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Neutrophils are critical immune cells that mount fast and pow-
erful responses against microbes entering tissues. Neutrophils 
can respond to chemicals released from microbes and migrate 
directionally following chemical gradients towards these chem-
icals’ source. Neutrophils can also phagocytose the microbes and 
have a potent arsenal of reactive chemicals and enzymes to kill 
these microbes. The transmigration, directional migration, and 
phagocytosis are regarded as crucial processes of neutrophil 
anti-microbial responses. Today, these three processes are 
depicted in cartoons in every immunology book. Plenty of ref-
erences to cell migration and phagocytosis mechanisms accom-
pany these figures that are familiar to every medical student and 
immunologist. However, the traditional depiction of these pro-
cesses is accurate only when small microbes, like bacteria, are 
present in a small number. A recently uncovered process, known 
as neutrophil swarming, is essential in situations when neutro-
phils encounter clusters of bacteria and elongated fungi. 
Individual neutrophils cannot handle these large microbial tar-
gets. Swarming is the result of communication and activation of 
large number of neutrophils against these targets. The transition 
from phagocytosis to swarming can be captured in quantitative 
detail in vitro using novel microfluidic assays and imaging at 
single-cell resolution.1 These new findings expand our under-
standing of how neutrophils accumulate at sites of infections.

Neutrophil swarming provides a significant boost to the accu-
mulation of neutrophils at sites of injury.2 Swarming is essential 
for engulfing microbes and clusters of microbes that are too large 
for individual neutrophils to kill.1 Swarming is a key process for 
the activation of the acquired immunity after vaccines.3 The 

swarming process also seals off tissue damage sites during infec-
tions, mechanical or thermal wounds.2,4 Significant advances in 
the in vivo imaging technologies captured the swarming dynam-
ics in tissues.2,5-7 Moreover, new animal models, like transparent 
zebrafish, are becoming essential tools for studying swarming in 
the complex environment of tissues.4 For human neutrophils, 
new tools for ex vivo studies are essential. These tools could reveal 
altered swarming abilities for neutrophils from patients recover-
ing after trauma, chronic liver failure, and chronic granulomatous 
disease.1,8 Together, the in vivo models and ex vivo assays are 
essential toward understanding the contribution of neutrophil 
swarming to human health and disease. In addition to the identi-
fication of key signaling molecules during swarming, at the 
mechanistic level, a positive feedback loop, also known as a chain 
reaction, gives swarming several characteristics that are unique 
among all the processes of innate immunity.

Chain reactions are self-sustaining processes in which the 
output increases the input (positive feedback loop). Once 
started, chain reactions continue autonomously and progress 
with exponentially increasing intensity. Chain reactions play 
essential roles in chemical, physical, social, and physiological 
processes that, once started, run to completion. A pile of dry 
wood burning is an example of a chemical chain reaction. Each 
piece of burning wood releases enough heat to kindle the sur-
rounding pieces. These, in turn, ignite more wood that burns 
until all wood is turned into ashes. The release of neutrons after 
the collision of neutrons with uranium atoms is an example of 
a physical chain reaction. Each neutron released from the fis-
sion of a heavy uranium atom can release three more neutrons 
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after the collision of other uranium atoms. The process repeats 
again and again, with an increasingly larger number of neu-
trons after each atomic fission. A viral video spreading in a 
social network through multiple sharing and re-distributions 
from each participant are examples of social chain reactions. 
Similarly, alarm or panic can spread by positive feedback among 
a herd of animals to cause a stampede that deepens the panic. 
When enough people panic about their bank deposits, their 
actions could create real liquidity shortages, and scenes of angry 
crowds around banks may, in turn, increase the panic in a clas-
sic case of bank run. The neuro-endocrine reaction during 
childbirth is an example of a physiologic chain reaction. When 
the head of the fetus pushes up against the cervix, it stimulates 
a nerve impulse from the cervix to the brain, which signals the 
pituitary gland to release a hormone called Oxytocin. Oxytocin 
is then carried via the bloodstream to the uterus causing more 
contractions and pushing the fetus toward the cervix, eventu-
ally inducing childbirth. Overall, these examples demonstrate 
the tremendous power of chain reactions to trigger massive 
changes in a short amount of time.

For the swarming neutrophils, the chain reaction is sus-
tained by molecules that are both produced by the neutrophils 
and for which neutrophils possess receptors on their surface. 
Upon encountering a large target, neutrophils release large 
amounts of leukotriene B4 (LTB4) that diffuse in the vicinity 
of the target and generate attractant gradients centered on the 
target (Figure 1). These gradients serve as a guide for neutro-
phils that join the swarm, produce more LTB4, strengthening 

the gradient and triggering the attraction of more neutro-
phils. LTB4 is both the input—directing neutrophils toward 
the target—and the output—being release by neutrophils on 
the target, fitting all the elements of a chain reaction. The 
most substantial evidence for a positive feedback loop during 
swarming so far is for leukotriene B4 (LTB4). The results of 
swarming experiments using neutrophils that lack the high-
affinity receptor for LTB4,2 antagonists of the BLT1 and two 
receptors for LTB4,8 and chemical inhibitors of LTB4 syn-
thesis,1 all converge to support the essential role of LTB4 in 
the chain reaction during swarming. The chain reaction 
assures robust neutrophil responses that are impervious to 
external perturbations.

One of the most intriguing discoveries related to the chain 
reaction during neutrophil swarming is that LTB4 is not the 
only signaling molecule involved. Blocking the LTB4 chain 
reaction disrupts swarming but does not stop it completely.2,8 
Blocking the LTB4 receptors reveals several other molecules 
are contributing to swarming. A hierarchical system that 
includes IL8, complement factors, and maybe other signaling 
molecules emerge from in vivo and in vitro studies.2,8,9 Shorter 
range communication between swarming neutrophils has also 
been recently suggested, involving Ca2+, ATP, connexin 43,4 
and integrin receptors.10 A constellation of mediators are also 
being released from the neutrophil swarm, potentially to coor-
dinate activities between neutrophils, monocytes, lymphocytes, 
vascular, and tissue cells.8 The significance of this robust system 
has yet to be elucidated. So far, the range of mediators appears 
to contribute to the effectiveness of the swarming process in 
various situations. Moreover, when a seal is formed around 
microbes, enzymes and reactive oxygen released inside the 
sealed compartment could reach higher concentrations than 
when these could diffuse in the tissue. Swarming also seals off 
healthy tissues from the release of both reactive chemicals and 
enzymes as well as microbe-released toxins. Most recently, it 
appears that swarming and the release of NETs inside the 
swarms provides a mechanical barrier for growing microbes 
and seals off from healthy tissue by layers of neutrophils.1

One feature of chain-reactions is that their course is termi-
nated only when all the resources are exhausted. The fire in a 
pile of wood ends when all the wood in a pile is consumed; a 
nuclear reaction ends when all uranium atoms are split; a viral 
video ends (being viral) when everyone on social media has 
seen it. Similarly, the end of the chain-reaction accumulation of 
neutrophils accumulation to a microbial infection site would 
happen when all neutrophils from the body become part of the 
swarm, and there are no responsive neutrophils left in the body. 
For a small papercut that gets infected, triggering a neutrophil 
swarming reaction would mean that all the 25 billion neutro-
phils would accumulate at that site, for a ~125 mL total volume 
of pus. Obviously, this is not what happens in vivo. Instead, 
experiments in mice have shown that swarming stops after 
approximately 2 hours and that only a fraction of the neutro-
phils in the body contributes to swarming.2,7 Most neutrophils 

Figure 1. Chain reactions: (A) chain reactions are series of amplification 

loops in which the output increases the input which in turn stimulates the 

output, and (B) swarming is a chain reaction between the neutrophils 

joining the swarm, which release LTB4 and attract more neutrophils 

toward the swarm. The chain reaction accelerates the neutrophil 

convergence on the microbe target and makes it impervious from 

perturbation by the microbes.



Irimia 3

remain in the circulation and are available to respond when a 
second infection takes place. Human neutrophils in vivo accu-
mulate to a swarm for approximately 2 hours before the size of 
the swarm reaches a plateau, even when plenty of neutrophils 
are available around the swarm.8 The natural evolution of neu-
trophil swarms suggests that additional mechanisms tempering 
the chain reaction are active. These mechanisms may be akin to 
the control of fire in modern furnaces and the control of nuclear 
fission in nuclear power plants that assure that the chain reac-
tions deliver consistent, predictable results.

In vitro experiments using synchronized swarms enabled the 
collection and analysis of supernatants and revealed the identity 
of stop signals for neutrophil swarming.8 These studies identi-
fied lipoxin A4 (LXA4) and resolvin E3 (RvE3) as the signals 
that stop the swarming. Not only LXA4 is released with a maxi-
mum at approximately 3 hours after the initiation of swarming, 
but pretreating the neutrophils with LXA4 reduced the size of 
the swarms.8 Interestingly, no protein mediators to inhibit neu-
trophil swarming were identified in this study.8 Moreover, both 
the initiation and plateau phases of swarming are controlled by 
lipid mediators, which share arachidonic acid as a common pre-
cursor. Also surprising, the synchronized-swarms experiments 
revealed that the neutrophils in swarms release a constellation of 
mediators that are known activators of lymphocytes, monocytes, 
endothelial cells, fibroblasts, and adipocytes. These findings 
place neutrophil swarming at the epicenter of inflammatory and 
restorative processes in health and disease.

Overall, neutrophil swarming is a robust emergent behavior, 
which relies heavily on the communication between cells. The 
chain reaction between neutrophils triggered by the large micro-
bial target assures robust and accelerated accumulation of the neu-
trophils on the target. The chain reaction also makes swarming 
less vulnerable to various toxins that microbes possess, many inter-
fering with neutrophil activities. Understating the key processes of 
neutrophil swarming requires new tools for probing inter-cellular 

communication. In combination with the current molecular biol-
ogy tools, new treatments are coming to light that enhance neu-
trophils’ ability to contain microbes during infections.11 These 
treatments may also protect healthy tissues from damage after 
infections and inflammation and trigger long-term anti-microbial 
protection in cooperation with the acquired immunity.

ORCID ID
Daniel Irimia  https://orcid.org/0000-0001-7347-2082

RefeRenCes
 1. Hopke A, Scherer A, Kreuzburg S, et al. Neutrophil swarming delays the growth 

of clusters of pathogenic fungi. Nat Commun. 2020;11:2031.
 2. Lammermann T, Afonso PV, Angermann BR, et al. Neutrophil swarms require 

LTB4 and integrins at sites of cell death in vivo. Nature. 2013;498:371-375.
 3. Stephen J, Scales HE, Benson RA, et al. Neutrophil swarming and extracellular 

trap formation play a significant role in Alum adjuvant activity. NPJ Vaccines. 
2017;2:1.

 4. Poplimont H, Georgantzoglou A, Boulch M, et al. Neutrophil swarming in 
damaged tissue is orchestrated by connexins and cooperative calcium alarm sig-
nals. Curr Biol. 2020;30: 2761-2776.e7. doi:10.1016/j.cub.2020.05.030

 5. Kreisel D, Nava RG, Li W, et al. In vivo two-photon imaging reveals monocyte-
dependent neutrophil extravasation during pulmonary inflammation. Proc Natl 
Acad Sci USA. 2010;107:18073-18078.

 6. Lee EKS, Gillrie MR, Li L, et al. Leukotriene B4-mediated neutrophil recruit-
ment causes pulmonary capillaritis during lethal fungal sepsis. Cell Host Microbe. 
2018;23:121-133 e124.

 7. Chtanova T, Schaeffer M, Han SJ, et al. Dynamics of neutrophil migration in 
lymph nodes during infection. Immunity. 2008;29:487-496.

 8. Reategui E, Jalali F, Khankhel AH, et al. Microscale arrays for the profiling of 
start and stop signals coordinating human-neutrophil swarming. Nat Biomed 
Eng. 2017;1:1-2.

 9. Sun D, Shi M. Neutrophil swarming toward Cryptococcus neoformans is medi-
ated by complement and leukotriene B4. Biochem Biophys Res Commun. 
2016;477:945-951.

 10. Johnson CM, O’Brien XM, Byrd AS, et al. Integrin cross-talk regulates the 
human neutrophil response to fungal β-glucan in the context of the extracellular 
matrix: a prominent role for VLA3 in the antifungal response. J Immunol. 
2017;198:318-334.

11. Alexander NJ, Bozym DJ, Farmer JR, et al. Neutrophil functional profiling and 
cytokine augmentation for patients with multiple recurrent infections: a case 
study. J Allergy Clin Immunol Pract. 2020;S2213-2198(20)30840-0. doi:10.1016/j.
jaip.2020.08.024

https://orcid.org/0000-0001-7347-2082



