarose, Lonza, Rockland, ME) into the PDMS frame (on top of the 

patterned template), a glass slide was immediately placed on top, leveling the agarose at the 

top of the PDMS frame, and uniform pressure applied until the agarose gelled. Afterwards, 

the glass slide was removed and the entire agarose template was submerged in culture 

media.

The PDMS frame was removed from the template, rinsed with water, and allowed to dry 

before being placed on a #1.5 cover slide. The agarose device was then seated channel-side 

down in the PDMS frame, and through-holes were punched at the ends of the channels to 

provide inlets and outlets. A custom Plexiglas manifold with stainless steel tubes was used 

to provide an interface between the agarose device and the flexible tubing connected to the 

syringe pump. The flat lower surface of the manifold also provided mechanical support for 

the agarose device when the entire assembly was secured together with a metal clamping 

plate. The sink channel was connected to a single syringe pump containing base medium. 

The source channel was connected to a mixing tee supplied by two programmable pumps, 

with one syringe containing chemokine and the second containing base media alone. The 
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pump program determines the percent contribution of each stream, so that either static or 

dynamic chemokine concentrations could be pumped downstream of the mixing tee. Flow 

rates of 5μl/min per channel were maintained in parallel in just the source and sink channels. 

No bulk flow occurred in the collagen plus cell-containing central channel used for 

migration analysis.

Spatio-Temporal Chemokine Profiles—Spatio-temporal chemokine profiles were 

characterized using both 10kDa FITC-dextran and custom labeled Alexa-Fluor 594-CCL19 

(Molecular Probes, Grand Island, NY) at 1μM in the source channel. Polymerized collagen 

at 1.7mg/ml final concentration was added to the center channel for all gradient 

characterization studies. In some studies using Alexa-Fluor 594-CCL19, dendritic cells were 

added along with collagen to the center channel to characterize cell influence on bulk 

gradient distribution. x–y images spanning the source to sink channel were collected on a 

Zeiss 510 inverted microscope using confocal settings and a 0.9NA 25× oil immersion 

objective. The pinhole diameter was set to 10μm, and separate z slices were imaged at the 

bottom, center, and top of the channels. 1024 × 1024 images were captured every 5–10 

minutes for 1.5 hrs, similar to the time scale for the longest cell migration studies.

The relative concentration difference (RCD) values were calculated from the fluorescent 

images of gradient formation using the dextran model molecule. A confocal slice 

corresponding to the middle plane of the central channel was used, and the intensity was 

averaged along a 400μm length of the channel. The resulting intensity profile was 

normalized and corrected for dark counts, and then was fit using a Boltzmann function (y= B

+ A/(1+exp((x−x_0)/dx)). The resulting fitted curve was then used to calculate the RCD 

values, defined as RCD(x)=(I(x+dx) −I(x))/I(x). Although the Boltzmann form was chosen 

as a convenient means to get a sigmoidal curve, a cubic polynomial fit gave similar residual 

and RCD values.

3-D Migration Experiments—Cultured BMDCs or freshly isolated neutrophils were re-

suspended (5 × 106 total cells) in 80 μL of base medium. 37 μL of type I bovine collagen 

(Purecol, Advanced Biomatrix, San Diego, CA) were gently mixed with 5 μL 10× DMEM 

and 2.5 μL sodium bicarbonate. The collagen mixture was then added to the 80 μL cell 

suspension. In 10 μL aliquots, the cell-collagen suspension was loaded into the center 

channel of the microfluidic device until filled. The device was incubated at 37°C while the 

collagen crosslinked, and inverted every 5 minutes to ensure uniform cell distribution in z.

Following collagen crosslinking, tubing for the input and output ports was connected to the 

source and sink channels, and the device was transferred to a Zeiss 510 confocal microscope 

stage with 37°C heating. Syringe pumps were set to 5 μl/min continuous pumping. For 

dendritic cell chemotaxis, final source chemokine concentrations were CXCL12 = 30nM, 

C5a = 10nM, and CCL19 ranged from 0.5 – 50nM. For neutrophil cell chemotaxis, final 

source chemokine concentrations were CXCL12 = 30nM and C5a = 5nM. For pre-set 

chemokine gradient runs, the device was assembled without cells and collagen infused into 

the center channel. Gradients were pre-established by pumping chemokine through the 

source channel and medium through the sink channel for 30 minutes. The cell-collagen 

suspension was then introduced into the center channel and pumping of the source and sink 
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channels resumed following collagen gelation. For pre-soaking experiments, 3% agarose 

devices were soaked in chemokine solution overnight. Chemokine was added to the cell-

collagen suspension at a concentration similar to the pre-soaked agarose prior to the 

introduction of cells into the device. During the experiment, this same chemokine 

concentration was maintained in the sink channel, while a higher chemokine concentration 

was introduced in the source channel to create a spatial gradient. For dendritic cell 

experiments, presoaking CCL19 concentrations ranged from 0.1nM to 50nM (<<<Kd, = Kd, 

or >>>Kd). For neutrophil experiments, presoaking concentrations for C5a and CXCL12 

were 0.05nM and 0.3nM, respectively.

EZ Taxiscan Experiments—A 2D microchemotaxis chamber (TAXIScan; Effector Cell 

Institute) was used to detect real-time horizontal chemotaxis. After LPS stimulation, mature 

DCs were seeded to one side of the chamber and 0.5nM CCL19 was added to the opposite 

side. Cells entered the 2D spatially-restricted microchambers (5 μm height) and migrated 

towards the source well along a BSA-coated glass coverslip. Stable gradients developed 

within 5–10 minutes according to manufacturer’s specifications and cells traversed ¾ of the 

chamber length within 30 minutes. Microchambers were maintained at 37°C and phase 

images were collected every 15 seconds with a CCD camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw image files were taken on a Zeiss 510 inverted confocal microscope using a 0.9NA 25× 

oil objective. For cell migration tracking experiments, average field size was 330 μm × 330 

μm with pixel resolution, 2.34 pixels = 1 μm. Gradient characterization studies involved 

imaging at 5–10 minute intervals, dendritic cell migration studies at 45 second intervals, and 

neutrophil migration studies at 20 second intervals. Raw image files were imported into 

Imaris imaging software (version 7.1). The Tracking Spots application was used to generate 

displacement, path length, speed, and velocity data points. Across cell migration 

experiments, a variable number of cells showed active migration in different conditions, 

thus, representative tracks are shown only for those that clearly polarize and migrate. The 

Snapshot tool was utilized to generate time-lapse movies (with 6fps playback), still images, 

and track histories. From these statistics, chemotactic metrics were calculated in Excel and 

data were plotted in Prism. Significance for each experimental comparison was determined 

utilizing an unpaired T-test and all error bars are reported as SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Spatial cues initiate cell polarization in gradients of intermediate chemokines.

• Persistent migration to intermediate chemokines involves temporal sensing.

• G-coupled receptor kinase-dependent negative feedback prevents prolonged 

migration.

• Spatial cues are sufficient for persistent migration to end agonist attractants.

Eukaryotic cells are known to perform directional migration along gradients of 

chemoattractants. Dr. Aronin discovered that, for myeloid cells, certain (intermediate) 

chemokines need to have increasing absolute concentration over time to induce persistent 

migration, indicating that these cells are capable of sensing the temporal evolution of an 

immunological recruitment signal.
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Figure 1. Distinct chemotactic responses of dendritic cells in developing vs. stable soluble 
gradients
(A) De novo gradient development analyzed with a model soluble molecule, 10kDa FITC-

dextran. Measurements taken at the center point of a collagen-filled chamber across time as 

FITC-dextran diffuses from a constant source. (B) Temporal evolution of FITC-dextran 

concentration (gradient levels) across channel width (1–350μm) at z = 100 μm. (C) 
Migratory behavior of LPS-matured CD11c-EYFP BMDC (migratory tracks in white) in 

response to de novo gradient formation with a prolonged early rising phase (00:30:00 

hrs:min:sec) and late stage steady-state (00:60:00) soluble spatial gradient of CCL19. (D) 
Total displacements of BMDC along the gradient (x)-axis at early and late stages of de novo 

gradient formation. Each bar is representative of 4 experiments with ~10–20 cell tracks per 

group, mean ± s.e.m. (E) Angle between the cell’s leading edge and the gradient axis (0° = 

travelling toward, 90° = travelling perpendicular, 180° = travelling away) during early and 

late stage gradient formation. Representative data pooled from 2 experiments with ~8–10 

measurements per group, mean ± s.e.m. (F) Migratory persistence along x-axis for BMDC 
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exposed to either a ‘de novo’ stable gradient or a ‘pre-set’ gradient (established within the 

agarose prior to the introduction of cells) for 60 minutes. Stable gradients in all future 

figures refer to ‘pre-set’ formation, rather than ‘de novo.’ Each bar is representative of 4 

experiments with ~10–20 cell tracks per group, mean ± s.e.m. See also Figures S2, S3 and 

Movies S2, S3.
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Figure 2. Temporally rising CCL19 concentration is required for persistent BMDC chemotaxis
(A) Gradient analysis using 10kDa FITC-dextran. Measurements taken at the center point 

within a collagen-filled chamber across time as FITC-dextran diffuses from a source with 

continuously rising concentration. (B) Migratory behavior of LPS-matured CD11c-EYFP 

BMDC (migratory tracks in white) in response to a continuously rising source of CCL19. 

(C) Migratory persistence along the x-axis of BMDC exposed to either stable or 

continuously rising source concentrations for 60 minutes. Each bar is representative of 4 

experiments with ~10–20 cell tracks per group, mean ± s.e.m. (D) Representative individual 

cell velocities (+ indicates towards source, - indicates away from source) plotted across time. 

(E) Histogram of instantaneous speeds across all cell tracks and all time points. Data pooled 

from 4 experiments with ~10–20 cell tracks per group. See also Figures S2, S3 and Movie 

S5.
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Figure 3. GRK-mediated receptor desensitization determines differential BMDC chemotactic 
behavior to rising then stable or continuously rising CCL19 concentrations
LPS-matured CD11c-EYFP (WT) and DsRed/Grk3−/− (GRK3) BMDC were mixed at a 1:1 

ratio and added to the migration chamber. Each imaging experiment was recorded for 90 

minutes, with the first and last 30 minutes labeled as “Early” and “Late” periods. For rising 

and stable gradient setups, the “Early” and “Late” periods corresponded to “Rising” and 

“Stable” phases, respectively. Tracking results derive only from experiments in which co-

migration of both WT and Grk3−/− BMDCs were recorded in response to “rising and stable” 
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or “continuously rising” CCL19 gradients. (A) Overlay of individual cell tracks of co-

migrating WT and GRK3 BMDC during “Rising” (Blue) or “Stable” (Red) phases in 

response to rising then stable gradient, or during “Early” (Blue) and “Late” (Red) phases in 

response to continuously rising gradient. Tracks represent aggregate data from 4 co-

migration experiments each consisting of rising then stable or continuously rising gradient 

exposure. (B) Migratory persistence along the x-axis of BMDC in co-migration experiments 

during “Rising” and “Stable” phases of the rising then stable gradient set-up are directly 

compared, followed by comparison of the “Stable” phases of the rising then stable gradient 

set-up with the “Late” period of the continuously rising gradient set-up. Each bar is 

representative of at least 4 experiments with ~10–20 cell tracks per group, mean ± s.e.m. (C) 
Histogram of instantaneous speeds across all cell tracks and all time points in co-migration 

experiments of rising then stable gradient set-up. Data pooled from 4 experiments with 

10-20 cell tracks per group. (D) Angle between the cell’s leading edge and the gradient axis 

measured during stable and rising phases following gradient input (0° = travelling toward, 

90° = travelling perpendicular, 180° = travelling away). Representative data pooled from 4 

experiments with ~10–20 measurements per group, mean ± s.e.m. See also Figure S4, Movie 

S6, and Movie S7.
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Figure 4. Temporal sensing requirement is chemokine-specific
Migratory persistence of (A, C) freshly isolated neutrophils, (B) LPS-matured BMDC 

(cultured 9 days), and (D) immature dendritic cells (cultured 6 days) in response to stable or 

continuously rising source concentrations. Migratory persistence along the gradient (x)-axis 

a shows differential chemotactic behavior based on chemokine type: C5a, (A, D) or 

CXCL12, (B, C). Data pooled from 2 experiments with ~10–20 cell tracks per group, mean 

± s.e.m. See also Figure S4 and Movies S8, S9.
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Figure 5. Following initial polarization, myeloid cells re-orient along spatial gradients of end 
agonist but not intermediate chemokines
(A) Cells were exposed to a spatially homogeneous chemokine concentration for 10 minutes 

(Figure S5) followed by a gradient with a continuously rising source (‘Presoak’) that, within 

30 minutes, reached twice the initial concentration of 0.3 nM and compared with cells 

exposed only to a gradient with a continuously rising source (without presoaking) 

(‘Immediate’). (B, D, F) x-displacement in a chemokine gradient of cells exposed to either 

‘Presoak’ or ‘Immediate’ conditions. Color scale bars (red to black, corresponding to 0 min 
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to 40 min) were used to indicate cell positions at specific times in the track. Data 

representative of 2 experiments with ~10–20 cell tracks per group, mean + s.e.m. (C, E, G) 

Individual cell tracks plotted from a common starting coordinate. See also Figure S5 and 

Movies S10, S11.
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Figure 6. Prolonged chemotaxis of GRK3-deficient cells along gradients of intermediate 
chemokines
(A) As in the experiments described in Fig. 5, WT BMDC were exposed to a spatially 

homogeneous CCL19 chemokine concentration for 20 minutes followed by a gradient with a 

continuously rising source and compared with GRK3-deficient BMDCs exposed to the same 

stimuli within the same assay (simultaneously). (B) As in the experiments described in Fig. 

5, WT neutrophils were exposed to a spatially homogeneous CXCL12 chemokine 

concentration for 10 minutes followed by a gradient with a continuously rising source and 
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compared with GRK3-deficient BMDCs exposed to the same stimuli within the same assay 

(simultaneously). (C, D) Migratory persistence, instantaneous velocity and the angle 

between the cells’ leading edges and the gradient direction were quantified for BMDC (C) 

and neutrophils (D). See also Movies S12, S13.
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