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ORIGINAL ARTICLE

Identification of N-formylated Peptides 
with Neutrophilic Chemotactic Activity 
in Mycobacterium tuberculosis
Kristin Dean1, Bockgie Jung1, Josimar Dornelas-Moreira1 and Buka Samten1,*

INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium 
tuberculosis (Mtb) is a chronic infectious dis-
ease characterized by the growth of nod-
ules in the lungs. As of 2020, TB was the 
13th most frequent cause of human death, 
and caused nearly 10 million new cases and 
1.6 million deaths each year worldwide [1]. 

There were approximately 500,000 patients 
with multi-drug resistant TB, including 
160,000 with extensively drug resistant TB 
[2]. HIV infection is a risk factor for active 
tuberculosis infection. Countries with high 
rates of HIV infection have more TB cases 

[3] and higher mortality rates [4-6]. The 
continual emergence of drug resistance 
together with increasing rates of HIV-TB 
co-infection [7-9] have made TB one of 
the deadliest infectious diseases. Therefore, 
the development of effective TB vaccines 
and novel anti-TB drugs is imperative, but 
would require greater understanding of the 
molecular details of interactions between 
immune cells and the pathogen Mtb.

The interaction between immune cells 
and Mtb occurs in lung granulomas (tuber-
cles), a well-known pathological hallmark 
of TB [10]. After inhalation of aerosolized 
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Abstract

Neutrophil infiltration of the lungs is associated with granuloma formation 
and the severity of tuberculosis infection. Although several cytokines and 
chemokines are known to contribute to lung neutrophil infiltration, the 
neutrophilic chemotactic factors of Mycobacterium tuberculosis (Mtb) remain 
unexplored. Therefore, we performed Transwell based chemotactic assays 
using neutrophils from human peripheral blood and mouse bone marrow to 
probe the chemotactic activity of the culture filtrates (CF) of Mtb H37Rv. CF 
of H37Rv induced chemotaxis of both human and mouse neutrophils, and 
this was also confirmed with CF of 9 clinical isolates and Erdman strain of 
Mtb with neutrophil chemotactic activity. Sulfasalazine, an N-formyl-Met-Leu-
Phe (fMLF) receptor inhibitor, blocked the chemotaxis of neutrophils induced 
by CF of Mtb, thus indicating the involvement of the fMLF receptor in Mtb 
CF induced chemotaxis of neutrophils. Mass spectrometry analysis of CF of 
H37Rv identified three candidate N-formylated heptapeptides. The chemotactic 
activity of the identified peptides was confirmed with their synthetic mimetics 
that they induced neutrophil chemotaxis in a manner dependent on N-terminal 
formylation. For all formylated peptides and CF of Mtb, the induced Ca2+ 
influx in neutrophils was suppressed by sulfasalazine. Thus, we identified novel 
formylated Mtb peptides with neutrophil chemotactic activity.

Key words: Mycobacterium tuberculosis, neutrophil, formyl peptides, 
chemotaxis, innate immune response
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Mtb bacilli, local lung alveolar macrophages respond by 
phagocytizing the bacteria [11], thereby initiating the pro-
duction of cytokines and chemokines [12,13], which acti-
vate and recruit polymorphonuclear neutrophils from the 
circulation to sites of infection. The infiltration of neutro-
phils around the foci of the infected alveolar macrophages 
leads to granuloma formation and even tissue damage. 
Under normal conditions, neutrophils are the first respond-
ers that travel to sites of infection after phagocytosis of bacilli 
by alveolar macrophages. Neutrophils have multiple modes 
of combatting bacterial infections, such as phagocytosis of 
the bacteria, degranulation, and release of extracellular traps. 
Although these effector functions of neutrophils are effi-
cient in controlling common bacterial infections, the effi-
ciency of these mechanisms against Mtb infection is unclear, 
and the over-accumulation of the neutrophils is often asso-
ciated with local lung tissue damage and cavity formation in 
patients with pulmonary TB [2]. Therefore, understanding 
the mechanisms controlling neutrophil recruitment in TB 
infection is imperative.

Neutrophil infiltration in the lungs is controlled by a vari-
ety of host derived factors, including chemokines, cytokines, 
lipids, Mtb infected alveolar macrophages, lung epithelial 
cells and T cells. Currently, no reports have described the 
potential candidate pathogen released factors involved in 
recruitment of neutrophils to sites of Mtb infection. In con-
trast, many studies have reported the chemotactic factors 
released from microbial pathogens such as Staphylococcus 
aureus and Escherichia coli [14,15]. Studies over the years 
have identified a chemoattractant that is common among 
many other microbial pathogens [14-16]. Schiffmann et al., 
in 1975, studied the chemotactic activity of E. coli culture 
filtrates and demonstrated that the chemotactic factors were 
N-terminally blocked peptides with a low molecular weight 
of 150–1,500 Da [15]. This finding was further confirmed 
by Marasco et al. in 1983: mass spectrometry indicated that 
an N-formyl-Met-Leu-Phe (fMLF) peptide showed the 
highest chemotactic activity. Moreover, that study indicated 
that the tripeptide fMLF is the major neutrophil chemotac-
tic factor produced by E. coli [16]. Furthermore, formyl pep-
tides were confirmed to be recognized by specific receptors 
called neutrophilic formyl peptide receptors (fPRs) on neu-
trophil surfaces, thus resulting in chemotaxis. Therefore, we 
tested whether Mtb might also have a formyl peptide that 
drives neutrophil chemotaxis. Our results demonstrated that 
Mtb secretes formyl peptides with neutrophilic chemotactic 
capability that may act through the formyl peptide receptor.

MATERIALS AND METHODS

Preparation of culture filtrates from Mtb
The culture filtrates of Mtb were prepared as previously 
described [17,18] with minor modifications. Briefly, H37Rv 
and clinical isolates of Mtb were inoculated into a T25 tis-
sue culture flask containing 10 ml of either 7H9 broth sup-
plemented with ADC (Difco) or Sauton’s culture medium 
prepared in house as previously described (Microbiol). 

The cultures were incubated at 37°C with 5% CO2 and 
slow shaking. After 2 or 4 weeks of incubation, the cul-
tures of Mtb were collected into a 15 ml conical centrifuge 
tube and spun down at 2,600 × g at room temperature for 
15 minutes. The culture supernatants were filtered through a 
0.2 µm syringe filter (Millipore), divided into 1 ml aliquots 
and stored at -80°C as culture filtrates (CF) before use.

Isolation of neutrophils
Isolation of human neutrophils from peripheral blood. Human 
venous blood samples from 22 healthy donors (15 women 
and 7 men) were used for neutrophil isolation after signed 
consent was obtained, according to a protocol approved by 
the Institutional Review Board of the University of Texas 
Health Science Center at Tyler. Neutrophils were isolated 
with a previously described protocol [19] with minor mod-
ifications. After differential centrifugation of the heparinized 
venous blood over Ficoll-Paque™ Plus (GE Healthcare), 
the plasma and PBMC layers were removed, and the pellet 
containing red blood cells and neutrophils was collected and 
reconstituted with Hanks’ buffered saline solution (HBSS) 
(Gibco) in a total volume of 20 ml, then centrifuged at 
700 × g for 10 minutes. The pellet was resuspended in 20 ml 
of HBSS and mixed with 20 ml of 3% dextran (Sigma) in 
HBSS and allowed to sediment at room temperature for 
30 minutes. The upper layer containing neutrophils was col-
lected into a new 50 ml conical tube, and the volume was 
adjusted to 50 ml with HBSS. The samples were then centri-
fuged at 400 × g for 8 minutes. The pellets were resuspended 
in 5 ml of sterile water by rapid mixing for 45 seconds to lyse 
the residual red blood cells. The reaction was stopped by addi-
tion of 800 µl of heat inactivated-fetal bovine serum (Atlanta 
Biologicals) and HBSS to adjust the volume to 30 ml. The 
cell suspension was centrifuged at 400 × g for 8 minutes, and 
the neutrophil pellets were resuspended in 5 ml RPMI-1640 
medium. Cell numbers and viability were determined by 
counting the cells resuspended in 0.4% trypan blue (Gibco) 
on a hemocytometer under a microscope.

Isolation of mouse neutrophils from bone marrow. Mouse 
neutrophils were isolated from the bone marrow of four 
6–8-week-old C56BL/6 female mice (Jackson Laboratory) 
according to a previously described protocol [17]. The 
mouse studies were approved by the Institutional Animal 
Care and Use Committee of the University of Texas Health 
Science Center at Tyler. Mouse bone marrow cells were 
first prepared with a previously described protocol [20]. For 
further isolation of neutrophils from bone marrow cells, a 
density gradient was created by layering 3 ml of 1.119 g/ml 
Histopaque (Sigma) and 1.007 g/ml Ficoll-Paque (Sigma) 
with the bone marrow solution on top. The density gradient 
was centrifuged at 550 × g for 30 minutes at room temper-
ature with no brake. The middle neutrophil rich layer was 
removed with a syringe, and the cell viability and number 
were determined as described for human neutrophils.

The identity and purity of the neutrophils were deter-
mined through Giemsa staining (American MasterTech). 
A 10 µl aliquot of human or mouse neutrophil suspension 
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was deposited on a glass slide with the cytospin method 
(Cytospin 3 Shandon), and the cells were fixed with 100% 
methanol treatment for 1 minute. After being air dried at 
room temperature, the slides were soaked in Giemsa dye 
overnight. The following day, the slides were rinsed with 
water and mounted with a cover slide. The slide was imaged 
with a LionHeart microscope (Biotek) and analyzed for 
neutrophil identification and purity.

CFSE labeling of neutrophils
Both human and mouse neutrophils were labeled with 
CFSE as described previously [21]. The cells were resus-
pended at 5 × 107 cells/ml in HBSS and incubated with 
2 μM CFSE (Invitrogen CellTrace) at 37°C. One minute 
after incubation, the labeling reaction was stopped by addi-
tion of 100 µl of heat inactivated FBS; this was followed 
by washing with HBSS. The labeled cells were then resus-
pended at 2.5 × 106/ml in RPMI-1640 medium and kept 
on ice before use.

Chemotactic assays
The chemotactic assays for human peripheral blood neu-
trophils and mouse bone marrow derived neutrophils were 
performed as described previously [14] with minor mod-
ifications. Briefly, the chemotactic assay was performed 
with 24-well Transwell membrane plates (Thermo Fisher) 
with a pore size of 3 μm for mouse neutrophils [22] and 
8 μ m for human neutrophils [23]. The basal chamber 
received 200 μl of RPMI-1640 medium and 200 μl of CF 
of Mtb strains, fMLF peptide or synthetic peptides. The 
apical chamber received 2.5 × 105 neutrophils in 100 μl 
of RPMI-1640 medium with or without sulfasalazine. For 
controls, we used 7H9 medium, Sauton’s medium, 250 nM 
fMLF peptide as a positive control, HBSS buffer or 1 mM 
dimethyl sulfoxide (DMSO; Sigma) as a vehicle control. 
The cells were incubated at 37°C overnight. The next day, 
the Transwell inserts were removed, and the cells in each 
well were collected by three washes with HBSS containing 
0.5 M EDTA. The total cell numbers were determined 
with an Attune NXT flow cytometer (Thermo Fisher) 
with a fixed volume of cell suspensions, and analysis by 
FlowJo software was performed to determine the total 
migrated cells.

For inhibition experiments, sulfasalazine (Sigma), a 
chemical inhibitor of fPRs 1 and 2, was dissolved in DMSO 
to produce a 75 mM stock, then added to neutrophil sus-
pension in the apical chambers of the Transwell plate at 0.01, 
0.1, 1 or 10 mM.

Mass spectrometry of Mtb CF and peptide 
synthesis
Samples were prepared for mass spectrometry analysis as 
described by Millipore. Four milliliters of 2-week and 
4-week Mtb CF in 7H9 medium were filtered through a 
3 kDa cutoff centrifugal filter (Amicon Ultra-4 centrifugal 
filter unit) at 700 × g for 30 minutes, and 100 µl of the lower 
and the upper filtrates was sent to the University of Texas 

Southwestern Medical Center Proteomics Core facility for 
mass spectrometry analysis. The samples were analyzed with 
a Proteome Discoverer 2.2 Oribtrap Elite protein identifi-
cation mass analyzer to identify a peptide beginning with 
MLF, with a length ranging from four to nine amino acids 
and an N-formylated terminus. The three N-formylated 
peptides with the highest confidence were selected for 
synthesis. The peptides f-MLFRSQD, f-MLFENSR, 
f-MLFHQVQ and control NH2-MLFRSQD (non-
formylated control) were synthesized (Thermo Fisher) in 
1 mg amounts at 97–99% purity, as determined by HPLC 
analysis. The peptide stocks were made by dissolving the 
lyophilized peptides with 2 ml DMSO, and aliquots were 
stored at -80°C before use.

Neutrophil viability
MTT assays were performed according to our previous 
study [20]. At the end of the culture, 30% MTT was added 
to the cells and cultured at 37°C. Four hours after incuba-
tion, the supernatant was removed, and 100 µl of MTT stop 
solution was added to the cells. The solution was mixed, and 
the optical density at 570 nm was recorded with an ELISA 
plate reader (Molecular Devices).

Calcium mobilization assays
Intracellular calcium mobilization of neutrophils was 
determined with a previously described method [24] 
with minor modifications. Isolated human neutrophils 
(8 × 106 cells/ml) were incubated with a Ca2+ indicator 
fluorescent dye, fluor-4 AM (Invitrogen), at 4 µg/ml for 
30 minutes at 37°C. The cells were then washed with 10 
ml of HBSS and resuspended in RPMI-1640 medium at 
2.5  ×  106/ml. The cells were treated with RPMI-1640 
medium, CF of H37Rv (7H9) or 250 nM of f-MLFRSQD,  
f-MLFHQVQ or NH2-MLFRSQD, and Ca2+ mobiliza-
tion was immediately measured through flow cytometry 
analysis for 5  minutes. The Ca2+ levels that exceeded a 
pre-determined threshold were quantified through ImageJ 
analysis, normalized to the control, and expressed as the 
percentage above the baseline.

Statistical analysis
The data are presented as mean ± standard error of mean 
(SEM). Statistical significance was measured with a standard 
Student’s T test and ANOVA, and a p-value of less than 0.05 
was considered statistically significant. Multiple replicates 
were analyzed as independent experiments, with n values 
up to six.

RESULTS

Culture filtrates of Mtb induce chemotaxis 
of neutrophils
To identify the potential neutrophilic chemotactic factors 
of Mtb, we tested the culture filtrates of Mtb H37Rv for 
their neutrophilic chemotactic activity. The incubation of 
neutrophils with 7H9 medium as a control in the basal 
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chamber resulted in migration of 3.8  ×  104 cells across 
the Transwell. In contrast, CF of H37Rv in 7H9 medium 
induced migration of 1.7  ×  105 cells, indicating 4.5-
fold higher chemotaxis of neutrophils than that in 7H9 
medium alone. To perform further tests with a culture 
medium with a defined composition of ingredients free of 
animal derived components, we performed a chemotaxis 
assay using CF of H37Rv cultured in Sauton’s medium 
[25]. Sauton’s medium attracted very small numbers of 
neutrophils (approximately 2  ×  103 cells). In contrast, 
the CF of H37Rv with Sauton’s medium significantly 
increased chemotaxis of neutrophils (up to 2 × 104 total 
cells; 5.8-fold increase, p = 0.03; Fig 1A). This finding was 
consistent with the chemotaxis of neutrophils induced by 
CF of H37Rv in 7H9 culture medium. We also performed 
tests with mouse bone marrow derived neutrophils. The 
CF of both the 2-week and 4-week H37Rv cultures elic-
ited significantly greater (p < 0.001) neutrophil chemot-
axis than the 7H9 medium control (Fig 1C). The 2-week 
CF produced a 9-fold increase in chemotaxed neutrophils, 
whereas the 4-week CF produced a 26-fold increase in 
chemotaxed neutrophils, thus indicating a culture time 
dependent pattern in the chemotactic activity of CF of 
H37Rv. Giemsa staining of the prepared human (Fig 1B) 
and mouse (Fig  1D) neutrophils confirmed a purity of 
the neutrophils exceeding 95%. These results together 
demonstrated that Mtb strains secrete components with 

chemotactic activity toward both human and mouse neu-
trophils. To assess whether this general mechanism might 
be shared by other members of the Mtb complex, we tested 
the neutrophilic chemotactic activity of CF from 9 clinical 
isolates and Erdman strain of Mtb. Flow cytometry analysis 
of the chemotaxed neutrophils demonstrated that all 11 
Mtb strains induced significantly (p = 0.03) more chemo-
taxed neutrophils than the 7H9 medium control (Fig 1E). 
These results together demonstrated that CF of H37Rv 
and clinical isolates induce chemotaxis of both human and 
mouse neutrophils.

Sulfasalazine inhibition of neutrophil chemotaxis 
for CF of Mtb and fMLF
Isolated human neutrophils combined with increasing 
concentrations of sulfasalazine were incubated with CF of 
H37Rv (7H9) or 250 nM fMLF overnight in a 24-well 
Transwell plate. For fMLF stimulation, both concentrations 
of sulfasalazine (0.1 and 1 mM) reduced fMLF induced 
chemotaxis of neutrophils significantly (p < 0.0001) with 
27-fold reduction than the DMSO control (Fig 2). Likewise, 
sulfasalazine at 0.1 mM reduced the CF of H37Rv induced 
chemotaxis of neutrophils significantly with a reduction of 
2.3 fold (p < 0.02), and at 1 mM concentration reached to 
18-fold reduction of chemotaxed neutrophils (Fig 2). The 
lowest concentration (0.01 mM) and highest concentration 
(10 mM) are not shown. Cell viability was monitored with 

FIGURE 1  |  The culture filtrates of Mtb induce chemotaxis of neutrophils. (A) Peripheral blood neutrophils of healthy donors were incubated 
in the apical chamber of a Transwell plate in 100 μl with the 4-week CF of H37Rv cultured in either Middlebrook 7H9 or Sauton’s medium in 
the basal chamber at 37°C and 5% CO2. At 16 hours after incubation, the cells in the basal chamber were enumerated by flow cytometry 
analysis. (C) Bone marrow neutrophils from naïve C57BL/6 mice were incubated with CF of H37Rv in Middlebrook 7H9 cultured for 2 weeks 
and 4 weeks, and the number of cells in the basal chamber was determined as described in A after 16 hours. The images of purified neutro-
phils from human peripheral blood (B) or mouse bone marrow (D) after Giemsa stain are shown. One representative image of three different 
experiments is shown. (E) Peripheral blood neutrophils from healthy donors were incubated with CF of nine clinical isolates, Erdman and 
H37Rv of Mtb cultured in Middlebrook 7H9 for 4 weeks; the number of chemotaxed cells in the basal chamber was determined as described 
in A. Data are expressed as mean ± SEM. *, p < 0.05; ***, p < 0.005; ****, p < 0.0001 compared with the respective medium control.
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MTT assays, which indicated that all neutrophils remained 
viable after incubation with sulfasalazine (Fig 5). These 
results indicated that the chemotactic activity of the CF of 
H37Rv may contain formylated peptides as a neutrophilic 
chemotactic factor.

Mass spectrometry identification of three 
candidate peptides
To identify potential chemotactic components from the CF 
of Mtb, we filtered the 4-week CF of H37Rv in 7H9 broth 
through a 3 kDa cut-off centrifugal filter, and analyzed the 
upper and lower filtrates by mass spectrometry for the iden-
tification of N-formylated peptides. No peptides matched 
the search criteria in the upper filtrate (components above 
3 kDa); however, 11 identified peptides had an MLF start-
ing sequence, three of which had a formylated N-terminus 
(Table 1). Two of the three formylated peptides had a con-
fidence of 0.42, whereas the other had a confidence of 
0.38. All three formylated peptides had peptide to spectrum 
matches equal to 1.

Synthetic formylated peptides induce 
chemotactic activity in human neutrophils
To test the neutrophilic chemotactic activity of the identi-
fied peptides, we synthesized three formyl peptides and one 
non-formylated peptide via a commercial source and assessed 
their chemotactic activity by using human peripheral blood 
neutrophils. Human neutrophils were incubated with 125, 
250 or 500 nM of synthetic f-MLFRSQD, f-MLFENSR, 
f-MLFHQVQ and NH2-MLFRSQD overnight in a 
24-well Transwell plate. All concentrations of f-MLFENSR 
and NH2-MLFRSQD, compared with the DMSO vehicle 

control, showed a non-significant increase in chemotaxed 
cells (Fig 3). However, both the formylated MLFRSQD and 
MLFHQVQ showed significant (p = 0.003 and p = 0.01) 
increases in chemotaxed human neutrophils for all concen-
trations. Formylated MLFRSQD showed an 11- to 26-fold 
increase in chemotaxed neutrophils, whereas f-MLFHQVQ 
showed a 32- to 39-fold increase in chemotaxed neutro-
phils and thus were selected for further analysis. To validate 
that these peptides stimulated chemotaxis of neutrophils 
through fPRs, we used sulfasalazine as an fPR inhibitor. The 
presence of sulfasalazine significantly (p = 0.01) decreased 
the chemotaxis of neutrophils stimulated by f-MLFRSQD, 
with a 56-fold difference with respect to the non-inhib-
ited control (Fig 4). Similarly, sulfasalazine also suppressed 
f-MLFHQVQ elicited neutrophil chemotaxis significantly 
(p =  0.01), with a 24-fold difference with respect to the 
control cells without sulfasalazine (Fig 4). Cell viability was 
monitored with MTT assays, which indicated that all neu-
trophils remained viable after incubation with sulfasalazine 
(Fig 5).

Formyl-peptides induce substantial calcium 
mobilization in human neutrophils
Human neutrophils were stimulated with CF of H37Rv 
(7H9), f-MLFRSQD/NH2-MLFRSQD and f-MLF-
HQVQ, and fMLF was used as a positive control. With 
RPMI-1640 medium as a baseline control, each stimulant 
was compared with the threshold to visualize an increase 
or decrease in intracellular Ca2+. All stimulants except for 
CF of H37Rv (7H9) induced an increase in intracellular 

FIGURE 2  |  Sulfasalazine, an inhibitor of fPRs, suppresses neu-
trophil chemotaxis induced by the fMLF peptide and CF of H37Rv. 
(A) Chemotaxis of human peripheral blood neutrophils with fMLF 
peptide at 250 nM or CF of H37Rv cultured in Middlebrook 7H9, 
assessed in the presence of sulfasalazine (SS) at the indicated 
concentrations (mM), or DMSO as a vehicle control and fresh 
Middlebrook 7H9 as a negative control (Medium), as in Fig 1. The 
chemotaxed cells were determined by flow cytometry analysis, and 
data are expressed as mean ± SEM. *, p < 0.05; ***, p < 0.005; 
****, p < 0.0001 compared with DMSO control.

TABLE 1  |  Mass spectrometry identification of three 
potential chemotactic candidates from the culture filtrates of 
H37Rv in 7H9 broth.

Confidence  Sequence  Modifications1   Quality Pep2  PSMs3

High   mlfeeai   1× Acetyl [N-Term]   0.205636   2

High   mlfpasp   1× Oxidation [M1]   0.285586   1

High   mlfsgpi   1× Oxidation [M1]   0.307954   2

High   mlfagiv     0.359888   2

High   mlfrsqd   1× Formyl [N-Term]  0.377808   1

High   mlfmfqv   1× Acetyl [N-Term]   0.41359   1

High   mlfensr   1× Formyl [N-Term]  0.417769   1

High   mlfhqvq   1× Formyl [N-Term]  0.417769   1

High   mlffmqv   1× Acetyl [N-Term]   0.436335   1

High   mlfgalv     0.436335   2

High   mlfhti   1× Oxidation [M1]   0.436335   2

1Indicative of N-terminal or internal modifications to the identified 
peptides.
2Represents measured confidence of the identified peptides, where 
values closer to 1 have low confidence, and values close to 0 have 
high confidence.
3PSMs (peptide spectral matches) represent the number of matching 
peptides in the solution. 
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free Ca2+ levels above baseline levels (Fig 6A). For quanti-
fication, the total percentage area of the level of intracellu-
lar free Ca2+ above baseline was normalized to that of the 
RPMI-1640 medium control and expressed as the relative 
Ca2+ above baseline (Fig 6B). The CF of H37Rv (7H9) and 
the NH2-MLFRSQD peptide did not result in a significant 
increase above the baseline, whereas the three formylated 
peptides (fMLF, f-MLFRSQD and f-MLFHQVQ) elicited 
significant (p = 0.04, 0.01, 0.001) increases above baseline 
(Fig 6B).

FIGURE 3  |  Synthetic formylated peptides induce chemotaxis of human neutrophils. Peripheral blood neutrophils were incubated with 
synthetic peptides at the indicated concentrations, or DMSO as a negative control and 250 nM fMLF as a positive control, in Transwell chem-
otaxis assays, as described in Fig 1. The chemotaxed cells were determined with flow cytometry analysis, and data are expressed as mean ± 
SEM. Ns, no significance; *, p < 0.05; and **, p < 0.005 compared with DMSO vehicle control.

FIGURE 4  |  Sulfasalazine blocks chemotaxis of human neutrophils 
by synthetic formylated peptides. Chemotaxis of human peripheral 
blood neutrophils with or without 1 mM sulfasalazine (SS) treat-
ment, incubated with formylated peptides with the highest chem-
otactic activity, as previously described. The total chemotaxed cells 
were determined by flow cytometry analysis, and data are expressed 
as mean ± SEM. *, p < 0.05 compared with control cells.

DISCUSSION

Emerging evidence indicates that neutrophils play critical roles 
in TB infection, particularly in chronic infections and severe 
disease accompanied by granuloma formation. Although sev-
eral neutrophilic chemotactic factors with host origin have 
been described, the chemotactic factors originating from the 
Mtb pathogen remained unexplored. Our results from this ini-
tial study demonstrated the existence of N-formylated pep-
tides in the culture filtrates of Mtb. The chemotactic activity 
of CF of H37Rv was also confirmed with Sauton’s medium 
with known components and without contamination from 
animal derived components. Even so, the chemotactic activ-
ity was lower than that of CF of Mtb with 7H9 broth, possi-
bly because more bacilli were present in the 7H9 broth than 
Sauton’s medium. The rich nutritional value of 7H9 broth 
supplemented with ADC and albumin might have facilitated 
Mtb growth by neutralizing the growth suppressive effects of 
free fatty acids produced during the growth of Mtb.

Interestingly, the CF of Mtb induced chemotaxis of 
both human and mouse neutrophils. Mouse neutrophils 
responded to the CF of H37Rv in a dose dependent man-
ner when the cells were incubated with CF of H37Rv 
(7H9) harvested at 2- and 4-week culture times. The 
4-week CF induced a dramatic 26-fold increase in chemo-
taxed cells, whereas the CF of 2-week CF induced a 9-fold 
increase in neutrophil chemotaxis. The chemotaxed neu-
trophils were 2.9-fold higher in the 4-week culture than 
the 2-week culture, in agreement with the greater number 
of bacilli in the former. The neutrophil chemotactic aci-
tivies were also confirmed for the CF of 10 other strains of 
Mtb inlcuding Mtb Erdman and 9 clinical isolates of Mtb. 
These results therefore indicated that CF of Mtb indeed 
induces chemotaxis of human and mouse neutrophils.

Pathogen derived chemoattractants have been stud-
ied over 50 years. The most common chemoattractant 
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produced by bacterial pathogens is fMLF [15,16,26]. The 
N-formylation refers to the addition of a formyl group 
to the N-terminus of the peptide, thus effectively block-
ing the N-terminus from other modifications [27]. The 
3-amino acid peptide is associated with the binding and 
activation of fPRs expressed on the membranes of mam-
malian neutrophils [28]. To determine fPR involvement, 
we applied an fPR inhibitor, sulfasalazine. This known anti-
inflammatory drug has been used for more than 60 years 
for the clinical management of inflammatory diseases, such 
as rheumatoid arthritis, ulcerative colitis and inflammatory 
bowel disease [29-31]. This compound binds fPRs on the 
neutrophilic surface and blocks formylated peptide bind-
ing [32]. Isolated human neutrophils were incubated with 

various concentrations of sulfasalazine before incubation 
with CF and formylated peptides for chemotaxis. In agree-
ment with previous published studies, sulfasalazine inhibited 
fMLF induced chemotaxis of neutrophils in a concentration 
dependent manner. Interestingly, sulfasalazine also blocked 
the chemotactic responses of human neutrophils to the CF 
of H37Rv and the synthetic formylated peptides of Mtb in 
an equivalent manner, thus indicating that the components 
in the CF of Mtb act mainly through the same fPR on neu-
trophils. These results suggested that the chemoattractant 
present in CF of H37Rv requires fPR activation to induce 
neutrophil chemotaxis.

Mass spectrometry analysis of CF of H37Rv after divi-
sion of the filtrate into two fractions detected no peptides 

FIGURE 5  |  Sulfasalazine induced suppression of neutrophil chemotaxis by formylated peptides is not due to compromised cell viability. 
Human neutrophils treated with sulfasalazine were incubated with MTT reagent to determine cell viability in chemotactic assays. 
Total cell activity was calculated according to OD570 absorbance, and data are expressed as mean ± SEM.

FIGURE 6  |  Synthetic formylated peptides induce intracellular Ca2+ mobilization of neutrophils. Human peripheral blood neutrophils from four 
healthy donors were labeled with Fluo-4 AM and stimulated with RPMI-1640 medium control, CF of H37Rv (7H9) or 250 nM of peptides as 
indicated. The cells were immediately monitored for 5 minutes. (A) Flow cytometry analysis of intracellular Ca2+ mobilization over 5 minutes. 
(B) Variables were normalized to the RPMI-1640 medium control to express relative Ca2+ above baseline. ns, no significance; *, p < 0.05 
and **, p < 0.005, fold difference in Ca2+ levels compared with RPMI-1640 control cells.
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that matched the search criteria of formylated peptides for 
the upper filtrate. However, 11 peptides starting with MLF, 
and between six and nine amino acids in length, were iden-
tified in the lower filtrate. Of the 11 identified peptides, 
three that matched the search criteria were tested for their 
chemotactic activity on human neutrophils by using their 
synthetic mimetics. Peptide 1 (f-MLFRSQD) was catego-
rized with the highest confidence and therefore was used 
as the non-formylated peptide control. Only peptide 1 
and peptide 3 (f-MLFHQVQ) elicited significantly greater 
neutrophil chemotaxis than the DMSO vehicle control 
and non-formylated control. However, peptide 1 did not 
have an efficacy comparable to that of the fMLF control. 
Peptide 3 induced greater numbers of chemotaxed cells 
than peptide 1; therefore, peptide 3 is probably the more 
potent chemoattractant produced by H37Rv. To confirm 
that these synthetic formylated peptides used the same fPR 
mechanism, we incubated isolated human neutrophils with 
the fPR inhibitor sulfasalazine and stimulated them with 
peptides 1 and 3 (Fig 4). The presence of sulfasalazine at 
1 mM suppressed the activities of both peptides similarly. 
Collectively, these results suggested that synthetic peptides 
f-MLFRSQD and f-MLFHQVQ both induce neutrophil 
chemotaxis through binding fPRs on neutrophilic cell sur-
faces, such as fMLF.

When neutrophils are activated by cytokines, chemokines 
or other chemoattractants, a sequence of downstream events 
activate multiple phospholipases that act on membrane phos-
pholipids [33]. Activation of the phosphoinositide-specific 
phospholipase Cβ then generates inositol triphosphate, 
which consequently initiates the mobilization of Ca2+ from 
intracellular stores [33-35]. Typically, very rapid immobiliza-
tion of intracellular Ca2+ is the first indicator of cell activa-
tion [36]. Compared with the RPMI-1640 medium control, 
fMLF, f-MLFRSQD, f-MLFHQVQ and NH2-MLFRSQD 
all showed free Ca2+ levels that exceeded the baseline (Fig 
6A). However, when normalized to the medium control, 
only the fMLF, f-MLFRSQD and f-MLFHQVQ peptides 
induced Ca2+ levels above the baseline control (Fig  6B). 
These results suggested that the formylation of the peptides 
played a key role in neutrophil activation. This conclusion 
was supported by the finding that non-formylated peptide 
did not induce Ca2+ levels above baseline. However, the CF 
of H37Rv (7H9) did not induce Ca2+ levels significantly 
above baseline. This is probably due to: 1) multiple chemoat-
tractant components present in the CF might have competed 
for neutrophil receptor activation, thus slowing the Ca2+ 
mobilization process, 2) neutrophil activation might have 
occurred very quickly, and the Ca2+ mobilization might have 
been missed because it occurred before the reading, or 3) 
the concentration of the formylated peptides in the culture 
filtrate might not have been as high as the chosen concen-
tration of the synthetic mimetic used. Overall, we deduced 
that Ca2+ mobilization occurred in response to stimulation 
of neutrophils with formylated peptides of Mtb.

In conclusion, our results showed that two formylated pep-
tides identified in CF of Mtb via mass spectrometry analysis 

showed biological chemotactic activity toward primary neu-
trophils of both mouse and human origin. Our findings add 
two potential N-formylated peptides to the list of other 
chemotactic factors identified to be of Mtb origin, such as 
monocyte chemoattractant protein (MCP)-1 like protein 
of Mtb [37] and ESAT-6 and glutamine synthetase derived 
N-formylated peptides [38], thus lending support to the 
existence of chemotactic proteins and peptides of Mtb origin.

ACKNOWLEDGEMENTS

We thank Drs. Pierre Neuenschwander, PhD, Torry Tucker, PhD, and 
Dustin Patterson, PhD, for their critical comments and discussion 
of the research. This research was supported by funding from the 
University of Texas Health Science Center at Tyler.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

References

1.	 Organization GWH. Global Tuberculosis Report 2021. 2021.
2.	 de Melo MGM, Mesquita EDD, Oliveira MM, da Silva-Monteiro 

C, Silveira AKA, Malaquias TS, et al. Imbalance of NET and 
alpha-1-antitrypsin in tuberculosis patients is related with hyper 
inflammation and severe lung tissue damage. Front Immunol. 
2019;9:3147.

3.	 Osei E, Oppong S, Der J. Trends of tuberculosis case detection, 
mortality and co-infection with HIV in Ghana: a retrospective 
cohort study. PLoS One. 2020;15(6):e0234878.

4.	 Teklu AM, Nega A, Mamuye AT, Sitotaw Y, Kassa D, Mesfin G, 
et al. Factors associated with mortality of TB/HIV co-infected 
patients in Ethiopia. Ethiop J Health Sci. 2017;27(1):29-38.

5.	 Stijnberg D, Commiesie E, Marín D, Schrooten W, Perez F, 
Sanchez M. Factors associated with mortality in persons 
co-infected with tuberculosis and HIV in Suriname: a retrospective 
cohort study. Rev Panam Salud Pubilca. 2019;43:e103.

6.	 Bhering M, Duarte R, Kritski A. Treatment outcomes 
and predictive factors for multidrug-resistant TB and HIV 
coinfection in Rio de Janeiro State, Brazil. Int J Tuberc Lung Dis. 
2021;25(7):292-298.

7.	 Efsen AMW, Schultze A, Miller RF, Panteleev A, Skrahin 
A, Podlekareva DN, et al. Management of MDR-TB in HIV 
co-infected patients in Eastern Europe: results from the TB:HIV 
study. J Infect. 2018;76(1):44-54.

8.	 Howell P, Achar J, Huang GKL, Mariandyshev A, Schaaf HS, 
Garcia-Prats AJ. Treatment of rifampicin-resistant tuberculosis 
disease and infection in children: key updates, challenges and 
opportunities. Pathogens. 2022;11(4):381-392.

9.	 Ma J, Liu H, Wang J, Li W, Fan L, Sun W. HIV-Negative 
Rifampicin resistance/multidrug-resistant extrapulmonary 
tuberculosis in China from 2015 to 2019: a clinical retrospective 
investigation study from a National Tuberculosis Clinical 
Research Center. Infect Drug Resist. 2022;19(15):1155-1165.

10.	 Ghanavi J, Farnia P, Farnia P, Velayati AA. The role of interferon-
gamma and interferon-gamma receptor in tuberculosis and 
nontuberculous mycobacterial infections. Int J Mycobacteriol. 
2021;10(4):349-357.

11.	 Guler R, Ozturk M, Sabeel S, Motaung B, Parihar SP, 
Thienemann F, et al. Targeting molecular inflammatory 
pathways in granuloma as host-directed therapies for 
tuberculosis. Front Immunol. 2021;20(12):733853.

12.	 Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. 
Cytokines and chemokines in Mycobacterium 
tuberculosis infection. Microbiol Spectr. 2016;4(5). 
DOI: 10.1128/microbiolspec.TBTB2-0018-2016.



Mycobacterium tuberculosis formylated peptides with neutrophilic chemotaxis� 9

13.	 Lu N, Yang Y, Li X, Li J, Cheng J, Lv Z, et al. The protective 
action of piperlongumine against mycobacterial pulmonary 
tuberculosis in its mitigation of inflammation and macrophage 
infiltration in male BALB/c mice. J Vet Res. 2021;65(4):431-440.

14.	 Southgate EL, He RL, Gao JL, Murphy PM, Nanamori M, Ye RD. 
Identification of formyl peptides from Listeria monocytogenes 
and Staphylococcus aureus as potent chemoattractants for 
mouse neutrophils. J Immunol. 2008;181:1429-1437.

15.	 Schiffmann E, Showell HV, Corcoran BA, Ward PA, Smith 
E, Becker EL. The isolation and partial characterization of 
neutrophil chemotactic factors from Escherichia coli. J Immunol. 
1975;114(6):1831-1837.

16.	 Marasco WA, Phan SH, Krutzsch H, Showell HJ, Feltner 
DE, Nairn R, et al. Purification and identification of formyl-
methionyl-leucyl-phenylalanine as the major peptide neutrophil 
chemotactic factor produced by Escherichia coli. J Biol Chem. 
1984;259(9):5430-5439.

17.	 Andersen P, Askgaard D, Ljungqvist L, Bennedsen J, Heron I. 
Proteins released from Mycobacterium tuberculosis during 
growth. Infect Immun. 1991;59(6):1905-1910.

18.	 Zhang M, Gong J, Yang Z, Samten B, Cave MD. Enhanced capacity 
of a widespread strain of Mycobacterium tuberculosis to grow in 
human macrophages. J Infect Dis. 1999;179(5):1213-1217.

19.	 Kuhns DB, Priel DAL, Chu J, Zarember KA. Isolation and 
functional analysis of human neutrophils. Curr Protoc Immunol. 
2016;111:7.23.1-7.23.16.

20.	 Jung BG, Wang X, Yi N, Ma J, Turner JB, Samten B. Early 
secreted antigenic target of 6-kDa of Mycobacterium 
tuberculosis stimulates IL-6 production by macrophages through 
activation of STAT3. Sci Rep. 2017;7:40984.

21.	 Samten B, Townsend JC, Sever-Chroneos Z, Pasquinelli V, Barnes 
PF, Chroneos ZC. An antibody against the surfactant protein A 
(SP-A)-binding domain of the SP-A receptor inhibits T cell-
mediated immune responses to Mycobacterium tuberculosis. J 
Leukoc Biol. 2008;84(1):115-123.

22.	 Partida-Sanchez S, Gasser A, Fliegert R, Siebrands CC, 
Dammermann W, Shi G, et al. Chemotaxis of mouse bone 
marrow neutrophils and dendritic cells is controlled by ADP-
ribose, the major product generated by the CD38 enzyme 
reaction. J Immunol. 2007;179(11):7827-7839.

23.	 Deng Y, Herbert JA, Smith CM, Smyth RL. An in vitro 
transepithelial migration assay to evaluate the role of 
neutrophils in Respiratory Syncytial Virus (RSV) induced 
epithelial damage. Sci Rep. 2018;8:6777.

24.	 Pollock WK, Rink TJ. Thrombin and ionomycin can raise platelet 
cytosolic Ca2+ to micromolar levels by discharge of internal 
Ca2+ stores: studies using fura-2. Biochem Biophys Res 
Commun. 1986;139(1):308-314.

25.	 Guallar-Garrido S, Campo-Pérez V, Sánchez-Chardi A, Luquin M, 
Julián E. Each Mycobacterium requires a specific culture medium 
composition for triggering an optimized immunomodulatory 
and antitumoral effect. Microorganisms. 2020;8(5):734.

26.	 Metzemaekers M, Gouwy M, Proost P. Neutrophil 
chemoattractant receptors in health and disease: double-edged 
swords. Cell Mol Immunol. 2020;17:433-450.

27.	 Mills JS, Miettinen HM, Cummings D, Jesaitis AJ. 
Characterization of the binding site on the formyl peptide 
receptor using three receptor mutants and analogs of 
Met-Leu-Phe and Met-Met-Trp-Leu-Leu. J Biol Chem. 
2000;275(50):39012-39017.

28.	 Bufe B, Schumann T, Kappl R, Bogeski I, Kummerow C, 
Podgórska M, et al. Recognition of bacterial signal peptides by 
mammalian formyl peptide receptors: a new mechanism for 
sensing pathogens. J Biol Chem. 2015;290(12):7369-7387.

29.	 Dissanayake AS, Truelove SC, A controlled therapeutic trial 
of long-term maintenance treatment of ulcerative colitis with 
sulphasalazine (salazopyrin). Gut. 1973;14(12):923-926.

30.	 Huang C, Luo X, Li L, Xue N, Dang Y, Zhang H, et al. Glycyrrhiza 
polysaccharide alleviates dextran sulfate sodium-induced 
ulcerative colitis in mice. Evid Based Complement Altern Med. 
2022;2022:1345852.

31.	 Kashiwado Y, Kimoto Y, Sawabe T, Irino K, Nakano S, Hiura J, 
et al. Antibody response to SARS-CoV-2 mRNA vaccines in 
patients with rheumatic diseases in Japan: interim analysis of a 
multicenter cohort study. Mod Rheumatol. 2022;roac030:Online 
ahead of print,

32.	 Schepetkin IA, Khlebnikov AI, Giovannoni MP, Kirpotina 
LN, Cilibrizzi A, Quinn MT. Development of small molecule 
non-peptide formyl peptide receptor (FPR) ligands and 
molecular modeling of their recognition. Curr Med Chem. 
2014;21(13):1478-1504.

33.	 Liao HR, Chen IS, Liu FC, Lin SZ, Tseng CP. 2’,3-dihydroxy-
5-methoxybiphenyl suppresses fMLP-induced superoxide 
anion production and cethepsin G release by targeting the 
B-subunit of G-protein in human neutrophils. Eur J Pharmacol. 
2018;829:26-37.

34.	 Santin JR, Machado ID, Drewes CC, de Vinci Kanda Kupa 
L, Soares RM, Cavalcanti DM, et al. Role of an indole-
thiazolidiene PPAR pan ligand on actions elicited by G-protein 
coupled receptor activated neutropils. Biomed Pharmacother. 
2018;105:947-955.

35.	 Ribeiro D, Freitas M, Rocha S, Lima JLFC, Carvalho F, Fernandes E. 
Calcium pathways in human neutrophils—the extended effects 
of thapsigargin and ML-9. Cells. 2018;7(11):204-220.

36.	 Cohen R, Holowka DA, Baird BA. Real-time imaging of Ca2+ 
mobilization and degranulation in mast cells. Methods Mol Biol. 
2015;1220:347-363.

37.	 Rao SP, Hayashi T, Catanzaro A. Identification of a chemotactic, 
MCP-1-like protein from Mycobacterium avium. FEMS Immunol 
Med Microbiol. 2002;33(2):115-124.

38.	 Mir SA, Sharma S. Immunotherapeutic potential of 
N-formylated peptides of ESAT-6 and glutamine synthetase 
in experimental tuberculosis. Int Immunopharmacol. 
2014;18(2):298-303.


