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SUMMARY

Neutrophils collectively migrate to sites of injury and infection. How these swarms are coordinated to ensure

the proper level of recruitment is unknown. Using an ex vivomodel of infection, we show that human neutro-

phil swarming is organized by multiple pulsatile chemoattractant waves. These waves propagate through

active relay in which stimulated neutrophils trigger their neighbors to release additional swarming cues. Un-

like canonical active relays, we find these waves to be self-terminating, limiting the spatial range of cell

recruitment. We identify an NADPH-oxidase-based negative feedback loop that is needed for this self-termi-

nating behavior. We observe near-constant levels of neutrophil recruitment over a wide range of starting con-

ditions, revealing surprising robustness in the swarming process. This homeostatic control is achieved by

larger and more numerous swarming waves at lower cell densities. We link defective wave termination to

a broken recruitment homeostat in the context of human chronic granulomatous disease.

INTRODUCTION

During collective migration, individual organisms coordinate

their movement to solve critical tasks. Birds flock, fish school,

and insects swarm to escape predation, find food, and navigate

complex environments efficiently.1–3 These organismal collec-

tives rely on individuals acting on local information, such as

external environmental cues, neighbor behaviors, or self-gener-

ated chemical cues, to create complex emergent decisions. Col-

lective migration is also organized at the cellular level, where

groups of cells coordinate wound healing,4,5 cancermetastasis,6

multicellular morphogenesis,7 and the transition from single-cell

to multicellular existence.8 Although some examples of collec-

tive cell migration arewell understood, such asDictyostelium ag-

gregation,9–13 we lack a comparable understanding of the col-

lective rules that organize the human immune response.

Neutrophils are first responders of the innate immune system

that are recruited to sites of injury and infection to neutralize

invading pathogens and aid in tissue repair.14–16 Because the

primary signals of injury/infection are relatively short-ranged,

activated neutrophils release chemoattractants such as leuko-

triene B4 (LTB4) that act to augment the recruitment of additional

neutrophils. This self-amplified ‘‘swarming’’ process significantly

enhances the speed and range of recruitment,17–21 but this pro-

cess must be tightly regulated to limit collateral damage.17,22–24

Although some brakes on swarming are known,17,20,22 how neu-

trophils control the spatiotemporal dynamics of cell-cell commu-

nication to recruit the appropriate number of cells early in the

swarming process is not well understood.

Although many neutrophil swarming studies have been per-

formed in living animals,17,19,21,22,25–28 the in vivo context pre-

sents several challenges for mechanistic dissection of the

swarming process. For example, multiple cell types modulate

swarm initiation and propagation,22 there are a multitude of

diffusive signals following tissue damage,21,22 and the in vivo

migration environment is complex and difficult to image at

high spatiotemporal resolution. These challenges make it diffi-

cult to mechanistically dissect the regulation of swarming.
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Furthermore, a focus on model organisms precludes the

analysis of swarming for human neutrophils despite known dif-

ferences in primary human neutrophil behaviors compared

with model systems.29,30 To address these limitations, we

leverage an ex vivo assay to study human neutrophil swarming

in response to controllable, reproducible, and well-defined

cues. This assay expands upon our previously developed

ex vivo swarming system20,31 in which a defined grid of heat-

killed Candida albicans ‘‘targets’’ are spotted on a thin slip of

glass to act as an array of swarm initiation sites. Healthy human

primary neutrophils isolated from whole blood are added to the

assay, and swarming responses centered on the targets are

observed with live cell microscopy.

RESULTS

Fast-moving multicellular signaling waves define the

zone of recruitment in human neutrophil swarming

To monitor cell-cell communication in conjunction with more

traditional swarming readouts like motility, we used a cytosolic

calcium dye. Neutrophils increase cytosolic calcium following

exposure to primary chemoattractants and swarming cues

such as LTB4,
32 and we envisioned that monitoring calcium

influx would enable us to follow the propagation of swarming sig-

nals and correlate these to the regulation of directed cell move-

ment (Figure 1A). Furthermore, calcium signals at the core of

injury sites in vivo have been linked to key swarm signaling

A
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Figure 1. Fast-moving multicellular signaling waves define the zone of recruitment in human neutrophil swarming

(A) Ex vivo assay for neutrophil swarming with self-amplified recruitment of cells in response to local site of heat-killed Candida albicans. Human neutrophils are

isolated via immunomagnetic selection and dyed with CalBryte 520-AM (cytosolic Ca2+ reporter, used to monitor neutrophil detection of pathogen and swarming

cues) and Hoechst 3334 (nuclear marker, used to track cell movement). Cells are placed on printed targets of heat-killed Candida albicans, and neutrophil

swarming responses are monitored via confocal microscopy.

(B) Time-lapse sequence of a multicellular wave of neutrophil Ca2+ activity following detection of the fungal target. The dotted line represents the wave boundary,

as tracked by our analysis software; scale bars, 200 mm.

(C) The signaling wave defines the zone of neutrophil recruitment toward the fungal target. The blue dashed line denotes the final radius of the wave shown in (B).

Cell tracks for 3 min following wave initiation are indicated with color corresponding to radial velocity toward the wave center; scale bars, 100 mm.

(D) Average radial velocity for cells inside versus outside the final wave boundary is plotted over 6min for a population of cells during a single wave event (Average

shown with 95% confidence interval shaded; cell tracks inside the wave n = 3,720, outside wave tracks n = 9,499). Wave boundary predicts zone of recruitment

during swarming.

(E) Comparison of mean radial velocity for cells inside versus outside the largest wave boundary in each experiment. Tracks were averaged over the duration of the

wave event, and lines connectmean radial velocities of outer versus inner cells for each experiment. Dependent paired t testp value = 5.83 10�27; targetROIs n= 56.

(F) Average velocity of the signaling waves propagated across the field of cells during swarming compared with the average cell velocity for the cells within these

wave boundaries. Signaling waves are approximately 1 order of magnitude faster than cell movement during swarming.
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events,19 and the simpler planar geometry along with the higher

signal-to-noise imaging of our assay should enable a more sen-

sitive detection of swarm signal propagation to neutrophils far

from the heat-killed Candida albicans target. Although calcium

signaling has been studied during mice and zebrafish swarm-

ing,19,27 it has not during human neutrophil swarming, and a

lack of quantitative tools for analyzing cell-cell communication

has limited a deeper mechanistic dissection of the swarming

process using this readout.

Following neutrophil introduction to the assay, we observe a

calcium influx of the neutrophils that are in contact with the

fungal target as well as multiple multicellular waves of calcium

activity that radially propagate away from the target to sur-

rounding neutrophils (Video S1). An example time course of

these waves is shown in Figure 1B, with the overlaid tracked

boundary of the wave. Wave tracks are calculated by fitting a

circle to a cloud of cells that are determined to be active via cal-

cium signal binning and grouped using the ARCOS algorithm33

(Figures S1A and S1B; Video S1). Wave movement is roughly

isotropic, and the fitting of waves to a circle enables the

tracking of wave propagation kinetics (Figures S1C and S1D).

Immediately following the passage of a signaling wave, cells

rapidly polarize and migrate radially toward the wave origin

site. Cells within the wave perimeter move toward the fungal

target, while cells outside the wave perimeter lack coordinated

movement (Figures 1C and 1D). By analyzing cell responses

across many targets and donors, we observe that most, if

not all, movement occurs within the boundaries of tracked

signaling waves, indicating that these wavefronts represent

an effective boundary of the swarming guidance cue reception

(Figure 1E). Though the propagating waves delimit the zone of

recruited neutrophils, they operate at very different timescales

with respect to neutrophil movement. Signaling waves move an

order of magnitude faster than the resulting neutrophil chemo-

taxis toward the wave origin (Figure 1F) and propagate in the

opposite direction to cell movement during swarming. The

dramatically different timescales of wave propagation and cell

movement suggest that the movement of neutrophils does

not play a significant role in the propagation of individual

swarming waves.

Signaling waves are mediated by LTB4 and are

consistent with active relay, but not core production

models

LTB4, an inflammatory lipid of the leukotriene family, is thought to

be one of the key secreted molecules that regulates neutrophil

swarming.20,21 Neutrophils release LTB4 in response to various

damage-associated pattern molecules and pathogen-associ-

ated pattern molecules,20,34,35 including Candida albicans.36 To

test whether LTB4 reception is required for the rapid long-range

waves in our ex vivo swarming assay, we blocked LTB4 reception

with the LTB4 receptor antagonist BIIL315.
37 Blocking LTB4 re-

ceptors inhibited the rapidly propagating long-range signaling

waves that accompany swarming. In the absence of LTB4 recep-

tion, a much smaller-range, slow-moving signaling wave was

observed (Figures S2B and S2C; Video S2). Quantitative analysis

of wave propagation in both settings indicates that the rapid,

long-range signaling waves that accompany swarming are

dependent on LTB4 reception (Figure 2A).

We next investigated how the LTB4 ligands are propagated

from the target site to the rest of the field. Two models have

been proposed for the signal amplification observed during

swarming. For the relay model of swarming, pioneer neutrophils

at the site of infection secrete LTB4, which activates surrounding

neutrophils to synthesize and secrete additional LTB4 and LTB4

precursors, thereby continuing the relay.21,34,35,38–43 This active

relay mechanism could enable neutrophils to collectively signal

across significant distances from the injury/infection site, analo-

gous to cell-cell signal propagation in aggregating Dictyoste-

lium.44,45 In contrast, for the core productionmodel of swarming,

only neutrophils in direct contact with the site of injury/infection

produce significant LTB4, which then passively diffuses into

the tissue to attract more neutrophils.19 These two swarming

models give very different predictions for the dynamics of prop-

agation of the LTB4 wavefront as it moves away from the site of

infection. The relay model predicts a wave that travels at a fixed

velocity because of continuous signal re-amplification at the

traveling front. This produces an activation zone whose area

(wave-fit circle radius squared [R2]) scales quadratically in

time. In contrast, because the core diffusion model predicts

LTB4 production restricted to a central source, this system is

limited by diffusion and, therefore, its activation area (R2) scales

linearly in time (Figure 2B).

Using this framework, we tracked the radius squared versus

time for multiple waves across many healthy donors in control

cells (Figure 2C) versus LTB4-blockaded neutrophils (Figure 2D)

and fit a power law to each individual wave trajectory. This anal-

ysis reveals that control cells exhibit an LTB4 reception-depen-

dent wave propagation with an alpha close to 2, consistent

with the active relay model of swarming and inconsistent with

the core productionmodel of swarming (Figure 2E). Furthermore,

upon fitting our observations to basic models of active relay and

diffusion from a central source alone,38 we find that the convex

shape of the relay model best matches our early-wave kinetics,

further supporting relay as the mechanism of signal propagation

(Figure 2F). In the absence of LTB4 signal reception, cells exhibit

a slower, shorter-range pattern of signal propagation with an

alpha close to 1 (Figure 2E), consistent with core diffusion alone.

These data suggest that the residual release of non-LTB4

swarming ligands, such as interleukin-8 (IL-8),20 from cells on

the target create a shallow, diffusive gradient with limited che-

moattraction (Figure S2C). These residual waves are best fit

with a central diffusive model and have a radius squared relation

to time that appears linear (Figure 2G). These two examples

establish that we can distinguish between diffusive waves and

relay-mediated ones and that LTB4-receptor-mediated waves

exhibit relay-like, ballistic spreading in the early phase of wave

propagation.

Swarming relay waves self-extinguish through an

NADPH-oxidase-based negative feedback mechanism

Our observation that neutrophil swarming cues radiate from

heat-killed yeast targets via active relay might be expected to

produce waves that continue to propagate as long as there are

nearby receptive cells to continue the wave. This is the behavior

of actively relayed systems, including action potentials, mitotic

waves, and Dictyostelium aggregation.46 We previously pro-

posed an active relay model for swarming in which cells that
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pass a threshold amount of LTB4 themselves create more LTB4,

as shown in Figure 3A.38Once initiated, these waves continue to

propagate indefinitely, given a field of responsive cells. In

contrast with the predictions of a simple relay model, our exper-

imentally observed waves propagate and then abruptly stop

(Figures 3B and 3C), indicating a more complex mode of regula-

tion than positive feedback alone.

Because there are multiple circuits that negatively regulate the

production of LTB4,
47–50 we envisioned that one of these nega-

tive feedback circuits could collaborate with LTB4-positive feed-

back to enable self-termination of neutrophil swarming waves.

What might serve as the activation-dependent inhibitor in this

self-extinguishing relay mechanism? The inhibitor should be

activated downstream of LTB4 reception, and the effect of this

inhibitor should attenuate LTB4 production. NADPH oxidase

activation satisfies both conditions. NADPH oxidase is used in

ROS-dependent pathogen killing downstream of LTB4,
31,47,51

and the inhibition of NADPH oxidase activation potentiates

LTB4 production and neutrophil accumulation during swarm-

ing.31,47,52–54 If NADPH oxidase activity is a critical component

in self-extinguishing relay, we would expect NADPH oxidase in-

hibition to prevent swarming wave termination, thereby enabling

A
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Figure 2. Signaling waves are mediated by LTB4 and are consistent with active relay but not core production models

(A) Signal propagation across a field of neutrophils during swarming for cells in the absence (50 waves) or presence (17 waves) of an LTB4 receptor inhibitor (1 mM

BIIL315); averages shown with 95% confidence interval shaded. LTB4 reception is required for rapid, long-range wave propagation.

(B) Two proposed models of LTB4 propagation from a site of infection to the rest of the field with the predicted kinetics of signal propagation shown for each. In a

relay model of swarming,21,34,38 each activated neutrophil releases LTB4, which stimulates the adjacent cell to release LTB4; this wave should spread with a

constant velocity over time, giving an alpha of 2. For a core production model of swarming,19 only neutrophils at the center of a swarm produce LTB4, which

moves across the field through passive diffusion; this wave should spread with an alpha of 1 (linear on R2 plot).

(C) Average early-wave kinetics for control cells withmean and 95%confidence interval. Individual tracks are fit to a power law equation to determine the alpha of

wave propagation for each experiment.

(D) Wave propagation for LTB4R-inhibited cells averaged with 95% confidence interval are individually fit to a power law equation for the first 2 min following

swarm initiation.

(E) Resulting curve fit alpha parameters for both unperturbed and LTB4Rblockade conditions are plotted, with control cells showingwave propagation consistent

with active relay. LTB4 reception-inhibited cells showed residual wave propagation consistent with core diffusion. Welch’s t test p value = 4.0 3 10�8.

(F) Same data as (C), replotted and fit to a simple relay model.38 For the core diffusion model to match the final radius mean at 60 s, its early kinetics must outpace

the experimental data, allowing us to exclude core production as the dominant mechanism of wave propagation. In contrast, our experimental data are consistent

with active relay.

(G) Same data as (D), replotted and fit to the core model. The shape of the model curve gives a good agreement with our data in this case, indicating that following

LTB4 receptor blockade, residual swarm cues diffuse away from a central source by passive diffusion and not active relay.
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the circuit to appear more like a simple relay system (as in

Figure 3A).

Indeed, when compared with unperturbed waves, cells

treated with the NADPH oxidase inhibitor diphenyleneiodonium

chloride (DPI) produce a single swarming wave that does not

self-extinguish and instead continues to propagate from the

target out of the region of interest (ROI) (or until colliding with

another propagating wave) (Figures 3E, 3F, and S3E; Video

S3). Because DPI affects cell-autonomous roles of NADPH oxi-

dase activity (like membrane depolarization)55–57 as well as the

potential paracrine roles of released ROS,58,59 we next investi-

gated the role of extracellular reactive oxygen species (ROS)

through the use of ROS scavengers catalase and superoxide

dismutase. This extracellular ROS inhibition did not elicit a signif-

icant change in wave-stopping behaviors nor maximum wave

size (Figure 3G). In contrast, DPI-drugged cells produce convex

wave kinetics that are consistent with a simple relaymodel within

the entire boundary of the largest ROI possible for both targets

spaced 1 and 1.5 mm apart (Figures 3H and S3D–S3G). These

results suggest a cell-autonomous role of NADPH oxidase

A
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Figure 3. Swarming relay waves self-extinguish through an NADPH-oxidase-based negative feedback mechanism

(A) Our previously proposed simple diffusive relay model of swarming.38 As cells exceed a threshold amount of extracellular LTB4, they begin to release more

LTB4 to their surroundings, thereby activating adjacent cells to continue the relay. This wave propagates indefinitely once initiated in a homogenous field of cells.

(B) Although experimental waves initially propagate with a relay-like R2 relation, in the latter phase the waves decelerate then stop. Average radial kinetics of 10

large waves with similar termination distances shown with the 95% confidence interval shaded.

(C) Comparing the simple diffusive relay prediction with an average of experimentally observed swarming wavefronts shows how wave behavior diverges from

experiment. Experimental relay waves come to a stop (bottom), whereas simple relay propagates indefinitely (top); axes in mm; wave n = 5. Volunteer N = 2.

(D) NADPH oxidase activation normally limits calcium influx, which, in turn, reduces LTB4 production.47 Inhibition of NADPH oxidase activation removes this

brake on calcium influx and LTB4 production.

(E) Time-lapse sequence of a representative signaling wave for unperturbed neutrophils. Dotted line represents trackedwave boundary. Boundary line is removed

when the wave terminates and dissipates; scale bars, 200 mm.

(F) Time-lapse sequence of a representative signaling wave for cells treated with NADPH oxidase inhibitor (50 mM of DPI for 15 min) before seeding in assay.

Dotted line represents tracked wave boundary that, unlike control cells, continues to propagate beyond the field of view (�400 mm from target); scale

bars, 200 mm.

(G) Sequestration of extracellular ROS through addition of human SOD (200 U/mL) and human catalase (>200 U/mL) to the swarming assay does not appreciably

change wave termination behaviors. In conjunction with the DPI experiments, our work supports the role of cell-intrinsic activation of NADPH oxidase for wave

termination. Wave n = 137, volunteer N = 3. Welch’s t test p value = 0.16, ns.

(H) Inhibition of NADPH oxidase activity via the NADPH oxidase inhibitor DPI (50 mM) produces swarmingwaves that no longer stop in the observablemicroscopic

field and mimic simple relay dynamics throughout their propagation (volunteer N = 3, wave n = 11). Average plotted with 95% cofidence interval and individual

tracks shaded. Dotted line shows a simple relay model could explain the kinetics observed.
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activation in LTB4 production, consistent with previous re-

ports.47 To ensure that this effect on wave dynamics is not an

off-target of DPI, we analyzed neutrophils from chronic granulo-

matosis disease (CGD) patients who have a genetic defect in

neutrophil NADPH oxidase machinery.53 Similar to DPI-treated

healthy donor cells, CGD neutrophils also exhibit non-extin-

guishing wave dynamics within our largest possible ROI (Fig-

ure S3B). Although both DPI-inhibited cells and CGD cells eli-

cited strong recruitment within a signaling event, they only

generate a single large wave compared with the multiple waves

observed in unperturbed, healthy cells (Figure S3C; Video S3).

Modeling a self-extinguishing relay based on a positive

feedback active relay coupled with an activation-

dependent non-diffusible inhibitor

We next sought to mathematically model potential circuit archi-

tectures that could account for the observed self-extinguishing

neutrophil swarming waves. The first architecture we explored

involved a diffusive co-permissive cue released at the core.

This model was quickly discarded due to its dependence on a

biologically implausible diffusion coefficient and its inability to

explain the lack of wave termination following NADPH oxidase

inhibition (see Methods S1; Figures S4H–S4J).

Turning our attention to potential inhibitory circuits that could

underlie a self-extinguishing relay, we found one prior example

of a self-extinguishing relay model attempting to explain the

spatial regulation of blood clotting. In this work, a one-dimen-

sional (1D) model of two separately relayed, diffusive activator

and diffusive inhibitor cues generated a fixed radius of relayed

activation in a cell-free system.60 We explored whether this

model could create wave-stopping solutions in two-dimensional

(2D) and three-dimensional (3D) diffusive environments andwere

unable to find stable solutions for the diffusive conditions in our

assay (Methods S1). Furthermore, this class of models requires a

diffusible inhibitor and is, therefore, incompatible with the cell-

autonomous role that NADPH oxidase activation plays in LTB4

production (Figure 3G).47

To address these deficiencies in bothmodel classes explored,

we constructed a mathematical model based on a diffusive acti-

vator cue and a non-diffusive local inhibitor that is consistent with

our understanding of neutrophil self-extinguishing relay waves.

Our model relies on a single diffusive ligand that triggers different

cellular responses at two different threshold concentrations of

the ligand (Figure 4A). This idea is inspired by previous work

showing that LTB4 can evoke different cellular responses at

different ligand thresholds.61–65 In particular, BLT1 has been

shown to exhibit a ‘‘stepwise’’ phosphorylation pattern that al-

lows the receptor to selectively trigger different arms of the G-

protein-coupled receptor signaling cascade at low (10 nM) and

high (100 nM) amounts of LTB4.64,65 In our self-extinguishing

relay model, cells exposed to a low threshold of activating ligand

(L1) initiate a non-diffusive, local inhibition circuit that starts to

limit the potential of that cell to create more activating ligand.

This low threshold for negative feedback is consistent with pre-

vious reports of sub-nanomolar amounts of LTB4 inhibiting

further LTB4 production in human neutrophils.49 When the cell

is exposed to a higher threshold of activating ligand (L0), it begins

to create more activating ligand locally if the local inhibition has

not yet exceeded some amount (I). This local creation of ligand

serves to help trigger neighboring cells to further relay the acti-

vating cue and is the basis for positive feedback in the system.

This higher threshold for positive feedback is consistent with

higher doses of LTB4, shown to activate and augment key steps

in LTB4 synthesis/release.35,39 Our current model is likely an

oversimplification of the true positive feedback present, which

likely involves a feedforward cascade in which LTB4 generates

and mobilizes arachidonic acid, which then acts in conjunction

with LTB4 to further LTB4 synthesis.
40,42,43

For our self-extinguishing relay model, we can expand on the

analysis for traveling wave solutions first explored in previous

work38 to find four distinct phases for waves that have self-extin-

guishing relay behaviors. In Figure 4B, the initiation of a wave

event begins with the low threshold for inhibitor circuit initiation

(spatially drawn as r1) spaced closely to the higher threshold

for activator production (spatially drawn as r0). As a result, for

cells close to the target, only a small amount of inhibition is

generated before such cells cross the threshold for activator pro-

duction and effective activator cue relay occurs. For each

relaying cell that has crossed both the r1 and r0 threshold of acti-

vator, the intracellular inhibition continues until an inhibitory

maximum threshold value (I) is reached, stopping the production

of further activating cue. This shutoff effect creates a time-de-

layed zone of cells that are no longer able to relay (spatially

drawn as r2). Because the inhibition circuit limits relay behind

the propagation front, cells participating in the relay do so in a

pulsatile manner. At increasing distances away from the target,

the relay threshold is passed closer in time to the cellular shutoff

event, limiting thewindow for activator production until the effec-

tive ‘‘pulse duration’’ falls below a critical value, thereby termi-

nating active relay at the wavefront (Figure S4B).

Consistent with our experimental observations, both contin-

uous and discrete agent-based models generate fields of diffu-

sive activating cue that propagate via a relay that has self-termi-

nating properties (Figures 4C and S4F; Video S4). Ourmodel also

shows a good agreement with experimentally observed relay

propagation kinetics, stopping behavior, and final maximum

radius values (Figure 4D). By turning off inhibition in our model,

we can recover simple relay propagation solutions like

those observed in DPI-treated cells and CGD patient cells (Fig-

ure S4G; Video S4). In our formal analytical treatment of the

continuous model, we identify key mathematical conditions

that are necessary to generate self-extinguishing solutions and

demonstrate the stability of the modeling parameters (Methods

S1; Figures S4C–S4E).

Neutrophils tune the size and number of swarming

waves in response to differences in initial cell density

To investigate the physiological significance of multiple self-extin-

guishing waves, we next sought to probe the relation between

wave size/number and the resulting cell movement and recruit-

ment toward a target. We hypothesized that these wave parame-

ters may be actively adjusted to enable robust homeostatic con-

trol of neutrophil recruitment across a wide range of initial

conditions. First, we analyzed cell movement following a single,

well-separated wave event. Single-cell tracks were aligned based

on the time at which they entered the wave to determine the

average radial migration velocity profile (Figure 5A; unaligned

track averages: Figure S5A). Upon entering a wave, neutrophils
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execute a discrete ‘‘run’’ of movement toward the wave center

and then revert to random, slower movement, similar to the re-

sponses of Dictyostelium to waves of cyclic AMP (cAMP) during

aggregation.11,66 Such a ‘‘step’’ of movement inwards is consis-

tent with the expected behavior from our self-extinguishingmodel

where the chemotactic gradient decays behind the wavefront as

the relay becomes dominated by the local inhibitory mechanism.

These data indicate that a single wave event does not recruit all

cells to the center in one burst. To expand our analysis to multiple

waves, we integrated the radial movement of all cells within a

wave event around a single target (Figures 5B and S5B). Each

wave elicited the recruitment of a group of neutrophils toward a

given target, with largerwave eventsmore potently recruiting cells

compared with smaller wave events (Video S5). When analyzed

across many experiments and donors, the total integrated wave

area correlated strongly with the integrated radial movement of

the cells within wave events (Figure 5C).

To investigate how swarming responses depend on starting

conditions, we next varied the initial cell seeding density in our

assay. At lower cell densities, there is an increase in the inte-

grated calcium signaling area across all waves emanating from

a single target (Figure 5D). As seeding density increases, neutro-

phils attenuate swarming responses by limiting both the size and

number of waves emitted from a given target (Figures 5E and 5F;

Video S5).

Healthy neutrophils can self-limit recruitment unlike

CGD patient neutrophils

We next investigated whether the tuning of wave size and

number enables consistent levels of neutrophil accumulation

∫

A B

C
D

Figure 4. Modeling a self-extinguishing relay based on a positive feedback active relay coupled with an activation-dependent non-diffusible

inhibitor

(A) In this model, a single diffusive ligand propagates through a field of cells. At a low threshold of this extracellular ligand, cells initiate a non-diffusive local inhibition

circuit that limits the relay potential of a given cell; once this inhibition accumulates to a critical level, cells lose their ability to participate in relay. At a higher threshold of

the extracellular ligand, cells begin to emit more of the activating ligand unless the inhibition has accumulated to a sufficient level to block this process.

(B) Based on the dynamics of ligand (purple) diffusion, the wavefront corresponding to the low inhibitory threshold (r1, dotted red line) movesmore rapidly than the

wavefront corresponding to the high activating threshold (r0, dotted blue line). Because of the difference in propagation speeds between the two thresholds, cells

further from the target have longer periods of inhibition buildup (red cells) before initiating positive feedback (blue cells), dampening the relay strength as it moves

away from an initiation site until the relay eventually terminates. As the inhibitory circuit reaches a shutoff threshold value (I), a zone of deactivated cells (indicated

by r2, light gray cells) grows behind the wavefront, ultimately overtaking and destabilizing further wave propagation. Non-activated cells are in dark gray.

(C) Discrete simulations of this model yield a wave of propagating extracellular ligand that moves by active relay close to the initiation site before attenuating and

eventually terminating. Diffusive activator gradient (purple) plotted with r0 (blue) and r1 (red) overlaid (top). Cell state plotted for same simulation as top panels to

demonstrate how activated cells evolve from relaying to shutting off and terminating further relay propagation (bottom).

(D) Because our cellular readout is calcium and not receptor activation, we predict that a calcium pulse occurs between the low (L1) and high (L0) thresholds of our

model. Our model generates simulations that match both early-wave relay kinetics and predict the final wave radius as being within the r1 lower threshold

boundary, after relay shutoff residual diffusion dominates late wave propagation. Experimental data taken from a subset of similarly sized waves with similar

propagation kinetics averaged over time with 95% confidence. Wave n = 5. volunteer N = 2.
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across a range of initial cell densities. For this purpose, we as-

sayed the kinetics of neutrophil accumulation and swarming

wave responses for a range of starting cell densities (Fig-

ure 6A). At low seeding densities, we observed multiple large

waves underlying swarming and accumulation of cells at the

target. At higher seeding density, we observed similar accu-

mulation at the target, but this is achieved by fewer and

smaller waves (Figure 6B). This near-constant recruitment

over a range of starting densities suggests homeostasis in

the swarming response. To extend this observation, we quan-

tified neutrophil recruitment to similarly sized sites of heat-

killed Candida albicans over a 6-fold range of seeding densities

after 60 min (Figure S6B). Across this range of starting condi-

tions, there was a near-constant accumulation of neutrophils

at the target, with targets at the lowest densities attracting

approximately 85% of the cells attracted at the highest

cell densities (compared with 6-fold differences that would

be expected for a non-homeostatic proportional system)

(Figures 6C, 6D, and S6C). Because CGD patient neutrophils

are defective in the negative feedback circuit that is needed

to constrain wave size, we predicted that these cells should

exhibit a defective homeostat and therefore recruit cells

more proportional to their starting density; this is indeed the

case (Figures 6E, 6F, S6D, and S6E).

A B C

D E F

Figure 5. Neutrophils tune the size and number of swarming waves in response to differences in initial cell density

(A) Averaged radial velocities of neutrophil movement toward a target following time of exposure to swarming wavewith 95% confidence interval plotted for 1,758

cell tracks. A single wave produces a transient bolus of neutrophil recruitment.

(B) All cellular tracks inside a wave are integrated for their radial movement (cell track n = 5,813); multiple wave events for the same target are plotted as shaded

areas colored bymaximum final area for an example ROI. Each wave induces a bolus of neutrophil movement toward the target, with larger waves inducing larger

neutrophil responses.

(C) Integrated radial movement of all cell tracks and integrated wave maximum area measurements, calculated across 57 target ROIs, demonstrate the strong

positive correlation between wave signaling area and movement toward a target. Linear fit slope: 7.8 mm ± 0.8, 95% confidence interval. A control where all cell

tracks are considered is in Figure S5C.

(D) Relation of seeding density to cell accumulation at target. Integrated wave maximum area measurements taken for each target ROI over 45 min. Linear fit

slope: �6.3 3 104 mm2 per 1,000 cells/mm2 ± 1 3 104, 95% confidence interval. Lower cell densities elicit larger and more numerous swarming waves;

representative panel insets scale bars, 200 mm.

(E) The number of waves emanating from a given target are inversely correlated with the seeding density of cells surrounding the target. Linear fit slope: �0.2

waves per 1,000 cells/mm2 ± 0.07, 95% confidence interval. Red dots refer to representative Ca2+ traces in Figure S5D.

(F) The maximum radius of waves emanating from a given target are also inversely correlated with the seeding density of cells surrounding a target. Linear fit

slope: �6.4 mm per 1,000 cells/mm2 ± 1.0, 95% confidence. Red dots refer to representative wave events in Figure S5E.
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DISCUSSION

By applying quantitative methods to a key dynamic readout of

cell-cell signaling in a highly controllable ex vivo swarming

assay, our work reveals self-extinguishing chemoattractant

waves that control human neutrophil recruitment to sites of

heat-killed Candida albicans. These waves propagate through

an LTB4-dependent active relay (Figure 2), and the self-extin-

guishing of these waves depends on a NADPH-oxidase-based

negative feedback loop (Figures 3 and 4). The self-extinguish-

ing property of these waves enables neutrophils to leverage

positive feedback amplification without a runaway reaction

that would otherwise result in unconstrained recruitment (Fig-

ures 5 and 6). Furthermore, the propagated waves generate

temporally evolving, spatially sharp guidance cues that have

been shown to enable more effective chemotaxis than static

spatial gradients.66–69 Behind a wavefront, decaying gradients

could further prevent cells from over accumulating at the core

of swarms as cellular memory mechanisms lose strength66

and as chemotaxis-inhibitory LTB4 metabolites accumu-

late.68,70,71 Self-organizing chemoattractant gradients are

seen in a wide diversity of other multicellular settings—from

Dictyostelium chemotaxis and aggregation,9–12,68,72 to cancer

cell dispersal,6 to embryonic morphogenesis7,73,74—and have

a number of considerable advantages relative to fixed-source

and sink gradients.69,75,76

A B

C D

E F

Figure 6. Healthy neutrophils can self-limit recruitment unlike CGD patient neutrophils

(A) We used Hoechst nuclear staining to assay the dynamics of neutrophil accumulation at the fungal target over a range of starting cell densities; scale

bars, 100 mm.

(B) Signaling waves for each target in (A) are plotted as shaded areas colored by maximum final area as in Figure 5B. Each wave contributes to neutrophil

accumulation at the target. Both high and low seeding densities result in the same final cell accumulation at the target, and this is accomplished by larger and

more frequent waves for cells at lower seeding densities.

(C) Z stack measurements taken across multiple ROIs per well 60 min after seeding swarming assays at different cell densities. Accumulation measured as

integrated fluorescence at target site divided bymedian single-cell nuclear fluorescence. Only a small change in final neutrophil target accumulation is seen over a

6-fold range of cell swarming densities, compared with expectation for swarming directly proportional to cell density (proportional recruitment, orange line).

Linear fit slope: 27 cells accumulate at target site per 1,000 cells/mm2 ± 4 cells; 95% confidence interval.

(D) Representative grayscale images given of Hoechst intensity for in-focus z plane of an ROI with the accumulation boundary indicated. Scale bars, 100 mm.

(E) Widefield measurements taken across multiple ROIs per well 60 min after seeding swarming assays with different cell densities of either control donor cells or

CGD (NADPH-oxidase-defective) human donor cells. Accumulationmeasured similar to (D), see STARMethods. CGD linear fit line slope: 297 cells accumulate at

a target per 1,000 cells/mm2± 19 cells, 95%confidence interval (volunteerN = 4, target n= 253). Healthy control linear fit line slope: 40 cells accumulate at a target

per 1,000 cells/mm2 ± 4 cells (volunteer N = 3, target n = 157).

(F) Representative accumulations of CGD cells are shown with their corresponding seeding cell densities. Scale bars, 100 mm.
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Based on our work, there are interesting parallels between

neutrophil recruitment during swarming and Dictyostelium

recruitment during aggregation. Both systems use active relay

mechanisms to generate the self-organizing gradients of chemo-

attractants that regulate collective migration. Both systems need

to limit the number of cells recruited to a given recruitment site.

Although controlled recruitment is critical for the proper regula-

tion of multicellular morphogenesis in Dictyostelium, neutrophils

require controlled recruitment to balance collateral tissue dam-

age and optimal host defense. Importantly, Dictyostelium aggre-

gation waves are not inherently self-limiting but instead rely on

the interference of multiple aggregation sites to enable a large

field of responsive Dictyostelium to be partitioned into multiple

appropriately sized aggregation centers. In contrast, neutrophils

require flexibility in responding to single ormultiple simultaneous

aggregation sites and thus deploy a fundamentally different self-

extinguishing relay to enable recruitment sites to individually

self-limit, whether there is one site or many.

Our work reveals surprising robustness in the swarming pro-

cess in which a near-constant number of cells are recruited

over a significant range of initial cell concentrations. The self-ex-

tinguishing nature of the relay enables the system to adjust the

number and size of swarming waves for this homeostatic control

of neutrophil recruitment. Disruption of this homeostat has se-

vere consequences for inflammation in vivo. CGD patient neutro-

phils (that are defective in NADPH oxidase activation) are known

to overproduce LTB4 and hyperaccumulate at sites of injury/

infection in vitro and in vivo.31,47,52,54,77,78 Our work shows that

these cells are defective in a key negative feedback arm that

limits the spatial range of swarming signals and therefore lack

one of the homeostats that normally constrains cell swarming.

Beyond our ex vivo system, it will be interesting to probe how

other cell types influence the initiation, kinetics, and termination

of neutrophil swarm waves.20–22,79 We have focused on heat-

killed Candida albicans-triggered neutrophil swarming (whose

closest parallel is likely an infected lymph node),21,26 but it will

be interesting to compare how sterile injury19,21,28,80 and com-

bined injury/infection19,26 change the dynamics of the swarming

process. Although other swarming terminators (such as Grk2

activation)17 control the duration of swarming, the NADPH oxi-

dase negative feedback circuit studied in our work also controls

the spatial range of neutrophil swarming. It will be interesting to

probe how these swarming termination programs relate to one

another. Finally, as there are a number of other human diseases

with known swarming defects,81–83 it will be interesting to deter-

mine how these disease states interact with our model parame-

ters and affect the self-extinguishing relay system we study in

this work.

Limitations of the study

Our work captures several key features of neutrophil swarming,

including LTB4-based active relay and NADPH-oxidase-depen-

dent wave termination. However, there are some experimental

features that our self-extinguishing relay model does not capture

yet. For example, we do not yet understand the inverse relation

between cell density and wave size that is likely critical for con-

stant neutrophil recruitment over a range of starting conditions.

This behavior presumably necessitates additional diffusible in-

hibitors, like adenosine,43,48,84 that can be shared between cells

and act as global quorum sensors. We also do not explicitly

model the process of wave initiation. In contrast to the highly pe-

riodic initiation events seen in Dictyostelium cAMP aggregation

waves,12 neutrophil swarming waves are less regular, and the

basis of neutrophil swarming wave initiation is unknown. Finally,

our ex vivo system likely over-simplifies signal propagation be-

tween neutrophils and it will be interesting to see how the system

observed here translates into the in vivo context.
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L€ammermann, T., and Reátegui, E. (2021). Analyzing Inter-Leukocyte

Communication and Migration In Vitro: Neutrophils Play an Essential

Role in Monocyte Activation During Swarming. Front. Immunol. 12,

671546. https://doi.org/10.3389/fimmu.2021.671546.

80. Park, S.A., Choe, Y.H., Park, E., and Hyun, Y.-M. (2018). Real-time dy-

namics of neutrophil clustering in response to phototoxicity-induced cell

death and tissue damage in mouse ear dermis. Cell Adh. Migr. 12,

424–431. https://doi.org/10.1080/19336918.2018.1471322.

81. Knooihuizen, S.A.I., Alexander, N.J., Hopke, A., Barros, N., Viens, A.,

Scherer, A., Atallah, N.J., Dagher, Z., Irimia, D., Chung, R.T., and

Mansour, M.K. (2021). Loss of Coordinated Neutrophil Responses to the

Human Fungal Pathogen, Candida albicans, in Patients With Cirrhosis.

Hepatol. Commun. 5, 502–515. https://doi.org/10.1002/hep4.1645.

82. Alexander, N.J., Bozym, D.J., Farmer, J.R., Parris, P., Viens, A., Atallah, N.,

Hopke, A., Scherer, A., Dagher, Z., Barros, N., et al. (2021). Neutrophil

functional profiling and cytokine augmentation for patients with multiple

recurrent infections: A case study. J. Allergy Clin. Immunol. Pract. 9,

986–988. https://doi.org/10.1016/j.jaip.2020.08.024.

83. Barros, N., Alexander, N., Viens, A., Timmer, K., Atallah, N., Knooihuizen,

S.A.I., Hopke, A., Scherer, A., Dagher, Z., Irimia, D., and Mansour, M.K.

(2021). Cytokine Augmentation Reverses Transplant Recipient

Neutrophil Dysfunction Against the Human Fungal Pathogen Candida albi-

cans. J. Infect. Dis. 224, 894–902. https://doi.org/10.1093/infdis/jiab009.

84. Flamand, N., Boudreault, S., Picard, S., Austin, M., Surette, M.E., Plante,

H., Krump, E., Vallée, M.J., Gilbert, C., Naccache, P., et al. (2000).

Adenosine, a potent natural suppressor of arachidonic acid release and

leukotriene biosynthesis in human neutrophils. Am. J. Respir. Crit. Care

Med. 161, S88–S94. https://doi.org/10.1164/ajrccm.161.supplement_1.

ltta-18.

ll
OPEN ACCESSArticle

Developmental Cell 59, 1–13, October 7, 2024 13

Please cite this article in press as: Strickland et al., Self-extinguishing relay waves enable homeostatic control of human neutrophil swarming, Devel-

opmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.06.003



STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Orion

Weiner (orion.weiner@ucsf.edu).

Materials availability

This study did not generate new reagents.

Data and code availability

d All data used in this work is available for free, open access download via Dryad at https://doi.org/10.5061/dryad.k0p2ngfg2.

d All code used in this work is available for free, open access download via Zenodo at https://doi.org/10.5281/zenodo.11123474.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

RPMI (w/o Phenol Red, L-Glutamate) Gibco 11835030

1M HEPES Gibco 15630080

Human Serum Albumin Sigma A5843

Hoechst 3334 Invitrogen H3570

CalBryte 520 AM AAT Bioquest 20650

Heat inactivated FBS Gibco 16140-071

Poly-l-lysine Sigma-Aldrich P8920-100ml

ZETAG 8185 Solenic N/A

Fibronectin from human plasma Sigma F0895

DPBS Gibco 14190-144

BIIL315 Boehringer Ingelheim N/A

Diphenyleneiodonium chloride (DPI) MedChemExpress HY-100965

Superoxide Dismutase from human erythrocytes Sigma 9636-1KU

Catalase from human erythrocytes Sigma 219008-1MG

Anhydrous DMSO Invitrogen D12345

Critical commercial assays

Stemcell EasySep Direct Human Neutrophil Isolation Kit StemCell Technologies 19666

Software and algorithms

Fiji/ImageJ2 (v2.14.0/1.54f) N/A https://fiji.sc/

Python/Conda N/A https://anaconda.org/

ARCOS N/A https://arcos.gitbook.io/home/

Stardist N/A https://github.com/stardist/stardist

Julia N/A https://julialang.org/

Other

.22um Seriflip Filter Millipore Sigma SE1M179M6

23-gauge butterfly needle collection set BD 23-021-022

Vacutainer EDTA tubes BD 366643

1.5H Glass Coverslip Ibidi 10812

8-well sticky-Slide Ibidi 80828

Fisherbrand LowRetention 1.5mL microcentrifuge tubes Fisher 02681320
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Healthy blood specimens from patients were obtained with informed consent according to the institutional review board-approved

study protocol at the University of California - San Francisco (Study #21-35147). CGD blood specimens from patients were obtained

with informed consent according to the institutional review board-approved study protocol at the Massachusetts General Hospital

and the National Institutes of Health. Volunteers were informed not to take ibuprofen, acetaminophen, or more than one drink of

alcohol within 24 hrs, class 1 or 2 antihistamines within 5 days, or aspirin within 7 days of blood draw. Volunteer demographics

such as age and sex are provided in the final section of Methods S1. For most figures, the healthy UCSF donor pool was used.

The NIH CGD and shipped control cohort was used to generate Figures 6E, 6F, S3B, and S3C (CGD), and Figures S6B, S6D, and

S6E. Informed consent was obtained for use of human tissues in research.

METHOD DETAILS

Neutrophil Isolation Protocol

Imaging media was first prepared with RPMI (w/o Phenol Red, 25mMHEPES, L-Glutamate) and 0.4% Human Serum Albumin (HSA)

(Sigma Cat: A5843). HSA was added directly to RPMI and then centrifuged at 500xg for 5 min until fully dissolved. The mix was then

filteredwith a.22 mmSteriflip filter (Millipore Sigma: SE1M179M6) before further use. Imagingmediawas always prepared fresh on the

same day of imaging.

Blood specimens from patients were obtained with informed consent according to the institutional review board-approved study

protocol at the University of California - San Francisco (Study #21-35147). Fresh samples of peripheral blood (2 tubes, 7 mL each)

from healthy adult volunteers were collected via a BD 23-gauge butterfly needle collection set (SKU: 23-021-022) into 10 ml BD Va-

cutainer EDTA tubes (SKU:366643). Volunteers were informed not to take ibuprofen, acetaminophen, or more than one drink of

alcohol within 24 hrs, class 1 or 2 antihistamines within 5 days, or aspirin within 7 days of blood draw. Blood was kept on a shaker

at minimum setting and utilized within 2 hours of the draw. Neutrophils were isolated using the Stemcell EasySep Direct Human

Neutrophil Isolation Kit (#19666) with the BigEasy magnet (#18001) according to the manufacturer’s protocol.

Isolated neutrophils were spun down at 200xg for 5 min and then resuspended in a dye media consisting of imaging media plus

5 mg/ml Hoechst 3334 (Invitrogen, Cat:H3570), and 1 mMCalBryte 520 AM (AAT Bioquest, Cat: 20650). This cell suspension was incu-

bated at room temperature in the dark for 15 min, and then spun down at 200xg for 5 min. The dye medium was aspirated and re-

placed with an amount of cell culture media of RPMI (Gibco) with 10% heat inactivated FBS (Gibco) needed to achieve a final cell

density at or below 1x106 cells/mL. Purified neutrophils were then kept in polystyrene T25 flasks at 37�C in a 5% CO2 environment

until imaging. Cells were allowed to incubate for at least one hour before imaging began and not more than 5 hours after isolation.

Allowing the cells to rest in culture before imaging helped ensure that Ca2+ signaling was more consistent and less noisy across

volunteers.

CGD Cell Isolation

For CGD cells use in this work, the following changes to the above protocol were made. First, blood specimens were drawn from

patients at the NIH campus for either control healthy donors or donors verified to have CGD. Samples were collected into 10ml

BD Vacutainer EDTA tubes, and blood was shipped overnight in a temperature-controlled box using Phase 22 room temperature

packs. Both CGD and healthy control blood were shipped together with each run to control for effects of shipping blood overnight

to MGH. Blood was isolated in the samemethod as above as soon as it arrived in lab at around 10:30 am each day experiments were

performed. Cells were not used more than 5 hours after isolation, and all accumulation experiments took place within 2 hours post

isolation.

Neutrophil Swarming Chip Protocol

Swarming arrays of C. albicans were prepared as described previously, with modifications (6, 7). Briefly, we used a microprinting plat-

form (Picospotter PolyPico Galway, Ireland) to print a solution of 0.1%poly-l-lysine (Sigma-Aldrich) with ZETAG 8185. For experiments,

weprinted arrayswith either 1.0mmor 1.5mmspacing as indicated in an 8well format on full sizedNo. 1.5Hglass coverslips (Ibidi, Cat #

10812). Coverslipswere dried and then left at room temperature until required. To attach an infection-likematerial to these arrays, 8-well

sticky-Slide attachments (Ibidi, Cat # 80828) were overlaid on the printed arrays. An overnight culture of live C. albicans yeast was heat

killed at 90�C for 20 minutes before being washed and re-suspended in dH2O, then 750 mL of this suspension was added to each well

and incubated for 5 minutes. Following incubation, wells were thoroughly washed out with dH2O to remove unbound targets from the

glass surface.Wells were screened to ensure appropriate patterning of targets onto the spots with minimal non-specific binding before

use. The well attachment was then removed, and the coverslips were stored at 4�C until ready for use.

When preparing to use a patterned coverslip, the coverslip was first re-inspected for coating and target integrity. An Ibidi 8 well

sticky-slide (Cat: 80828) was pressed firmly on to the slide, and a pipette tip was run along the bottom to ensure a proper seal

was formed. The coverslip-well combo was then incubated in a 37�C oven overnight. Next a 200 mL mixture of imaging media

plus 15 mg/ml Fibronectin from human plasma (Sigma, Cat: F0895) was pipetted into each well that was to be used that day. The

slide was then incubated for 30 min at 37�C and washed 3x with 200 mL/well of PBS (-/- Ca/Mg). The final wash of PBS was left

on the well until imaging.
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Neutrophil Swarming Imaging Protocol

Cells were imaged as follows except when using CGD cells (See below). Neutrophils in culture were taken and placed into Fisher-

brand LowRetention 1.5mL microcentrifuge tubes (Cat: 02681320) and spun down at 200xg for 5 min. Cells were resuspended at

variable concentrations ranging from 3x106 - 10x106 cells/mL in a freshly made solution of imaging media. These cell solutions

were then allowed to rest at room temperature for 15 min. When the wait time had elapsed, the wash PBS was taken off the well

to be imaged and 200 mL of the neutrophil solution pipetted into the well. Imaging began as soon as imaging conditions could be

verified after placing the cells into the well. Most confocal microscopy data was collected using a Nikon Ti2-E body scope configured

with a CrestOptics X-Light V2 confocal spinning disk system, a Lumencor Celesta light engine, Nikon 10x CFI Plan Apo Lambda

objective, an Okobox temperature and CO2 controlled environment, and a Photometrics Prime 95B sCMOS camera. Revision

confocal microscopy data was collected using a Nikon Ti2-E body scope configured with a CrestOptics X-Light V3 confocal spinning

disk system, a Lumencor Celesta light engine, Nikon 10x CFI Plan Apo Lambda objective, an Okobox temperature and CO2

controlled environment, and a Photometrics Kinetix sCMOS camera. All data was taken using the same levels of laser power

from the 405 nm and 488 nm. The camera was run in a 2x2 binning mode with a set exposure time of 200 ms for all channels. All

videos are taken with a frame interval of 5 seconds between exposures unless otherwise indicated. All videos were taken at 37�C

with 5% CO2 for the duration of imaging.

Where indicated, this protocol wasmodified as follows to add the inhibitors used in this study. For the LTB4 inhibitor BIIL315 (Boeh-

ringer Ingelheim via opnMe), the drug first resuspended in DMSO at a stock concentration of 10 mM. The stock was then diluted in

resuspension media (RPMI+0.4%HSA) to a final concentration of 1 mMbefore resuspending cells in the final step for imaging sample

preparation. Cells were incubated in this drug-media solution for 15min before starting the experiment. The drug was kept in solution

for the duration of imaging. For Diphenyleneiodonium chloride, or DPI (MedChemExpress, Cat: HY-100965), the drugwas bought in a

premixed solution of DMSO at a stock concentration of 10mM. The drugwas diluted to a final concentration of 50 mM in RPMI + 0.4%

HSA before resuspending cells in the final step for imaging sample preparation. Cells were incubated in this drug-media solution for

15 min before starting the experiment. The drug was kept in solution for the duration of imaging. For SOD + Catalase, each

lyophilized protein was separately suspended in imaging media (RPMI + 0.4% HSA) and allowed to dissolve. Aliquots were

made and stored at -80C. Before imaging, aliquots were thawed on ice and diluted in imaging media to a final concentration of

200 U/mL for SOD (Sigma Cat #9636-1KU), >200U/mL for Catalase (Sigma Cat #219008-1MG). Since Catalase was provided

with only a range of specific activity (>50,000 U/mL), the final concentration in the swarming assay was 4.27ug/mL to give an activity

range of >213U/mL. Cells were incubated in this protein containing media solution for 15 min before starting the experiment. The

proteins were kept in solution for the duration of imaging.

CGD Donor Cell Accumulation Imaging

Neutrophils in culture were taken and placed into 1.5 mL microcentrifuge tubes and spun down at 200xg for 5 min. Cells were

resuspended at variable concentrations ranging from 3x106 - 10x106 cells/mL in a freshly made solution of imaging media.

These cell solutions were then allowed to rest at room temperature for 15 min. When the wait time had elapsed, the wash

PBS was taken off the well to be imaged and 200 mL of the neutrophil solution placed in the well. End point accumulation im-

aging was performed 60 min after the wells were seeded with cells. Images were collected using a widefield florescence Nikon

Ti-E body scope configured with a Nikon 10x Plan Flour objective equipped with a 37�C temperature and 5% CO2 environ-

mental chamber.

CGD Donor Calcium Imaging

Neutrophils in culture were taken and placed into 1.5 mLmicrocentrifuge tubes and spun down at 200xg for 5 min. To avoid cell acti-

vation, cells were resuspended in the same media they were cultured in, RPMI + 10% FBS. These cells were left to rest for 15 min at

room temperature, and then added to the well and imaged immediately. Timelapse imaging was performed on a Nikon Ti-E body

widefield florescence scope, with a 10x Nikon objective, and wells were inside a stage top 37�C incubation unit.

Simulation Methods

In our study, we employed two distinct simulation approaches to model the system: a continuous partial differential equation (PDE)

model and a discrete agent-based model.

Continuous PDE Simulation: For simulating the continuous PDE, we utilized the Julia DifferentialEquations package with the Ro-

das5P solver. This solver is a 5th order A-stable stiffly stable Rosenbrock method complemented by a stiff-aware 4th order interpo-

lant. This choice was motivated by its robust performance in handling stiff equations when the step function is included. In the thick

extracellular medium limit, we performed discretization in cylindrical coordinates (r, z), under the assumption of circular symmetry.

Discrete Agent-Based Simulation: The discrete agent-based model was simulated using the Julia CellBasedModels package.

This method facilitates the modeling of interactions between cells and their medium. Unlike the continuous model, the stochastic

nature of this approach breaks the circular symmetry. Therefore, we opted for a simpler ODE solver, the Tsit5 from the

DifferentialEquations package. Tsit5, or the Tsitouras 5/4 Runge-Kutta method, offers a balance between accuracy and compu-

tational efficiency in the discrete model. Additionally, GPU computing significantly enhanced our simulation’s performance of the

large discrete simulations.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image Quantification

All image analysis presented in this workwas achieved via the use of both Fiji (ImageJ) and Python. Imageswere pre-processedwhen

needed to split one field of view into 4 quadrant ROIs to simplify the downstreamPython analysis. All python analysis for each graph is

provided as open-source code in the form of both scripts and Jupyter notebooks on Github (https://github.com/strickland-ev/

swarming-self-extinguishing-relay-publication), and the same code is present on Zenodo https://doi.org/10.5281/zenodo.

11123474.

ARCOS Wave Tracking

See code posted onGithub or Zenodo (https://doi.org/10.5281/zenodo.11123474) for amore direct explanation of themethods used

and the code used for each figure. Broadly, to track cells trackpy was used to link frames where nuclei were identified via a custom

StarDist model. The ARCOS algorithm was used to group like calcium events. Further analysis of cell tracks was done via custom

python code included in the Github jupyter notebooks; the same code is also posted on Zenodo (https://doi.org/10.5281/zenodo.

11123474).

Statistical Analysis

Details on each statistical analysis used in the figures are provided in the figure caption with the test details and test results. Briefly, a

dependent paired t-test was used in Figure 1E, a Welch’s t-test was used in Figure 2E, and a Welch’s t-test was used in Figure 3G.

Technical measurement number (n) and biological replicate number (N, independent volunteer samples) is always provided in the

figure legend for each measurement given. Tests were performed with the standard python package scipy.stats. When averaging

data over time in a figure, details are always provided in the figure legend. Data averages and confidence intervals are generated

using the python seaborn package.
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