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Neutrophils discriminate live from dead bacteria by
integrating signals initiated by Fprs and TLRs
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Abstract

The mechanisms whereby neutrophils respond differentially to live
and dead organisms are unknown. We show here that neutrophils
produce 5- to 30-fold higher levels of the Cxcl2 chemokine in
response to live bacteria, compared with killed bacteria or isolated
bacterial components, despite producing similar levels of Cxcl1 or
pro-inflammatory cytokines. Secretion of high levels of Cxcl2,
which potently activates neutrophils by an autocrine mechanism,
requires three signals. The first two signals are provided by two
different sets of signal peptides released by live bacteria, which
selectively activate formylated peptide receptor 1 (Fpr1) and Fpr2,
respectively. Signal 3 originates from Toll-like receptor activation
by microbial components present in both live and killed bacteria.
Mechanistically, these signaling pathways converge at the level of
the p38 MAP kinase, leading to activation of the AP-1 transcription
factor and to Cxcl2 induction. Collectively, our data demonstrate
that the simultaneous presence of agonists for Fpr1, Fpr2, and
Toll-like receptors represents a unique signature associated with
viable bacteria, which is sensed by neutrophils and induces Cxcl2-
dependent autocrine cell activation.
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Introduction

Activation of host defenses during infection is triggered by special-

ized pathogen recognition receptors (PRRs), such as Toll-like recep-

tors (TLRs), expressed by cells of the innate immune system. Each

PRR is activated upon binding to one or few cognate ligands,

consisting of evolutionary conserved microbial molecules

designated as pathogen-associated molecular patterns or PAMPs. In

order to avoid excessive or prolonged activation that may lead to

serious pathology, the defense system regulates the magnitude of its

responses according to the actual danger associated with the pres-

ence of microbial products. This is accomplished in two ways. First,

the presence of self-components associated with tissue damage

(damage-associated molecular patterns or DAMPs) is sensed by

some PRRs and other specialized receptors, leading to enhanced

inflammatory responses (Zindel & Kubes, 2020). Second, immune

cells selectively detect the presence of molecules associated with

viable organisms, which enables them to respond more vigorously

to live than to dead microbes. The importance of this form of live/

dead discrimination has long been recognized in regard to the supe-

rior ability of live vaccines, compared to inactivated ones, to induce

protective immunity (Rauh & Schmidt, 1965; Lauvau et al, 2001),

although the underlying molecular mechanisms are still incom-

pletely understood (Ugolini & Sander, 2019). It has been proposed

that the presence of products from dead bacteria (such as DNA,

RNA, or polymeric peptidoglycan) in the extracellular space signals

the end of the infection process, leading to downregulation of

inflammatory responses and tissue repair (Vance et al, 2009; Neyen

et al, 2016). Others have postulated, in addition, the existence of a

class of PAMPs, called vita-PAMPs, that are specifically associated

with viable bacteria and are capable of triggering distinctive

responses in macrophages and dendritic cells, including robust

inflammasome activation and production of interferon-b (Sander

et al, 2011; Blander & Sander, 2012). Importantly, these studies have

shown that procariotic RNA, which is more abundant in live than in

killed bacteria, can act as a vita-PAMP by triggering TLR signaling

in macrophages and dendritic cells. Convincing evidence that other

bacterial products, such as quorum sensing molecules and cyclic di-

nucleotides, act as vita-PAMPs is not available yet (Ugolini &

Sander, 2019). Little is known of the live/dead pathogen discrimina-

tion capabilities of neutrophils. This kind of knowledge seems

important, since neutrophils are the first cells to reach infection sites

and potently shape subsequent events, including the recruitment of

other cell types, pathogen clearance, and tissue repair or damage

(Kobayashi et al, 2005; Deniset & Kubes, 2016; Kang et al, 2020).
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Neutrophils migrate from the blood into sites of infection and/or

tissue damage by moving toward increasing concentrations of dif-

ferent, locally presented chemoattractants released from a variety of

sources (Majumdar et al, 2014). Primary attractants, such as formy-

lated peptides, originate from bacteria or damaged cells and provide

short range guidance cues toward these “end targets”. Secondary or

intermediate attractants, such as leukotriene B4 (LTB4) and chemoki-

nes of the CXCL8 family, are released from endothelial cells and other

resident cells (Kolaczkowska & Kubes, 2013). Secondary attractants

can be also produced by neutrophils themselves during their migra-

tion, thereby relaying to other neutrophils chemotactic signals in a

feed-forward amplification loop. This relay of signals between neutro-

phils choreographs dynamic cell aggregations, as visualized by intrav-

ital microscopy, and extends the recruitment range of these cells over

long distances from primary attractants (Kienle & Lammermann,

2016). In the present study, we focused on neutrophil-derived Cxcl2,

since this chemokine plays non-redundant roles in relaying chemotac-

tic signals to other neutrophils and in promoting autocrionous cell

activation (Li et al, 2016; Girbl et al, 2018; Lentini et al, 2020). Cxcl2

(or Mip2) is a member of the CXCL8 family of cytokines (Russo et al,

2014), which, together with Cxcl1 (or KC) performs in the mouse

similar functions as human CXCL8 in recruiting neutrophils to

inflammation sites (Zlotnik & Yoshie, 2012). We show here that

neutrophils produce high levels of Cxcl2 in response to live, but not

killed, bacteria in a manner involving the simultaneous activation of

TLRs and of receptors for formylated peptides (Fpr). This form of

live/dead discrimination requires signaling from both Fpr1 and Fpr2,

each of which plays a non-redundant role in recognizing a specific set

of secretory signal peptides released by live bacteria. TLRs and Fprs

strongly synergize in determining the sequential activation of the p38

MAP kinase and the AP-1 transcription factor, leading to Cxcl2 induc-

tion. Our data indicate that formylated peptides function as a novel

class of vita-PAMPs in driving high-level Cxcl2 production and

neutrophil activation.

Results

Live, but not killed, bacteria induce high-level Cxl2 responses
in neutrophils

In view of the crucial role of neutrophil-derived Cxcl2 in host

defenses (Girbl et al, 2018; Lentini et al, 2020), we sought to identify

the bacterial products responsible for induction of this chemokine in

bone marrow-derived murine neutrophils. We initially used

mixtures of prokaryotic DNA + RNA, since it was previously found

that innate antibacterial responses require the endosomal receptors

TLR7, TLR9, and TLR13 (Signorino et al, 2014; Mohammadi et al,

2016; Fama et al, 2020; Lentini et al, 2020), which are known to

recognize bacterial RNA (TLR7 and 13) and DNA (TLR9). Accord-

ingly, a 1:1 DNA + RNA mixture potently induced TNF-a and Cxcl1

production in neutrophils at levels that were similar or slightly

lower than those induced by whole bacteria, such as group B strep-

tococcus (gram-positive) or Escherichia coli (gram-negative; Fig 1A

and C). Surprisingly, however, DNA+RNA, as well as killed bacteria

or LPS, induced Cxcl2 elevations that were 10- to 30-fold lower than

those induced by live bacteria (Fig 1E). Bacteria killed with ethanol,

gentamycin, or ultraviolet light were similarly unable to induce

high-level Cxcl2 responses (data not shown). We also tested purified

mRNA, which was previously found to act as a vita-PAMP in macro-

phages (Sander et al, 2011), in comparison with other nucleic acid

species. However, only modest Cxcl2 responses were elicited by

mRNA, rRNA, or DNA, although these stimuli induced robust Cxcl1

production in a fashion that was totally dependent on their respec-

tive cognate TLR (TLR7, 13 and 9, respectively; Fig EV1). These

data indicate that live bacteria have a unique ability to stimulate

neutrophils for the production of high levels of Cxcl2, which cannot

be mimicked using other stimuli, including killed bacteria, LPS, or

previously described vita-PAMPS, such as mRNA. Therefore, other

microbial components produced by live, but not killed, bacteria

seemed to be required, in addition to nucleic acids, for high-level

Cxcl2 responses in neutrophils.

High-level Cxcl2 responses require formyl peptide receptors

An obvious difference between live and dead bacteria is that protein

synthesis is inactive in the latter. Since protein synthesis in prokary-

otes is uniquely initiated by N-formylated methionine (fMet) and

fMet-bearing peptides can function as PAMPs (Le et al, 2002; He &

Ye, 2017), we hypothesized that such peptides are used by neutro-

phils for discrimination of live from dead bacteria. To verify our

hypothesis, we focused on group B streptococcus (GBS) because it

potently induced Cxcl2 release in our previous experiments (Fig 1).

Moreover, this is a frequent pathogen (Raabe & Shane, 2019), which

has been extensively used to model innate anti-bacterial responses

(Costa et al, 2012; Landwehr-Kenzel & Henneke, 2014). To explore

the role of receptors for fMet-bearing peptides in Cxcl2 induction

neutrophils were pre-treated with 50 µM t-Boc-FLFLF (also termed

Boc-2), which, at this concentration, blocks both Fpr1 and Fpr2

signaling (Stenfeldt et al, 2007). Strikingly, treatment with 50 µM
Boc-2 almost completely abrogated Cxcl2 responses to live GBS but

was totally ineffective when using killed bacteria as a stimulus

(Fig 1F). Moreover, TNF-a and Cxcl1 responses to live organisms

were not affected or only moderately decreased, respectively, by

Boc-2 treatment (Fig 1B and D). When we used the Fpr2-specific

antagonist WRW4 (Bae et al, 2004), or 10 µM Boc-2 (which, at this

concentration, specifically blocks Fpr1, but not Fpr2; Stenfeldt et al,

2007), we found that both treatments significantly reduced Cxcl2

responses induced by stimulation with live bacteria (Fig 2). Fpr

involvement was further confirmed using cells from KO mice lack-

ing Fpr1 or Fpr2, since marked reductions in Cxl2 responses to live

bacteria were observed in the absence of either receptor, while TNF-

a, IL-1b, and Cxcl1 responses were unaffected or slightly reduced

(Figs 3A and B, and Fig EV2). Likewise, selective reduction in Cxcl2

levels was observed using M-CSF- or GM-CSF-polarized macro-

phages lacking Fpr1 or Fpr2, although these differences were not as

marked as those observed in neutrophils (Fig 3C–F). These data

indicated that both Fpr1 and Fpr2 have non-redundant roles in

Cxcl2 responses to live bacteria in neutrophils and macrophages,

and cannot compensate for the absence of each other.

Fpr signaling is required for in vivo Cxcl2 production and
host defenses

To ascertain whether Fpr signaling is involved in Cxcl2 responses

not only in vitro, but also in vivo, Fpr1- and Fpr2-defective mice
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were infected i.p. with the GBS strain H36B under conditions

resulting in robust neutrophil influx into the peritoneal cavity

(Lentini et al, 2020). Significant Cxcl1/2 elevations and neutrophil

recruitment were already detected at 1 h after infection and

increased over the next two hours (Fig 4A, C and D). Cxcl2, but

not Cxcl1, elevations were decreased in peritoneal exudates

A B

C D

E F

Figure 1. Live, but not killed, bacteria induce high-level Cxcl2 production.

A–F TNF-a, Cxcl1, and Cxcl2 (A, C, and E, respectively) were measured at 24 h after stimulation of bone marrow-derived neutrophils (5 × 105 cells) with increasing
concentrations of bacterial nucleic acids (1, 5, 10, and 20 µg of DNA + RNA in equal proportions), HK-bacteria (1, 5, 10 or 20 lg/ml) or live bacteria (MOIs of 2, 5,
10, and 20). LPS (1, 10, 100, and 1,000 ng/ml) was used as a positive control stimulus. (B, D and F) Effect of FPR antagonist Boc-2 on GBS-induced TNF-a, Cxcl1, and
Cxcl2 production, respectively. Bone marrow-derived neutrophils were exposed to Boc-2 (50 µM) for 1 h and then stimulated with HK-GBS (10 µg/ml) or live GBS
(MOI of 5). Data are expressed as means + standard deviations of measurements from three independent experiments conducted in duplicate. *P < 0.05,
**P < 0.01, ***P < 0.001, as determined by unpaired t-test; ns, not significant.
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obtained from either Fpr1 or Fpr2 mice at all time points, relative

to wild-type (WT) animals, concomitantly with decreased neutro-

phil influx and increased bacterial burden (Fig 4A–D). To further

analyze the role of Fpr signaling in host defenses, mice were

infected i.p. with a low GBS dose and observed for signs of

disease. All WT animals remained in good health under these

conditions, while 50 and 88% of Fpr-1 and Fpr-2 KO mice,

respectively, showed persistent signs of disease, such as reduced

mobility or hunching, and were humanely euthanized (Fig 4E).

Uncontrolled bacterial growth was confirmed as the cause of

illness in these animals (Fig EV3). To investigate whether

decreased Cxcl2 responses were responsible for the impaired abil-

ity of immune-deficient animals to control bacterial infection,

Fpr2!/! mice were treated with recombinant Cxcl2 at 1 h post-

challenge. Under these conditions, administration of Cxcl2 rescued

neutrophil recruitment and bactericidal activity to wild-type levels

(Fig 4F and G). In contrast, exogenous administration of Cxcl1

did not decrease bacterial burden, despite producing a moderate

increase in neutrophil recruitment (Fig 4F and G). Collectively,

these data indicate that Fpr1/2 signaling is crucially required

for robust Cxcl2 responses, which lead to effective control of

bacterial infection.

Bacterial signal peptides synergize with TLR agonists in inducing
the production of Cxcl2 and reactive oxygen species

Next, we sought to identify the Fpr agonists involved in Cxcl2

responses to GBS. Since previous studies have indicated that N-

terminal, 3–6 amino acid long, sequences from some bacterial signal

peptides can activate FPRs (Bufe et al, 2015), we investigated

whether such peptides are also involved in Fpr-dependent live/dead

pathogen discrimination. Interrogation of a signal peptide database

(http://www.signalpeptide.de) led to the identification of 15 unique

sequences in GBS (Table 1). The corresponding hexapeptides, all

bearing an N-terminal fMet, were synthesized and tested for their

ability to activate neutrophils in comparison with the prototypical

Fpr1 and 2 agonists f-MIFL and WKYMVM, respectively. Out of the

15 GBS peptides, 4 promoted strong in vitro chemotactic responses,

7 induced moderate, but significant, chemotaxis and the remaining

4 were inactive. Notably, for each peptide, chemotactic activity was

totally dependent on either Fpr1 or Fpr2, as determined using

neutrophils from Fpr-deficient mice (Fig 5A). Moreover, N-formyl

substitution at the N-terminal methionine residue was required for

these effects, since de-formylated peptides were totally inactive. The

peptides identified as Fpr agonists also induced intracellular calcium

increases in an Fpr-dependent manner (Fig 5B). Despite their ability

to promote chemotaxis and calcium increase, only modest Cxcl2

responses were induced by these fMet peptides or by the prototypi-

cal Fpr agonists f-MIFL and WKYMVM when used alone as stimuli

over a wide dose range (Fig 5C). However, Fpr1- and/or Fpr2-

specific peptides in combination with HK-GBS produced consider-

ably higher Cxcl2 elevations than those observed with HK-GBS

alone (Fig 5C). Notably, a combination of three stimuli (HK-GBS,

Fpr1- and Fpr-2-specific peptides) induced even higher Cxcl2 eleva-

tions than those induced by a combination of two. Similar synergis-

tic activities were observed when using bacterial RNA or other TLR

ligands in place of killed bacteria (Fig 5D). In contrast, TLR

agonists, including HK-GBS, did not significantly synergize with Fpr

agonists in the induction of Cxcl1 or TNF-a (Appendix Fig S1).

To prove that N-formylated peptides are involved in Cxcl2 induc-

tion in the context of whole bacteria, GBS were grown in the pres-

ence of a sub-inhibitory concentration of actinonin, a peptide

deformylase inhibitor, that increases N-formylated peptide levels in

bacteria (Fu et al, 2003). Strikingly, actinonin-grown bacteria

induced Cxcl2 levels that were approximately 2-fold higher than

those induced by bacteria cultured in actinonin-free medium

(Fig 6A). Next, we found that TLR and Fpr agonists synergized also

in inducing the production of reactive oxygen species (ROS), as

shown in Fig EV4A and B. Moreover, live bacteria induced mark-

edly higher ROS responses than killed organisms (Fig EV4C).

Notably, responses to live GBS or E. coli required the TLR adaptor

MyD88, Fpr1, and Fpr2, each of which played a non-redundant role

in ROS induction, as shown using neutrophils lacking these factors

(Fig 6B and C). Since ROS can function as signaling molecules

(Nguyen et al, 2017), we investigated whether increased Cxcl2

responses to live bacteria are secondary to ROS release. However,

this was not the case, since stimulation of neutrophils in the pres-

ence of ROS quenchers had minimal or no effects on GBS-induced

Cxcl2 production (Fig 6D). Collectively, these data indicated that

combinations of Fpr1, Fpr2, and TLR agonists, including signal

peptide sequences, can largely recapitulate Cxcl2 and ROS responses

to live bacteria. Accordingly, the latter responses required Fpr1,

Fpr2, and TLR signaling.

Cxcl2 responses to live bacteria are driven by the Tak1 and p38
kinases and by the AP-1 and NF-jB transcription factors

Next, we sought to analyze the mechanisms underlying the syner-

gistic effects of TLR/FPR signaling in Cxcl2 responses to live bacte-

ria. Since such responses are transcriptionally regulated (De Filippo

et al, 2008; Lentini et al, 2020), we focused on signaling kinases,

such as TAK1, MAPKs, and Akt, which are known to be involved in

Figure 2. Effect of FPR antagonists on GBS-induced Cxcl2 production.

Bone marrow-derived neutrophils were exposed to Boc-2 (10 µM) or WRW4
(1, 5, and 10 µM) for 1 h and then stimulated with HK-GBS (10 µg/ml) or live
GBS (MOI of 5). Data are expressed as means + standard deviations of
measurements from three independent experiments conducted in duplicate.
*P < 0.05, **P < 0.01, ***P < 0.001, as determined by unpaired t-test; ns, not
significant.
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Figure 3. FPRs are required for Cxcl2 responses to live streptococci.

A–F Cxcl1 and Cxcl2 concentrations in 24-h culture supernatants of neutrophils (A and B), CSF-polarized (C and D) or GM-CSF-polarized (E and F) BMDMs (ΜΦ) from
WT or Fpr-deficient mice stimulated with live GBS (MOI of 2, 5, and 10) or HK-GBS (10 µg/ml). LPS (100 ng/ml) was used as a positive control stimulus. Means + SD
of data from three independent experiments conducted in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT mice, determined by unpaired t-test.
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TLR/FPR-dependent transcription factor activation (Mancuso et al,

2002; Ear et al, 2010). Strikingly, Cxcl2 responses to live GBS were

almost completely abrogated by the p38 MAPK-specific inhibitor

SB203580 or the Tak1-specific inhibitor 5Z-7-oxozeaenol (Fig 7A).

Moderate, but significant, reductions were observed with inhibitors

of the MEK1/ERK pathway, such as UO126, FR18, and PD09, while

JNK, Akt or TBK1 inhibition was ineffective (Fig 7A). We next

focused on the role of the NF-jB, STAT3 and AP-1, since these tran-

scription factors have putative binding sites in the Cxcl2 promoter

(Fig EV5). Notably, while STAT3 inhibition had no effects, AP-1 or

NF-jB blockade markedly reduced Cxcl2 responses to live bacteria

(Fig 7B). To determine whether TAK1, p38, AP-1 and NF-jB inhibi-

tion selectively affects Cxcl2 production, we also measured Cxcl1

and TNF-a levels after stimulation with live bacteria. Appendix Fig

S2A and B show that TAK1 and NF-jB inhibitors markedly reduced

the production of these mediators, which was similar to the results

previously obtained with Cxcl2. In contrast, despite their ability to

almost completely abrogate Cxcl2 production (Fig 7), p38 or AP-1

◀ Figure 4. Fpr1 or Fpr2 are required for in vivo neutrophil recruitment, Cxcl2 production, and antibacterial defenses during GBS infection.

A–D Kinetics of neutrophil influx (A), bacterial burden (B), and Cxcl1/2 production (C and D) in peritoneal lavage fluid samples after i.p. challenge with live GBS
(2 × 107 CFU).

E Kaplan–Meier analysis of survival rates in WT, Fpr1, and Fpr2 KO mice after i.p. challenge with 2 × 105 bacteria. Data are the cumulative results from two
experiments, each involving 8 animals per group. **P < 0.01, ****P < 0.0001 vs. WT mice, as determined by Kaplan–Meier analysis.

F, G Neutrophil influx (F) and bacterial burden (G) in peritoneal lavage fluid samples collected from Fpr2!/! mice at 3 h after i.p. challenge with live GBS (2 × 107 CFU).
At 1 h post-challenge mice were inoculated i.p. with 1 lg of recombinant Cxcl1 or Cxcl2 or with vehicle.

Data information: In (A–D), means + SDs of three duplicate determinations, each conducted in a different animal. In (F and G), individual data points and means.
*P < 0.05, **P < 0.01, ***P < 0.001 versus WT mice (A, C, and D) or versus vehicle-treated mice (F and G), determined by unpaired t-test (A, C, D and F) or Mann–
Whitney U-test (B and G).

Table 1. Group B streptococcal signal peptides examined in this study.

Signal
peptide Protein

UniProtKB/Swiss-Prot
Entry Name Status

Sequence
(6 aa)

Receptor
Dependency

GBS fPep1 Membrane protein insertase
YidC 1 (oxaA 1)

OXAA1_STRA3 (hypothetical) fMKKKLKa Fpr2

GBS fPep2 Foldase protein prsA PRSA_STRA3 (hypothetical) fMKTRSKb Inactive

GBS fPep3 Phosphate-binding protein
PstS 1

PSTS1_STRA3 (hypothetical) fMKMKKN Fpr2

GBS fPep4 Phosphate-binding protein
PstS 2

PSTS2_STRA3 (hypothetical) fMKKHKMa Fpr2

GBS fPep5 Membrane protein insertase
YidC 2 (oxaA 2)

OXAA2_STRA5 (hypothetical) fMKKTLKa Fpr2

GBS fPep6 Plasminogen binding surface
Protein (PbsP)

Q8E6Y0_STRA3 Confirmed (Buscetta et al, 2016) fMKISQY Fpr2

GBS fPep7 PcsB protein Q9AKA4_STRAG Confirmed (Reinscheid et al, 2001;
Papasergi et al, 2013)

fMKKRILa Fpr2

GBS fPep8 cAMP factor Q53651_STRAG Confirmed (Podbielski et al, 1994;
Papasergi et al, 2013)

fMNVTHM Fpr1

GBS fPep9 Hyaluronate lyase O86478_STRAG Confirmed (Gase et al, 1998; Papasergi
et al, 2013)

fMEIKKK Inactive

GBS fPep10 Fibrinogen-binding adhesin
FbsA

Q84EL7_STRAG Confirmed (Schubert et al, 2002;
Papasergi et al, 2013)

fMFNKIG Fpr2

GBS fPep11 IgA FC receptor BAG_STRAG Confirmed (Jerlstrom et al, 1991) fMFKSNY Fpr1

GBS fPep12 BPS protein Q9XAS7_STRAG Confirmed (Erdogan et al, 2002) fMFRQYN Fpr1

GBS fPep13 Bsp protein Q8VLP7_STRAG Confirmed (Reinscheid et al, 2002;
Papasergi et al, 2013)

fMMKKGQ Inactive

GBS fPep14 Hyaluronate lyase HYSA_STRA3 Confirmed (Gase et al, 1998; Papasergi
et al, 2013)

fMKQVVD Inactive

GBS fPep15 C protein alpha-antigen BCA_STRA1 Confirmed (Auperin et al, 2005;
Papasergi et al, 2013)

fMFRRSK Fpr2

Peptide sequences of amino acids are given in one-letter code. f, formylated N terminus.
aFirst 3 aa homologous to Clostridium, Hydrogenobacter and Listeria peptides (Bufe et al, 2015).
bFirst 3 aa homologous to Neisseria (Bufe et al, 2015).
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Figure 5. Bacterial signal peptides activate neutrophils and synergize with TLRs in Cxcl2 induction.

A Neutrophils from WT or Fpr-deficient mice were allowed to migrate toward GBS signal peptide sequences (fPep1-15, 1 µM), positive control peptides (f-MIFL or
WKYMVM, 1 µM) or vehicle (0.2% DMSO).

B Analysis of intracellular calcium flux in neutrophils stimulated with signal peptides as monitored by flow cytometry.
C, D Cxcl2 release in neutrophil cultures stimulated with combinations of HK-bacteria, GBS fMet peptides, or TLR agonists. Neutrophils were exposed to a 50 µM

concentration of Fpr agonists (fMIFL, WKYMVM or fPep8 and fPep10) for 1 h before the addition of the indicated TLR agonists, which included HK-GBS (10 lg/ml),
LPS (1 µg/ml), and RNA (1 µg/ml). In some cases, neutrophils were exposed to graded doses (10, 20, and 50 µM) of the indicated Fpr agonists alone.

Data information: Data are expressed as means + SD from three independent experiments, each conducted in duplicate. **P < 0.01, ***P < 0.001, as determined by
unpaired t-test.
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blockade only slightly reduced the release of Cxcl1 or TNF-a
(Appendix Fig S2A and B). Moreover, p38 or AP-1 blockade had

modest effects on the production of all cytokines when using killed

bacteria or LPS as stimuli (Appendix Fig S2C–H). Collectively, these
data suggest that p38 and AP1 are selectively involved in high-level

Cxcl2 induction by live bacteria. To obtain further insights into the

involvement of this signaling pathway, we analyzed the activation

of AP1 components and p38 after stimulation with live GBS. Live

GBS induced more robust and lasting p38 phosphorylation than

heat-killed bacteria (confront Fig 8A with Appendix Fig S3). Acti-

vated FosB and c-Jun, in forms that were capable of binding to the

TPA response element (TRE) sequence, could be detected in nuclear

extracts of GBS-stimulated neutrophils shortly after p38 phosporyla-

tion (Fig 8A and B). Activation of FosB and c-Jun was almost totally

prevented by p38 blockade, indicating that this MAPK functions

upstream of AP-1 (Fig 8C). Notably, both AP-1 and p38 activation

were markedly reduced in GBS-stimulated neutrophils lacking Fpr1,

Fpr2, or MyD88 (Fig 8D and F), or in neutrophils treated with 5–7
oxo, an inhibitor of the TAK1 kinase, which is known to be down-

stream of TLRs (Fig 8E). Collectively, these data suggest that stimu-

lation with live bacteria activates two parallel signaling pathways,

initiated by TLR and Fprs, respectively, which converge at the level

of the p38 MAPK, whose phosphorylation leads to activation of the

AP-1 transcription factor and to high-level Cxcl2 production.

Discussion

The vast majority of bacterial infections are rapidly dealt with by

the recruitment of neutrophils, which become activated and proceed

A B

C D

Figure 6. ROS production requires the synergistic activation of Fprs and TLRs.

A Effect of actinonin on Cxcl2 production by neutrophils. Neutrophils were stimulated with live GBS (MOI 5) in the presence or absence of the formyl peptidase
inhibitor actinonin (32 µg/ml).

B, C ROS production in neutrophils from WT, MyD88, or Fpr1/2-deficient mice stimulated with different doses of live bacteria.
D Effect of treatment with ROS scavengers/inhibitors on Cxcl2 production. Neutrophils were treated with the singlet oxygen scavenger MnTBAP (100 lM), the

hydrogen peroxide scavenger DMTU (10 mM), the NADPH oxidase inhibitor DPI (20 lM) or the ASK1 inhibitor GS-444217 (1 lM) for 1 h before the addition of live
GBS (MOI of 5).

Data information: Data are means + SD from three independent experiments conducted in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001, as determined by unpaired
t-test.
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to kill microbes. Pathogen death signals the beginning of a new

phase in host responses, characterized by cell de-activation and

repair of the tissue damage caused by neutrophils and microbial

toxins. During the entire process, neutrophils and tissue-resident

cell accurately assess microbial viability in order to avoid inappro-

priate inflammatory responses and maintain homeostasis. Accord-

ingly, neutrophils react vigorously in vitro to the presence of live,

but not killed, bacteria by releasing ROS, although the mechanism

underlying these differential effects are unclear (Rodriguez-

Rodrigues et al, 2017; Lentini et al, 2020). We show here that, in

order to discriminate live from dead bacteria, neutrophils employ a

multiple signal system that differs from the single, RNA-based

mechanism used by mononuclear phagocytes for the same purpose

(Sander et al, 2011; Blander & Sander, 2012). Stimulation with

bacterial RNA or other TLR agonists is necessary, but insufficient, to

fully activate crucial antibacterial functions in neutrophils, such as

the production of high levels of Cxcl2 and ROS. Rather, concomitant

activation of both Fpr1 and Fpr2 is also required. This occurs in the

presence of a variety of Fpr1 and Fpr2 agonists released by live

bacteria during protein synthesis. We speculate that a multiple

signal system of this kind operates as a fail-safe mechanism that

prevents full neutrophil activation and the accompanying tissue

damage in the absence of an immediate threat, such as that posed

by the presence of live bacteria in sterile tissues. While much has

been learned in the past 50 years by using isolated microbial

compounds, such as synthetic N-formyl peptides (Schiffmann et al,

1975) and TLR agonists (Zindel & Kubes, 2020), there is now a need

to integrate this knowledge into the context of host responses to

whole pathogens, as they occur during natural infection.

Here, we find that neutrophils produce very high Cxcl2 levels

in the presence of live, but not killed, bacteria or isolated micro-

bial products. This contrasts with the production of other media-

tors, including Cxcl1, which was similar after stimulation with

viable and dead organisms and did not require Fpr signaling. Our

data suggest that this differential induction is linked to the pres-

ence in the Cxcl2, but not Cxcl1, promoter of AP-1 binding sites

(Fig EV5). Indeed, we show here that AP-1 is selectively required

for Cxcl2 induction by live bacteria and is downstream to the p38

MAP kinase, which is targeted by both TLR and Fpr signaling

pathways. Recent studies have shed new light on the distinctive,

non-redundant role of Cxcl2 in neutrophil responses. Neutrophil-

derived Cxcl2 can potently amplify its own production by auto-

crine and paracrine signaling in the presence of other activating

stimuli (Li et al, 2016) and orchestrate self-guided, abluminal

migration through venular walls at endothelial cell junctions (Girbl

et al, 2018). Moreover, neutrophils make a major contribution to

the in vivo production of Cxcl2, which drives self-regulated chemo-

taxis toward sites of immune complex deposition (Li et al, 2016)

or bacterial infection (Lentini et al, 2020). Neutrophil-derived

Cxcl2 (but not Cxcl1) plays an important role in bacterial clearance

not only by promoting the recruitment of other neutrophils, but

also by increasing their antibacterial activities, including ROS

production (Lentini et al, 2020). Accordingly, in the present study,

exogenous administration of Cxcl2, but not Cxcl1, rescued the

phenotype of Fpr-defective mice by restoring Cxcl2 production and

containment of bacterial infection to wild-type levels. Studies are

underway to examine the role of in vivo Cxcl2 production by cell

types other than neutrophils, including mast cells (De Filippo et al,

2008, 2013) in bacterial infection.

Since formylated peptides induce the release of pre-formed lipid

mediators, such as LTB4, but not of chemokines (Afonso et al,

2012; Majumdar et al, 2016), it has been postulated that the latter

are indirectly induced through a lipid/cytokine/chemokine cascade

(Sadik & Luster, 2012). Our data, instead, suggest a direct link

between stimulation with formylated peptides and Cxcl2 produc-

tion, provided that TLR agonists are also present. This is in agree-

ment with observations that LTB4 was required for the production

of Cxcl1 and other chemokines, but not Cxcl2 (Brandt et al, 2018),

in the context of bacterial infection. Therefore, it appears that

formylated peptides, a class of primary attractants, might directly

A

B

Figure 7. Effects of signaling molecule or transcription factor inhibitors
on Cxcl2 production.

A, B Bone marrow-derived neutrophils were exposed to different
concentrations of signaling molecule (A) or transcription factors
inhibitors (B) for 1 h and then stimulated with live GBS (MOI 5). Target
molecules are indicated in parentheses. The concentrations used for each
inhibitor and their abbreviations are indicated under the “Materials and
Methods” section. Data are means + SD from three independent
experiments conducted in duplicate. **P < 0.01, ***P < 0.001, as
determined by unpaired t-test.
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establish secondary Cxcl2 gradients during infection, without the

intervention of other mediators, such as lipids or pro-inflammatory

cytokines, in the presence of TLR agonists. Another major finding of

the present study is that Fpr1 and Fpr2 recognize distinctive sets of

formylated signal peptides released by live bacteria. Signal peptides

are cleaved off from variety of proteins (including extracellular, cell

membrane, outer membrane, and cell wall proteins) after they

passage through the cell membrane. Although they are likely to

represent a significant portion of the formylated peptides produced

during bacterial growth, our data do not exclude that other Fpr

ligands also play a role in the ability of neutrophils to discriminate

between live and dead bacteria. It should be noted, in this respect,

that Fprs are highly promiscuous receptors that recognize a large

variety of N-formylated and non-formylated compounds (Dahlgren

et al, 2016), and further research is needed to establish the contribu-

tion of different classes of Fpr agonists to the overall ability of

A B

C D

E F

Figure 8. The Tak1 and p38 kinases and the AP-1 and NF-jB transcription factors are involved in Cxcl2 responses to live GBS.

A Time course of p38-MAPK activation in lysates of neutrophils stimulated with live GBS, as detected by phospho-specific antibodies using Western blot analysis. Data
are from one representative experiment of three showing similar results.

B Time course of AP-1 DNA-binding activity in neutrophils stimulated with live GBS (MOI 5). Data are means + SD from three independent experiments conducted in
duplicate.

C Effect of p38MAPK inhibition on the activation of AP-1 family members in neutrophils stimulated with live GBS. Neutrophils were pretreated with SB202190 (5 lM),
stimulated for 90 min with live GBS (MOI 5), lysed and assayed for AP-1 activation. Data are means + SD from three independent experiments conducted in
duplicate. *P < 0.05, ***P < 0.001, as determined by unpaired t-test.

D Effect of the absence of Fpr1, Fpr2, or the TLR adaptor MyD88 on the activation of AP-1 family members in neutrophils. Neutrophils from WT, Fpr-, or MyD88-
deficient mice were stimulated for 90 min with live GBS (MOI 5), lysed and assayed for AP-1 activation. Data are means + SD from three independent experiments
conducted in duplicate. *P < 0.05, ***P < 0.001 vs. WT mice, as determined by unpaired t-test.

E Effect of TAK1 inhibition on p38 MAPK activation in neutrophils stimulated with live GBS (MOI 5).
F Effect of the absence of Fpr1, Fpr2, or the TLR adaptor MyD88 on p38MAPK activation in neutrophils stimulated with live GBS (MOI 5). Shown is a blot representative

of three separate experiments.
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various species of pathogenic bacteria to stimulate Fprs. We identi-

fied here eleven novel N-terminal hexapeptide sequences in GBS,

which could induce neutrophil chemotaxis and synergize with TLR

agonists in inducing Cxcl2 production. Fpr2 was required for the

neutrophil-stimulating activities of the majority of these sequences,

and interestingly, this was associated with a more prominent role of

Fpr2 than Fpr1 in promoting anti-GBS host defenses (Fig 4). This

finding was unexpected, since the majority of the f-Met peptides

studied thus far preferentially target Fpr1, rather than Fpr2, or target

both receptors with similar potency (Southgate et al, 2008; Bufe

et al, 2015; Dahlgren et al, 2016).

Therefore, our newly identified Fpr agonist sequences may be

useful to obtain further insights into the structural requirements

involved in Fpr1/2 activation (Bufe et al, 2015; Raabe et al, 2019)

and into the role of these receptors in the pathogenesis of GBS infec-

tions. Taken together, our data extend previous studies showing

that secretory signal peptides represent a large class of evolutionary

conserved molecules that can serve as ligands for Fprs and function

as PAMPs (Bufe et al, 2015; Bufe & Zufall, 2016). In conclusion, we

propose that neutrophils sense the presence of live bacteria by inte-

grating signals originating from Fpr1, Fpr2, and TLRs. The simulta-

neous presence of bacterial agonists for these receptors leads to

neutrophil activation and increased bactericidal activities by trigger-

ing a self-regulated, Cxcl2-centered amplification mechanism.

Materials and Methods

Ethics statement

All studies were performed in strict accordance with the European

Union guidelines for the use of laboratory animals. The procedures

were approved by the Animal Welfare Committee of the University

of Messina (OPBA) and by the Ministero della Salute of Italy (permit

n° 665/2015-PR).

Mice and bacterial strains

C57BL/6 wild-type (WT) mice were purchased from Charles River

Laboratories. Fpr1!/! and Fpr2!/! mice were developed by Dr. Ji

Ming Wang (National Institute of Health, Bethesda, MD) (Gao et al,

1999; Chen et al, 2010) and kindly provided by Dr. Lars-Ove Bran-

denburg, Aachen University, Aachen, Germany. MyD88 and

TLR7!/! knockout mice were obtained from Shizuo Akira (Osaka

University, Japan). Heterozygous TLR13!/+ mice were provided by

the KOMP Repository (www.komp.org) and the Mouse Biology

Program (www.mousebiology.org) at the University of California

Davis. Subsequently, TLR13!/! mice were bred in the Animal Facil-

ity of the Department of Pathology of the University of Messina,

Messina, Italy, as described (Mohammadi et al, 2016). All KO mice,

bred on a C57BL/6J background, were born and developed

normally. All mice used in the present study were housed under

specific pathogen-free conditions in individually ventilated cages.

GBS WT strain H36B serotype Ib was used for most experiments.

An encapsulated Escherichia coli strain K1 E-R8 was also used in

selected experiments. Bacteria were grown at 37°C with 5% CO2 to

the mid-log phase in Todd-Hewitt broth (THB, Oxoid), washed twice

in nonpyrogenic PBS (0.01 M phosphate, 0.15 M NaCl [pH 7.4];

Euroclone), and resuspended to the desired concentration in PBS.

To obtain preparations of heat-killed bacteria (HK-GBS), GBS were

grown in Carey’s chemically defined medium (Carey et al, 1980) to

the late log phase, washed three times, and resuspended in nonpy-

rogenic PBS. Bacteria were killed by heating at 80°C for 45 min,

followed by extensive washing with distilled water and lyophiliza-

tion. One lg of the heat-killed bacteria preparation corresponds to

approximately 1 × 106 bacteria.

Murine infection model

Six-week-old female WT or Fpr1/2-deficient mice were injected

intraperitoneally (i.p.) with the indicated CFUs of live H36B GBS

grown to the mid-log phase. In each experiment, the actual number

of injected bacteria was determined by colony counts. Clinical

conditions and lethality rates were evaluated every 12 h for 10 days

after inoculation. Mice showing signs of disease, such as lethargy,

reduced mobility or hunching, were humanely euthanized. In some

experiments, peritoneal lavage fluids (PLF) were collected at various

times after challenge to measure host cell numbers by flow cytome-

try, bacterial CFUs, and cytokine concentrations by ELISA. In other

experiments, Fpr2-defective mice were inoculated with 1 lg of

recombinant Cxcl1 or Cxcl2 (both from R&D Systems) at 1 h post-

challenge and PLF was collected at 3 h post-challenge to measure

neutrophils numbers and bacterial CFU. In selected experiments,

mice were sacrificed at 24 h after infection to measure bacterial

burden in PLFs and blood.

GBS signal peptides

Fifteen GBS signal peptide sequences were identified in the Signal

Peptide Database (http://www.signalpeptide.de). Custom-made

peptides were synthesized by Genscript Corp. with a purity of ≥
95%. Details on sequence and source are given in Table 1.

Extraction and purification of bacterial nucleic acids

Bacterial pellets (GBS grown to mid-log phase in THB) were

suspended in 350 l l of Tris–HCl (pH 8, 10 mM) in 1.5 ml microcen-

trifuge tubes, to which 34 mg of glass beads (106 lm, Sigma-

Aldrich) were added. The tubes were placed in a RETSH MM30

homogenizer and shaken at 30 Hz for 20 min. To isolate RNA in the

homogenized samples, RNA purification columns (RNeasy minikit,

Qiagen) were used, according to the manufacturer’s protocols. Puri-

fied mRNA was obtained from total RNA by sequential removal of

rRNA and small RNA with a Microbe Express kit and a Megaclear

kit, respectively, according to the manufacturer’s protocols (Invitro-

genTM). Electrophoresis on agarose gels, followed by slicing of 23S

and 16S bands and electroelution, was used to isolate rRNA. Small

RNA (under 200 nucleotides; enriched in tRNA and 5S rRNA) was

obtained from total RNA by use of a microRNA purification kit

according to the manufacturer’s protocol (Norgen). Purification of

GBS genomic DNA was performed with the DNeasy Blood and

Tissue kit (Qiagen). The quantity and purity of all preparations were

determined by Nanodrop 2000 spectrophotometry (Thermo Fisher

Scientific) using the manufacturer’s instructions and by elec-

trophoresis on agarose gels. DNA and RNA preparations were

“complexed” with DOTAP {N-[1-(2,3-dioleoyloxyl)propyl]-N,N,N-
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trimethylammonium methyl-sulfate; Sigma-Aldrich} as described

previously (Mancuso et al, 2009) before cell stimulation. Control

cultures received DOTAP alone.

Isolation and stimulation of bone marrow-derived cells

Bone marrow-derived neutrophils were isolated from the bone

marrow of WT and KO mice using Percoll density gradient centrifu-

gation as described (Lentini et al, 2020). Staining with May/Grun-

wald/Giemsa showed that ~90% of isolated cells (15–
20 " 0.6 × 106 cells per mouse) were morphologically mature

neutrophils (bands and segmented). Moreover, purity of these

neutrophil populations was > 95%, as determined by flow cytome-

try using the neutrophil-specific marker Ly-6G. To obtain bone

marrow-derived macrophages, marrow cells were cultured for 6–
7 days in RPMI 1640 supplemented with 10% FCS, penicillin

(50 IU/ml), and streptomycin (50 lg/ml). Medium was supple-

mented with either 100 ng/ml macrophage colony-stimulating factor

(M-CSF) or 20 ng/ml granulocyte–macrophage colony-stimulating

factor (GM-CSF) (both from PeproTech) to obtain bone marrow-

derived, M-CSF-polarized (M-CSF-MΦ) or GM-CSF-polarized (GM-

CSF-MΦ) macrophages, respectively, as previously described (Fama

et al, 2020). Isolated bone marrow-derived cells (5 × 105 per well in

0.2 ml of RPMI supplemented with 10% FCS) were seeded in micro-

titer plates and stimulated with HK or live bacteria grown to the mid-

log phase at the indicated concentrations or multiplicities of infection

(MOI), respectively. In selected experiments, bacteria were grown in

THB containing a sub-inhibitory concentration of the formyl pepti-

dase inhibitor actinonin (32 µg/ml; Sigma-Aldrich). All stimulations

were carried out by centrifuging cell suspensions for 10 min at

400 × g to facilitate bacteria/neutrophil interactions. After incuba-

tion for 1 h at 37°C with 5% CO2, penicillin (250 IU/ml), and strep-

tomycin (250 lg/ml) were added to kill extracellular bacteria. In

preliminary tests, we determined the number of colony forming units

at various times following antibiotic exposure and observed

complete bacterial killing. Control wells were stimulated with Escher-

ichia coli K12 ultrapure LPS (InvivoGen). In selected experiments,

neutrophils (5 × 105/well) were preincubated for 1 h at 37°C with

5% CO2 with the selective Fpr2 antagonist WRW4 (Abcam) and the

pan-FPR inhibitor Boc-2 (GenScript) at the indicated concentrations

before stimulation with HK or live GBS. In another set of experi-

ments, neutrophil stimulation with HK-GBS, LPS, or bacterial RNA

was preceded by a 1 h preincubation at 37°C in 5% CO2 with the

indicated concentrations of the selective FPR agonists f-MIFL

(GenScript) or WKYMVM (Abcam) or with different concentrations

of formylated peptides (fPep8 and fPep10) from GBS. The contribu-

tion of ROS as signaling molecules to GBS-induced Cxcl2 production

was evaluated by pretreating neutrophils (for 1 h before stimulation

with live GBS) with the following molecules: (i) the ROS scavengers

dimethylthiourea (DMTU) and Mn(III) tetrakis (4-benzoic acid)

porphyrin (MnTBAP) (both from Sigma-Aldrich); (ii) the NADPH

oxidase inhibitor diphenyleneiodonium chloride (DPI) (from Calbio-

chem); (iii) Apoptosis Signal-regulating Kinase 1 (ASK1) inhibitor

GS-444217 (from MedChemExpress). In preliminary experiments

we tested the ability of DMTU, MnTBAP and DPI to inhibit ROS

production in GBS-stimulated neutrophils using the CellROX kit.

For the inhibitor studies, neutrophils were pretreated for 1 h in

the presence or absence of intracellular kinase inhibitors: 5Z-7-

Oxozeaenol (TAK1 inhibitor, 500 nM, 1 and 5 lM), SB202190

(p38MAPK inhibitor, 500 nM, 5 and 10 lM), PD98059 (MEK1 inhi-

bitor, 50 lM), FR180204 (ERK1/2 inhibitor, 500 nM, 1 and 10 lM),

SP600125 (JNK inhibitor, 5, 10 and 20 lM), GSK690693 (AKT inhi-

bitor, 500 nM, 5 and 10 lM), JSH-23 (NF-kB inhibitor, 10, 50, and

100 lM) (all purchased from Sigma-Aldrich), U0126-EtOH (MEK1/2

inhibitor, 500 nM, 1 and 10 lM) and T5224 (AP-1 inhibitor, 10, 50

and 100 lM) (both from MedChemExpress), MRT67307 (TBK1 and

IKKe inhibitor, 1, 2 and 3 lM; InvivoGen) and STAT3 Inhibitor VI

(STAT3 inhibitor; Calbiochem, 10, 50, and 100 lM). Cell culture

supernatants were collected at 24 h and stored at !80°C for cyto-

kine measurements.

Reactive oxygen species measurement

Bacteria-induced reactive oxygen species (ROS) production by

neutrophils was measured using the CellROX Deep Red Flow Cytom-

etry Assay Kit (Thermo Fisher Scientific), according to the manufac-

turer’s instructions. Briefly, neutrophils (5 × 105 per well in 0.2 ml

of RPMI supplemented with 10% FCS) were seeded in microtiter

plates and stimulated for 30 min with live GBS or combinations of

the indicated fMet peptides with TLR agonists (HK-GBS or bacterial

RNA). In some experiments, cells were preincubated with the TLR

agonists for 1 h before stimulation with f-Met peptides. In another

set of experiments, neutrophils from WT, MyD88, or Fpr1/2-

deficient mice were stimulated with live GBS and E. coli at the indi-

cated MOIs. After stimulation, samples then stained with the

CellROX fluorescent reagent at a final concentration of 5 lM for

30 min at 37˚C. Cells were washed, fixed with 3.7% formaldehyde

for 15 min, and analyzed with a BD FACSCanto II instrument.

Western blot analysis of neutrophil lysates

Bone marrow-derived neutrophils were seeded on 6-well plates

(5 × 106/well in 2 ml of RPMI 1640 supplemented with 10% FCS)

and collected at various times after the addition of live GBS or plain

medium as a control. For the inhibitor studies, neutrophils were

pretreated with selected inhibitors (5Z-7-Oxozeaenol or U0126-

EtOH, 1 lM) or control vehicle (0.2% DMSO) for 1 h prior to stimu-

lation with live GBS (MOI 5) for 60 min. Cells were washed three

times with ice-cold PBS and lysed by vigorous vortexing in RIPA

lysis buffer [50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 1% Triton X-

100, 20% glycerol, 1× protease inhibitor cocktail (Promega)].

Lysates were then centrifuged at 13,000 g for 15 min at 4°C. Protein
concentration in each sample was determined using the Micro BCA

Protein Assay Kit (Thermo Fisher Scientific). Protein samples (30 lg
of protein per lane) were run on precast Bolt Bis-Tris 4–12% gels

(Invitrogen) with 1× MOPS buffer (Invitrogen) and transferred on

PVDF (polyvinylidene difluoride) membranes (Bio-Rad).

Membranes were washed in TBS-T (Tris-buffered saline with 0.1%

Tween-20) and blocked with TBS-T containing 5% bovine serum

albumin (BSA, Sigma-Aldrich) for 2 h. Membranes were subse-

quently incubated with primary antibodies in TBS-T containing 5 or

1% BSA at 4°C overnight. The following primary antibodies were

used: anti-phospho p38MAPK (T180/Y182; Cell Signaling Technol-

ogy), anti-total p38 MAPK Antibody (9212; Cell Signaling Technol-

ogy), and anti-beta actin (ab8229; Abcam). After overnight

incubation, membranes were washed with TBS-T and incubated
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with secondary antibodies (swine anti-rabbit immunoglobulins

HRP-conjugated, DAKO, or goat IgG HRP-conjugated, R&D Systems

Sciences) for 2 h at room temperature in TBS-T containing 1% milk

or BSA. Membranes were then washed with TBS-T and developed

using chemiluminescence reagent (Immobilon Forte Western HRP

substrate, Merck Millipore). Images were captured with Bio-Rad’s

ChemiDoc XRS system. Beta-actin was used as loading control.

Neutrophil migration assay

Neutrophil chemotaxis was determined using ChemoTX multiwell

chambers (NeuroProbe) with 3 µm pore size filters according to the

manufacturer’s protocol. Briefly, peptides or vehicle were diluted to

the desired concentration in RPMI medium supplemented with

0.1% BSA (wt/vol) and 320 µl were added to the lower chamber of

each well. Neutrophil suspensions (1 × 105 per well in 57 µl of

RPMI/0.1% BSA) were placed on top of the polycarbonate filter

above each well and allowed to migrate for 90 min at 37°C with 5%

CO2. The assay was terminated by detaching and wiping the filter to

remove non-migrated cells from the filter top. Thereafter, the

number of transmigrated cells was determined using BD TruCount

tubes (BD Biosciences).

Determination of intracellular calcium levels in neutrophils

Intracellular calcium was measured using the Fura Red (Thermo

Fisher Scientific), a calcium-sensitive dye using ratiometric analysis,

as previously described (Wendt et al, 2015). Neutrophils were resus-

pended at 1 × 107 cells/ml in pre-warmed Hanks balanced salt solu-

tion (HBSS; Euroclone) and incubated with 1 lM Fura Red dye at

37°C for 30 min. After incubation, cells were washed three times in

HEPES buffered saline solution (HBSS supplemented with 1 mM

CaCl2, 0.5 mM MgCl2, 0.1% BSA, 10 mM HEPES), resuspended in

HEPES buffer and stimulated with GBS fMet peptides. Ratiometric

calcium flux was measured by flow cytometry as described (Wendt

et al, 2015).

Cytokine and AP-1 transcription factor activation measurement

Keratinocyte-derived chemokine (KC; CXCL1), macrophage

inflammatory protein 2 (MIP-2; CXCL2), tumor necrosis factor alpha

(TNF-a), and interleukin 1 beta (IL-1b) concentrations were deter-

mined in duplicate using the murine enzyme-linked immunosorbent

assay (ELISA) kits CXCL1/KC Quantikine, CXCL2/MIP-2 DuoSet,

TNF-a DuoSet and Mouse IL-1 beta/IL-1F2 DuoSet, according to the

manufacturer’s recommendations (R&D Systems). The lower detec-

tion limits of these assays were 15.6, 15.6, 31.3, and 15.6 pg/ml,

respectively. For AP-1 transcription factor activation measurements,

nuclear extracts (15 lg) from neutrophils stimulated for different

time points with live GBS (MOI of 5) were assayed for binding of

the activated AP-1 family members c-Jun, c-Fos, FosB, and JunD to

a TPA-responsive element (TRE) oligonucleotide immobilized onto

a 96-well plate using the AP1 Transcription Factor Assay Kit

(ab207196; Abcam) according to the manufacturer’s protocols. The

AP-1 transcription factor assay was performed in the presence of

soluble wild-type or mutated consensus binding oligonucleotides.

Results are expressed as specific AP-1 binding activity (i.e., absor-

bance measured in the presence of the mutated oligonucleotide

minus that measured in the presence of the wild-type oligonu-

cleotide).

Flow cytometry

The evaluation of neutrophil influx into the peritoneal cavity was

performed on a FACS Canto II flow cytometer (BD Biosciences) as

previously described (Cardaci et al, 2012; Biondo et al, 2014; Lentini

et al, 2020). Briefly, all PLF cells were blocked with 0.5 lg Fc Block

(BD Biosciences) for 20 min at room temperature and incubated in

the dark for 20 min with the rat anti-mouse Ly-6G monoclonal anti-

body (clone 1A8, Thermo Fisher Scientific), which is highly specific

for neutrophils (Daley et al, 2008). The respective isotype Abs were

used as control. The quantification of neutrophil numbers in PLF

samples and in neutrophil migration assay were determined using

BD TrucountTM Absolute Counting Tubes (BD Biosciences). Data

analysis was performed using Flowing Software 2.5.1.

Statistical analyses

Differences in cytokine and transcription factor activation levels

were assessed by Student’s t-test. The same statistic test was used

for the analysis of neutrophil counts and ROS production. Survival

data were analyzed by Kaplan–Meier survival plots, and differences

in bacterial CFU counts were assessed by the Mann–Whitney U-test

or the Wilcoxon test. Differences were considered statistically signif-

icant when P values were less than 0.05 (P < 0.05). Statistical analy-

ses were performed with GraphPad Prism 5.0 (GraphPad Software,

Inc., San Diego, CA).

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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