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Background: Resident alveolar macrophages, dendritic cells, and immigrating neutrophils 

(NEU) are the first cells to contact Mycobacterium tuberculosis in the lung. These cells, and 

additional lymphoid cells in the developing granuloma, release a series of components that may 

concentrate in the serum and affect disease progression.

Purpose: The aim of this study was to investigate the effect of the serum from tuberculosis 

(TB) patients and their household contacts (HHC) on the nuclear morphology of NEU.

Materials and methods: NEU from healthy (HLT) people were incubated with sera from 

patients with active pulmonary TB, their HHC, and unrelated people. Changes in the nuclear 

morphology of NEU were analyzed by light and electron microscopy.

Results: Sera from patients with TB induced changes in the nuclear morphology of NEU 

that included pyknosis, swelling, apoptosis, and netosis in some cases. Sera from some HHC 

induced similar changes, while sera from HLT people had no significant effects. Bacteria did 

not appear to participate in this phenomenon because bacteremia is not a recognized feature 

of nonmiliary TB, and because sera from patients that induced nuclear changes maintained 

their effect after filtration through 0.22 µm membranes. Neither anti-mycobacterial antibodies, 

TNFα, IL-6, IFNγ, or IL-8 participated in the phenomenon. In contrast, soluble mycobacte-

rial antigens were likely candidates, as small quantities of soluble M. tuberculosis antigens 

added to the sera of HLT people led to the induction of nuclear changes in NEU in a dose-

dependent manner.

Conclusion: These results might help to detect subclinical TB within HHC, thus leading to a 

recommendation of prophylactic treatment.
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Introduction
Tuberculosis (TB) is one of the most investigated infectious diseases because it 

represents one of the deadliest infectious diseases of the last decades.1 TB is caused 

by a very resilient bacterium (Mycobacterium tuberculosis) that is well adapted to 

resist both innate and adaptive immunities.2,3 The disease primarily affects the lung 

and also involves other organs, producing extrapulmonary forms of the disease. It 

has a high incidence in developing countries but is also not rare in developed nations. 

The burden of disease is clearly reflected in a 2017 global report from the World 

Health Organization (WHO) that reported 6.6 million new cases of TB in 2016, with 

1.5 million deaths, and an AIDS comorbidity of 0.4 million.1 The immunopathol-

ogy of TB has been extensively reviewed, and the roles of macrophages, dendritic 

cells, and T cells in the immunology of the disease are well known.4–7 The role of 
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neutrophils (NEU) in the immunopathology of the disease 

is less well known, and much of the information to date is 

controversial.8–10 NEU are recruited early in M. tuberculo-

sis infection, and together with alveolar macrophages and 

dendritic cells, they ingest mycobacteria.8,11 Microscopic 

examinations of sputum, bronchoalveolar lavage, and fluid 

of the pulmonary caverns have revealed that NEU are the 

major cells infected with M. tuberculosis.12 Although some 

studies have reported that NEU can kill M. tuberculosis 

in vitro,13–15 other reports do not support this assertion16–18 

and the report by Kisich et al19 in 2002 suggested that the 

mycobactericidal activity of NEU depends on the donor. 

The issue of the influence of genetic variability on the 

mycobactericidal activity of NEU has also been explored 

in mice. In one study, animals that were susceptible to TB 

showed higher recruitment of NEU and higher severity of 

the disease than animals that were resistant to infection.20 

NEU influx to the site of infection is determinant in the 

pathology of the disease, and the depletion of miR-233 (an 

NEU chemotaxis regulator) in TB-resistant mice leads to 

progressive disease.21 Importantly, NEU influx depends on 

cytokines produced locally by macrophages and T cells.22,23 

In a BCG (Bacillus of Calmette and Guérin) vaccination 

model,24 NEU were the first peripheral cells to be recruited 

to the injection site and they were also able to transport 

bacilli to regional lymph nodes and other sites, thus con-

tributing to the spread of infection. These observations gave 

rise to the idea that NEU might function as Trojan horses, 

facilitating rather than controlling the spread of the infec-

tion. This idea was further supported by Zhang et al25 in 

2009 who found that the depletion of NEU in the late stages 

of disease led to decreased colony-forming units (CFU) in 

the lung, linking neutrophilia to a poor disease prognosis.26,27

Despite these observations, the predominant consensus is 

that NEU do not play a protective role in TB, although they 

may facilitate the microbicidal activity of macrophages.28 

In addition, apoptotic bodies derived from M. tuberculosis 

apoptotic NEU are captured by macrophages and dendritic 

cells and carried to secondary lymphoid organs to initiate the 

antimycobacterial cell-mediated immune response.29

Here, we describe a previously unknown phenomenon 

related to NEU in TB: most sera from TB patients and some 

sera from their household contacts (HHC), but not sera from 

noncontact healthy (HLT) people, induced nuclear changes 

compatible with apoptosis (preceded by pyknosis and nuclear 

swelling), and less frequently with netosis, on NEU from 

HLT donors.

Materials and methods
Reagents
Unless otherwise specified, chemicals were purchased from 

Sigma-Aldrich Co. (St Louis, MO, USA).

Biological samples
Serum samples
Serum was collected from 42 patients with active pulmonary 

TB (APTP) and 51 HHC of APTP and from 40 HLT individu-

als with no known contact with TB patients, all of whom were 

from Baja California, Mexico, a state with a high incidence 

of TB. The participants’ demographic characteristics are 

presented in Table 1.

Written informed consent
All samples were collected by medical and paramedical per-

sonnel of the Instituto Mexicano del Seguro Social (IMSS), 

Ensenada, BC, Mexico, with written informed consent from 

the donors. A parent of any donor under the age of 18 years 

also read and signed a written informed consent. Sera were 

aseptically separated from 3.0 to 5.0 mL of blood, centrifuged 

(2,200× g/10 minutes/4°C), divided into 50 µL of aliquots, 

and stored frozen at -70°C until used.

Approval
Documents regarding the written informed consent of the 

donors and approval of the project (August 21, 2014) by the 

Committee of Ethics in Research of the School of Health 

Sciences at Autonomous University of Baja California are 

available upon request.

Table 1 Sociodemographic characteristics of the subjects 
involved in the study (Northern Baja California, Mexico)

Characteristics APTP  
(n=42)

HHC  
(n=51)

HLT  
(n=40)

Median age (range), years 35.54  
(1.5–65)

28.98  
(1–71)

32.6  
(15–73)

Gender (male/female) 29/13 34/17 21/19
Family history of tuberculosis (yes/no) 0/42 51/0 0/40
Former tuberculous patient (yes/no) 3/39 0/51 0/40
Treatmenta (yes/no) 42/0 0/51 0/40
HIV coinfection (yes/no) 2/40 0/51 0/40
Comorbidityb (yes/no) 13/29 17/34 5/35
Smoking (yes/no) 15/27 20/31 7/33
Alcoholism (yes/no) 20/22 13/38 8/32
Drug addiction (yes/no) 18/24 21/30 1/39

Notes: aDotbal (Silanes) (rifampicin, isoniazid, pyrazinamide, and ethambutol). 
bArterial hypertension, diabetes mellitus, hepatitis, malignancy, undernutrition, 
arthritis, and immunodeficiency.
Abbreviations: APTP, active pulmonary tuberculosis; HHC, household contacts; 
HLT, healthy.
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Accordance
Methods were carried out in accordance with relevant 

national guidelines and regulations.

Characteristics of the study population
The average age of the patients was 35.54 (range 1.5–

65)  years; 29 patients were males and 13 patients were 

females. The average age of the HHC was 28.98 (range 

1–71) years; 34 HHC were males and 17 HHC were females. 

The age of the noncontact, HLT individuals was 32.6 (range 

15–73) years; 21 HLT individuals were males and 19 HLT 

individuals were females.

All patients were under anti-TB treatment, but the drug 

combinations, doses, and times of treatment varied between 

patients.

Bacteria
M. tuberculosis H37Rv TMC 102 was originally acquired 

from the Trudeau Mycobacterial Culture Collection (Saranac 

Lake, NY, USA). It was grown on Proskauer-Beck-Youmans 

(PBY) medium (asparagine, 0.5%; KH
2
PO

4
, 0.5%; K

2
SO

4
, 

0.05%; glycerol, 2.0%; magnesium citrate, 0.15%) and used 

as heat-inactivated (10 pounds/10 minutes) whole bacteria 

or as a soluble extract prepared by the disruption of PBS-

washed bacteria in a French press (2,500 psi/5 cycles). Before 

heat killing, bacteria were quantified using the micro-drop 

method by counting CFU on Middlebrook 7H10-OADC 

Plates.30 Bacteria in PBY medium were disaggregated by 

passing the suspension through a 25 G needle several times, 

while the mycobacterial extract was dialyzed against PBS for 

24 hours at 4°C and passed through a 0.45 µm nitrocellulose 

filter. Both preparations were separated into small aliquots 

and stored frozen at -20°C until use.

NEU
Blood from HLT people, who also provided written informed 

consent (available upon request), was collected from volun-

teers of the Department of Immunology at our institution. 

Their ages ranged from 26 to 32 years, and the group included 

50% males and 50% females. NEU were separated from 

heparinized blood by centrifuging 5.0 mL of blood on 5.0 mL 

of Polymorphprep (Axis-Shield PoC AS, Oslo, Norway) at 

200× g for 45 minutes at 25°C. The NEU layer was collected 

after carefully removing the overlying film of mononuclear 

cells. NEU were suspended in 12 mL of phosphate buffered 

saline plus glucose (PBSG)  (0.15 M NaCl, 0.01 M Na+K+ 

phosphate, 0.1% glucose, pH 7.4), washed once by centrifu-

gation (200× g/5 minutes/4°C), and resuspended in 2.0 mL of 

PBSG for counting; counts were adjusted to 1×106 cells/mL.

Short-term culture of NEU
Cell cultures were prepared on washed and degreased glass 

slides covered with an adherent vinyl mask casted with three 

0.8  mm Ø circular areas on which NEU were deposited 

for cultivation. Masked glass slides were placed into Petri 

dishes, and the entire system was sterilized at 10 pounds for 

10 minutes.

NEU monolayers were produced by depositing 40 µL of 

the cell suspension (4×104 cells) on each circular area of the 

glass slide, and the culture system was incubated for 30 min-

utes at 37°C and 4% CO
2
 under a humidified atmosphere. The 

supernatant was removed and replaced with 40 µL of PBSG, 

phorbol myristate acetate (PMA; 10 ng/mL), or the test (HLT 

or TB) sera. Next, the cell monolayers were incubated for 

3 or 6 hours at 37°C/5% CO
2
 in a humidified atmosphere. 

Finally, the slides were recovered, the supernatant was care-

fully removed, and 40  µL of 1% paraformaldehyde was 

added per well. After 10 minutes of fixation, the slides were 

recovered, washed by dipping three times in distilled water, 

air dried, and stained for DNA with fluorescent Hoechst 

stain (1:1,000) for 2 minutes. The vinyl masks were then 

removed, and the cell preparation was protected with Vecta 

Shield (Vector Laboratories Inc, Burlingame, CA, USA) for 

microscopic examination. Changes in the nuclear morphol-

ogy were semiquantified using the ImageJ software 1.47 v 

(Wayne Rasband; NIH, Bethesda, MD, USA) on 40× images 

taken with a Nikon Eclipse 8000 microscope and edited with 

Corel PaintShop Pro X7 (adjust/effects/edge/trace contour).

Cytokine determination
Quantification of IL-6, IL-8, tumor necrosis factor alpha 

(TNFα), and interferon gamma (IFNγ) in serum was assessed 

using sandwich ELISA kits (BioLegend Inc., San Diego, CA, 

USA) following the manufacturer’s instructions. The cyto-

kine concentrations were calculated using the curve-fitting 

software (GraphPad Software, Inc., La Jolla, CA, USA) and 

the recombinant standards included in the kits.

Electron microscopy
Scanning electron microscopy (SEM)
A total of 40,000 glass-adhered cells were incubated 

(37°C/5% CO
2
) for 3 or 6 hours in the presence of 40 µL 

of PBSG (negative control), 40 µL of PMA (0.1 µg/mL of 

PBSG) (positive control), or 40 µL of normal or TB sera (test 

samples). At the end of the incubation, the supernatant was 

removed and the cells were fixed with 40 µL of 2.5% glu-

taraldehyde in PBS (16520; Electron Microscopy Sciences, 

Hatfield, PA, USA) for 1 hour. The cell monolayers were 
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rinsed three times (5 minutes each) with Sorensen’s solution 

(0.01 M Na
2
HPO

4
×2H

2
O/NaH

2
PO

4
×H

2
O, pH 7.4) and fixed 

with 1% OsO
4
 (19112; Electron Microscopy Sciences) for 

60 minutes. After three more washes (5 minutes each) with 

Sorensen’s solution, the slides were air-dried and dehydrated 

in 30%, 40%, 50%, 60%, 70%, 80%, and 90% and three times 

in 100% ethanol for 10 minutes each time. Finally, the mono-

layers were placed into a critical point dryer (K-850; Electron 

Microscopy Sciences) and spread with ionized gold (20 mA) 

for 60 seconds in a Desk-II machine (Denton Vacuum LLC, 

Moorestown, NJ, USA). The analysis was performed using 

the JEM5800LUV SEM (JEOL, Tokyo, Japan).

Transmission electron microscopy (TEM)
The TEM process was the same as the process for SEM until 

the ethanol dehydration step, except that cell suspensions 

were used instead of cell monolayers. Ethanol-treated cell 

suspensions were separated by centrifugation (200× g/5 min-

utes) and suspended twice in propylene oxide (20 minutes 

each) and then in resin (Electron Microscopy Science) pro-

pylene oxide at ratios of 1:2, 1:1, 3:1, and two changes of 

pure resin for 4 hours each before polymerization at 60°C 

and sectioning. The complete procedure was as described by 

Graham and Ornstein.31

Apoptosis identification by measurement 
of exposed phosphatidyl serine
Exposed phosphatidyl serine was measured using an Annexin 

V FITC Assay kit (Cayman, Ann Arbor, MI, USA) following 

the manufacturer’s indications. Briefly, 2.5 million NEU/mL 

were placed into FACS tubes (FALCON; Becton Dickinson, 

Franklin Lakes, NJ, USA) in the presence of 40 µL of APTP, 

HHC, or HLT sera or 10  µL of zymosan (50  µg/mL) for 

8 hours. A total of 200 µL of binding buffer was then added, 

and the tubes were centrifuged to remove the supernatants. 

The cell pellets were resuspended in 50 µL of staining solu-

tion (FITC-Annexin V-propidium iodide) for 10  minutes. 

Next, the cells were analyzed using a Facscalibur flow cytom-

eter (Becton Dickinson) and the data were processed with 

the FlowJo software for early apoptosis and late apoptosis.

NEU extracellular traps’ (NETs) 
identification by measurement of released 
DNA
The procedure for NET characterization was as follows (with 

PBS washes between steps): 1) fixation of NEU monolayers 

with 1% paraformaldehyde for 10 minutes; 2) permeabili-

zation with 0.1% Triton X-100 in PBS for 10 minutes; 3) 

blocking with 1% bovine serum albumin in PBS; 4) incuba-

tion for 24 hours at 4°C with polyclonal rabbit antihuman 

myeloperoxidase (MPO) (Ab9535; Abcam, Cambridge, MA, 

USA) and goat antihuman histone (HIS) (Ab11946) diluted 

1:200 in 1% BSA in PBS; 5) incubation for 2 hours with 

antibodies to rabbit IgG (Alexa Fluor 488 A21206; Molecular 

Probes, Eugene, OR, USA) and goat IgG (Alexa Fluor 647 

ab1501319), both diluted 1:500 in 1% BSA in PBS; 6) stain-

ing with Hoechst reagent 1:1,000 in PBS for 5 minutes; 7) 

mounting with Vectashield mounting medium (Vector); and 

8) inspection on a confocal microscope (LSM5 Pascal; Carl 

Zeiss Meditec AG, Jena, Germany).

For the semiquantitative assessment of released DNA, 

2×105 NEU in complete Iscove’s modified Dulbecco’s 

medium (IMDM) were placed into wells of a 96-well plate 

and left to adhere for 30 minutes at 37°C and 5% CO
2
. The 

IMDM was carefully removed and replaced with 100 µL of 

APTP, HHC, or HLT sera; 10 µM of PMA; or plain IMDM 

as a control. The plate was incubated for 3 hours at 37°C 

and 5% CO
2
, and 10  µL of 2  µM Sytox Green (Thermo 

Fisher Scientific, Waltham, MA, USA) was then added per 

well. After 10 minutes at 25°C, the plate was centrifuged 

for 5 minutes at 400× g. Next, after the careful removal of 

supernatants, 150 µL (0.2 IU in PBS) of micrococcal nucle-

ase (Sigma-Aldrich Co.) was added per well and the plate 

was incubated for 10 minutes at 37°C. The plate was then 

read immediately on a fluorometer (Fluoroskan Ascent FL; 

Thermo Fisher Scientific) at 485/580 nm (excitation/emis-

sion), and the blank-corrected readings were registered as 

relative fluorescence units (RFU) as reported by Hazeldine 

et al32 in 2014.

Antimycobacterial antibodies
Serum antibodies to mycobacterial antigens were measured 

by an indirect ELISA test in 96-well array plates (Nunc; Poly-

sorp, Roskilde, Denmark). The assay consisted in 1) coating 

the ELISA-plate wells with 2 µg of mycobacterial protein in 

0.1 mL of 0.01 M carbonate buffer, pH 8.6, for 24 hours; 2) 

washing three times with 0.2 mL of 0.01 M phosphate buf-

fer (pH 7.4); 3) blocking with 0.2 mL of 3% skimmed milk 

in phosphate buffer for 60 minutes; 4) adding the test sera 

diluted 1:100 in PBS and incubating for 120 minutes at 37°C; 

5) washing three times with phosphate buffer; 6) adding a 

peroxidase-labeled goat antihuman immunoglobulin serum 

(074-1007; KLP Inc., Baltimore, MD, USA) diluted 1:5,000 

in PBS and incubating for 60 minutes at room temperature 

(37°C); 7) washing six times with PBS, adding 0.1 mL of 

chromogenic substrate (3  mg of ortho-phenylenediamine 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Infection and Drug Resistance 2018:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1689

Nuclear changes in NEU due to sera from patients with APTP and their HHC

and 10 µL of 30% hydrogen peroxide dissolved in phosphate 

buffer), and incubating at 25–26°C for 20 minutes; and 8) 

stopping the enzymatic reaction with 20  µL/well of 8  N 

sulfuric acid and reading the absorbance at 492 nm using an 

ELISA reader (LabSystems Multiskan Plus, Vantaa, Finland).

In vitro infection of NEU with  
M. tuberculosis
Three independent experiments were performed to show that 

M. tuberculosis infects NEU and induces nuclear changes 

in these cells. Monolayers prepared with 4×104 NEU were 

incubated for 3 hours with M. tuberculosis at multiplicities 

of infection (MOI) 1, 10, and 100. The monolayers were then 

recovered, fixed with 2% paraformaldehyde for 10 minutes, 

washed three times with PBS, and stained with Hoechst reagent 

for 2 minutes. For these experiments, bacteria were stained 

for 2 minutes with iris fuchsia (1 µg/mL), a red lipophilic 

fluorescent (588 nm) dye (Cyane Technologies, Turin, Italy).

In vitro treatment of NEU with soluble 
antigens extracted from M. tuberculosis
Three independent experiments were performed to assess 

the capacity of mycobacterial antigens to induce nuclear 

changes in NEU. Monolayers prepared with 4×104 NEU 

were incubated for 3 hours in the presence of 40 µL of sera 

from HLT donors supplemented with 1 µg/mL, 10 µg/mL, 

100 µg/mL, or 1 mg/mL of soluble proteins extracted from 

M. tuberculosis grown on synthetic PBY medium.33 Control 

cultures included nonstimulated NEU and NEU stimulated 

with 100 ng of PMA.

Soluble antigens from M. tuberculosis were obtained by 

disrupting a heavy bacterial suspension in PBS (containing 

1 mM n-ethyl maleimide and 1 mM phenylmethanesulfonyl 

fluoride as protease inhibitors) with a French pressure cell 

press (FA-078 SLM-AMINCO) at 2,500 psi. Five pressure 

cycles were applied. In the end, the extract was collected, dia-

lyzed for 24 hours at 4°C against PBS, centrifuged (10,000× 

g/10 min/4°C), and membrane (0.22 µm) sterilized for protein 

determination (Lowry method). Protein concentration was 

adjusted to 1.0 mg protein/mL using bovine serum albumin 

(1 mg/mL) as a reference standard.

Statistical analysis
The results were analyzed with the GraphPad Prism software 

Version 6 using the one-way ANOVA with Tukey’s post hoc 

test for data with normal distributions and the Kruskal–Wallis 

test for data with non-normal distributions. A P-value of 

≤0.05 was considered the limit of statistical significance. 

Normality and correlations were determined by the Shapiro–

Wilk and Pearson tests.

Data availability
Original and additional data are available upon request.

Results
We suspected phagocytic defects in two patients with APTP, 

so tested the response of these patients’ NEU (TB-NEU) to 

the stimuli of PMA and complement-opsonized yeast in the 

presence of nitro blue tetrazolium (NBT). We found that 

the leukocytes of these patients responded strongly to both 

stimuli by reducing NBT (meaning reactive oxygen spe-

cies [ROS] production), phagocytosing yeast, and releasing 

nuclear material (chromatin) within 30 minutes of incubation. 

These changes were suggestive of netosis, which was cor-

roborated when “netotic” NEU stained positively for DNA, 

elastase, MPO, and HIS.

To discern whether this strong response of TB-NEU 

to PMA and yeast was due to some factor present in the 

serum of APTP, we incubated NEU from three HLT people 

(HLT-NEU) with the APTP sera for 3 hours, a time usu-

ally used to induce NETs in vitro. The result was notable 

as the APTP sera induced marked changes in the nuclear 

morphology of HLT-NEU characterized by massive release 

of DNA as stained with the Hoechst reagent. We therefore 

hypothesized that sera from tuberculous patients might be 

able to induce similar changes in HLT NEU. Thus, collec-

tions of sera from APTP, from some of their HHC, and from 

unrelated HLT people were tested for their abilities to induce 

changes in the nuclear morphology of NEU. The findings 

are discussed below.

Sera from HLT people do not induce 
changes in the nuclear morphology of 
NEU after 3 hours of incubation
When sera from HLT people were added to HLT-NEU mono-

layers, no significant changes in the nuclear morphology of 

NEU were observed (changes were not observed in >80% 

of NEU monolayers treated with HLT sera; when observed, 

they were attributed to the normally short half-life of NEU 

in vitro). Figure 1A depicts the results of four of the 40 sera 

from noncontact HLT people; similar results were observed 

with the remaining HLT sera tested. A semiquantitative 

assessment of changes made by direct observation of the 

NEU monolayer is shown in Figure 1D.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Infection and Drug Resistance 2018:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1690

Juárez-Ortega et al

Sera from patients with APTP induce 
a variety of changes in the nuclear 
morphology of NEU after 3 hours of 
incubation
The images in Figure 1B illustrate the changes induced by 

APTP sera on HLT-NEU and depict the effect of four of the 

42 APTP sera; the remaining sera induced similar changes 

in the nuclear morphology of HLT-NEU. As shown in the 

image, these sera induced a variety of changes, including vari-

ous degrees of pyknosis, nuclear swelling, cell aggregation, 

apoptosis, and netosis. The average percentage of changes 

induced by APTP sera was 44.59±31.1 (SD), compared to 

only 5.7±4.7% in the HLT group. A semiquantitative assess-

ment of the changes as determined by direct counts of the 

NEU monolayers is shown in Figure 1D.

Several sera from household APTP 
contacts induce nuclear changes in HLT-
NEU similar to those induced by sera 
from APTP after 3 hours of incubation
A high proportion of sera (34.85%) from the HHC group 

induced nuclear changes in NEU. Figure 1C illustrates the 

Figure 1 Sera from healthy people do not induce significant changes in the nl morphology of NEU.
Notes: A total of 40,000 NEU from healthy people were incubated with 40 µL of undiluted sera from healthy donors for 3 hours. (A) The result with four of the 40 sera 
tested (HLT 1 to HLT 4); the remaining sera behaved similarly. The normal polynuclear structure of NEU is evident (results from three independent experiments, Hoechst 
nuclear stain, 40×). Sera from patients with APTP induce a series of changes in the nuclear morphology of NEU. A total of 40,000 NEU from healthy people were incubated 
with 40 µL of undiluted sera from APTP for 3 hours. (B) The variety of changes induced by four of the 42 APTP sera (APTP 1 to APTP 4) after 3 hours of incubation. 
Globally, these changes included pyknosis, swelling, swelling and cell aggregation, and chromatin release or netosis (n). The rest of the APTP sera induced similar changes 
(results from three independent experiments, Hoechst stain, 40×). Some sera from the tuberculosis household contacts induce changes in the nuclear morphology of NEU. 
A total of 40,000 NEU from HLT people were incubated with 40 µL of undiluted HHC sera for 3 hours. (C) The effects of four of the 51 HHC sera (HHC 1 to HHC 4) on 
the nuclear morphology of NEU after 3 hours of incubation. Some sera had no visible effect, and thus, cells maintained an normal nuclear morphology, while others induced 
nuclear swelling, cell aggregation, pyknosis, apoptosis, and netosis. The remaining sera induced similar changes. These experiments were performed thrice with consistent 
results (Hoechst stain, 40×). Sera from APTP, HHC, and HLT people induce different levels of changes in NEU. A total of 40 mL of undiluted sera from 42 APTP, 51 HHC, 
or 40 HLT individuals were added to monolayers of NEU prepared with 4×104 cells and incubated for 3 hours at 37°C and 5% CO2. The frequency (percent) of nuclear 
changes was calculated from microscopic images processed with the ImageJ software. The frequency of global changes (point distributions) is shown in the upper part of the 
image (D), and specific changes are shown in the lower part of the image. Each point represents the proportion of cells with nuclear changes induced by a particular serum 
sample (results from three independent experiments.
Abbreviations: a, cell aggregation; AP/NET, apoptosis/netosis; APTP, active pulmonary tuberculosis; HHC, household contacts; HLT, healthy; n, netosis; NEU, neutrophils; 
NET, NEU extracellular trap; nl, normal; ns, not significant; NS, nuclear swelling; p, pyknosis; PYK, piknosis; s, swelling.
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effect of 4 of the 51 sera from household APTP contacts 

(HHC) on the nuclear morphology of HLT NEU. Changes 

included nil, swelling, aggregation, apoptosis, and netosis. 

The results of a semiquantitative assessment of the changes 

as determined by direct counts on the NEU monolayers are 

shown in Figure 1D.

Sera from APTP, HHC, and HLT people 
induce different extents of nuclear 
changes in NEU
Although all sera induced changes in the nuclear morphology 

of NEU, these changes differed in their frequency depend-

ing on the group. The frequencies of changes induced by 

APTP sera were 29.88±24.12% for pyknosis, 8.42±13.88% 

for nuclear swelling, and 6.29±13.67% for apoptosis/

netosis (mean changes, 44.59%). The changes induced by 

HHC sera were pyknosis (20.36±16.31%), nuclear swelling 

(7.75±11.14%), and apoptosis/netosis (6.74±13.08%, mean 

changes, 34.85%). The changes induced by HLT sera were 

pyknosis (5.30±4.06%), nuclear swelling (0.31±0.93%), 

and apoptosis/netosis (0.09±0.036%, mean changes, 5.7%). 

These results are illustrated in Figure 1D. Each serum was 

tested three times in independent experiments.

Sera from HHC and APTP increase the 
nuclear size of NEU
To more precisely assess the changes induced by HLT, APTP, 

and HHC sera, photographic images taken at 40× were edited 

with Corel PaintShop ProX7 (adjust/effects/edge/trace con-

tour) and the images were processed with the ImageJ soft-

ware. The results are given in micrometers. The average areas 

were 24.67±0.62 µm2 standard error (SE) in the HLT group, 

53.70±10.56 µm2 in the APTP group, and 42.29±8.37 µm2 

in the HHC group. A highly significant difference with the 

HLT group was observed in both cases (P=0.031 and 0.044, 

respectively). A representative result of the effect of sera from 

the three groups tested (Figure 2A–C) and the global result 

with all sera tested (Figure 2D) are summarized in the upper 

panel of Figure 2. It is clear the increment in the nuclear size 

of NEU induced by the sera from APTP and HHC.

Sera from patients with APTP and some 
of their HHC induce extreme changes 
in the nuclear morphology of NEU after 
6 hours of incubation
Sera that induced significant nuclear changes after 3 hours 

of incubation showed extreme nuclear changes after 6 hours 

of incubation. All APTP sera and some of their HHC had 

some effect on the nuclear morphology of NEU, although 

the effects were highly variable as shown in the lower panel 

of Figure 2. The most frequent changes were pyknosis (p) 

(15.93±23.79%), nuclear swelling (s) (25.22±24.52%), 

apoptosis (ap), and netosis (n) (12.88±29.06%) in the HHC 

group (Figure 2E and F) and pyknosis (6.75±14.66%), 

nuclear swelling (25.53±17.49%), and apoptosis/netosis 

(19.06±29.79%) in the APTP group (Figure 2G and H). 

Apoptosis bodies (ab) were also frequent in HHC and APTP 

groups at this incubation time.

Some sera from APTP and HHC induce 
apoptosis in NEU from HLT individuals
Apoptotic changes were observed after 3 hours of incubation, 

but the phenomenon was stronger at 6 hours of incubation, 

with also the observation of membrane ruffling, cell disinte-

gration, and the emergence of apoptotic bodies. This was cor-

roborated by SEM and annexin-V staining after 12 hours of 

incubation. At this time, the percentage of annexin-V-positive 

(apoptotic) cells was 43.72±11.66 (SD) for the HLT group, 

52.04±10 for the HHC group, and 53.25±10.61 for the APTP 

group, with the statistical significances of P=0.0056 (HHC) 

and P=0.013 (APTP) with respect to the HLT group. The 

study was performed after 12 hours of incubation to clarify 

the separation between apoptotic and nonapoptotic cells. 

However, at this time, a significant proportion of NEU incu-

bated with HLT sera exhibited late apoptosis likely because 

of their naturally short life span. Figure 3 depicts the nuclear 

morphology of NEU incubated with HHC (Figure 3A), APTP 

(Figure 3B), and HLT (Figure 3C) sera. The global percent-

age of annexin-V-positive (apoptotic) cells in each group is 

illustrated in Figure 3D.

Pyknosis, apoptosis, nuclear 
fragmentation, and vacuolation are 
observable by TEM
Nuclear NEU alterations observed by fluorescence and SEM 

were also observed by TEM. Figure 3E–H illustrates the most 

frequent changes induced by HLT, HHC, and APTP sera. 

These changes included nuclear condensation in pyknotic 

cells (p; Figure 3E), membrane ruffling and nuclear frag-

mentation with apoptotic bodies in apoptotic cells (ap; Figure 

3F), and chromatin extrusion and lysosomes’ degranulation 

leaving empty spaces or vacuoles in postnetotic cells (vac, 

Figure 3G). For comparison, the normal cell morphology of 

NEU treated with HLT serum is illustrated in Figure 3H (nl).

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Infection and Drug Resistance 2018:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1692

Juárez-Ortega et al

Figure 2 Sera from APTP and HHC increase the nuclear size of NEU.
Notes: Transforming cell images into contour images allows the calculation of the average nuclear size of NEU incubated with HLT, APTP, and HHC sera. As an example, 
images of the nuclear changes induced by APTP serum (A), HHC serum (B), and HLT serum (C) were transformed into contour images (refer the text), and the contour 
images were processed with the ImageJ software (“Materials and methods” section) for the area calculation (D). As a group, HHC sera behaved similarly to APTP sera and 
they both behaved differently than HLT sera (P=0.031 and 0.044, respectively). Importantly, nuclei showing apoptosis or netosis could not be measured by this approach 
(Hoechst stain, 40×; Kruskal–Wallis post Dunn’s test). Lower panel: sera from APTP and their HHC induced extreme changes in the nuclear morphology of NEU after 
6 hours of incubation. A total of 40,000 NEU from healthy people were incubated with 40 µL of undiluted sera from 42 APTP or 51 HHC for 6 hours. The image depicts the 
representative changes observed, including pyknosis and swelling in E; swelling, netosis, and apoptotic bodies in F; apoptosis and apoptotic bodies in G and netosis in H. Sera 
in E and F were from HHC, and sera in G and H were from APTP (results from three independent experiments, Hoechst nuclear stain, 40×).
Abbreviations: ab, apoptotic bodies; ap, apoptosis; APTP, active pulmonary tuberculosis; HHC, household contacts; HLT, healthy; n, netosis; NEU, neutrophils; ns, not 
significant; p, pyknosis; s, swelling.
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DNA release
Some sera from HHC and APTP induced the release of DNA 

compatible with NETs. NETs were identified directly on NEU 

monolayers treated with the sera and characterized by Hoechst 

staining (DNA) and antibodies against NEU elastase (NEL), 

MPO, and HIS. Figure 4 shows an NEU aggregate where 

released DNA (the outlined area in Figure 4A) was also stained 

for HIS (red in Figure 4B) and MPO (green in Figure 4C). A 

merged image is shown in Figure 4D. In addition, the release of 

DNA was quantified in NEU monolayers incubated in the pres-

ence of all HLT, APTP, and HHC sera.32 The average amount of 

DNA released was 130.3±14.52 RFU in the HHC group and 

171.3±25.44 RFU in the APTP group, with highly significant dif-

ferences (P=0.036 and 0.005, respectively) from that in the HLT 

group (35.33±15.41 RFU). These results are shown in Figure 4E.

Nature of the serum factor(s) 
responsible for NEU alterations
Several candidates were analyzed: M. tuberculosis in circulat-

ing blood, soluble mycobacterial antigens, antimycobacterial 

antibodies, and cytokines.

Circulating M. tuberculosis as possible 
inducers of nuclear changes in NEU
This possibility was rejected because although M. tuber-

culosis can induce NEU alterations in vitro, bacteremia 

at the level of septicemia would be necessary to achieve 

the drastic changes observed and this had not occurred in 

the blood of TB patients or their HHC. Figure 5A and B 

shows the results when an NEU monolayer (4×104 cells) is 

treated with M. tuberculosis (stained with iris fuchsia) at an 

MOI of 10:1 (4×105 bacteria) and 100:1 (4×106 bacteria). 

While the MOI of 10:1 induced some changes (netosis) in 

the nuclear morphology of NEU, changes such as those 

induced by APTP sera were evident only at the MOI of 

100:1. The improbability of this number of bacteria in 

APTP sera and more so in HHC sera is discussed later. 

In addition, sera from APTP retained their capacity to 

induce nuclear changes in NEU after they were centrifuged 

(8,000× g/20 minutes) and passed through 0.22 µm steril-

izing filters (Figure 5C and D). This definitively eliminated 

the possibility of bacteria in serum as the cause of nuclear 

changes in NEU.

Figure 3 Most sera from APTP and HHC induce ap in NEU.
Notes: Images represent the apoptotic changes induced by sera from HHC (A) and APTP (B) after 6 hours of incubation. In both cases, NEU presented membrane ruffling 
and the emergence of apoptotic bodies as well as disintegration signs. For comparison, NEU incubated with the HLT serum (C) showed a smooth, regular, spherical surface 
(scanning electron microscopy, 8,000×). (D) The apoptotic cell distribution within the entire APTP, HHC, and HLT populations studied. Some NEU treated with HLT sera 
showed apoptosis signs due to their naturally short half-life in vitro. Apoptosis was quantified by the phosphatidyl serine-annexin V cytometry procedure (ANOVA one-way 
post hoc Tukey’s test). Pyknosis, apoptosis (including karyorrhexis), and netosis were the most common changes induced by APTP and HHC sera on NEU after 6 hours 
of incubation. These changes were clearly identified by TEM and included nuclear compaction without other cell alteration in pyknotic cells (E), membrane ruffling, nuclear 
fragmentation, and emergency of apoptotic bodies in apoptotic  cells (F), DNA extrusion leaving empty nuclear spaces and vacuoles in the cytoplasm in postnetotic cells (G), 
and normal cell morphology in untreated cells (H) (representative results of three independent experiments TEM 15,000×).
Abbreviations: ab, apoptotic bodies; ap, apoptosis; APTP, active pulmonary tuberculosis; ds, disintegration signs; HHC, household contacts; HLT, healthy; mr, membrane 
ruffling; NEU, neutrophils; nl, normal; ns, not significant; p, pyknosis; TEM, transmission electron microscopy; Vac, vacuoles.
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Soluble mycobacterial antigens (SMA) 
induce changes in NEU
The possibility that SMA might be the cause of nuclear 

changes in NEU was confirmed when concentrations of SMA 

ranging from 1 µg/mL to 1 mg/mL was used to induce pro-

portional nuclear changes in NEU (Figure 6A–D). Although 

1 µg/mL (40 ng in the test) of SMA did not produce obvious 

changes (Figure 6D), changes were evident with SMA at 

concentrations 10 µg/mL (400 ng in the test) (Figure 6C), 

100 µg/mL (4 µg in the test) (Figure 6B), and 1 mg/mL (40 µg 

in the test) (Figure 6A). Except for this latter concentration, 

concentrations ranging from 4 ng/mL to 4 µg/mL of anti-

gen may exist in APTP and HHC sera. Soluble circulating 

mycobacterial antigens have been detected in the blood of TB 

patients,34,35 but no reference data on the amount of circulat-

ing antigens are available as this depends on each subject.

Antimycobacterial antibodies
Most TB sera contain high levels of free antimycobacte-

rial antibodies.35 In our study, sera from APTP contained 

the highest amounts of anti-M. tuberculosis antibod-

ies (0.405±0.141 OD), but sera from HLT individuals 

(0.213±0.072 OD) and HHC (0.246±0.089 OD) also had 

significant levels of antibodies. This finding was expected 

for a region with endemic TB. Nevertheless, no correlation 

was observed between the antibody levels in APTP (r=-0.110, 

P=0.55) or HHC (r=-0.067, P=0.72) sera and their capacity 

to induce nuclear changes in NEU (Figure S1).

Cytokines
TNFα and IL-6
TNFα and IL-6 are cytokines that have proven effects on 

NEU.36,37 Compared to TNFα levels in the sera from HLT 

individuals (14.76±4.82 pg/mL), sera from APTP contained 

low but detectable levels of TNFα (21.31±21.9  pg/mL, 

P=0.026; the data in parenthesis are the mean values ± SD), 

but no correlation was found between the levels of TNFα 

and the proportion of nuclear changes observed (r=-0.03, 

P=0.86). Additionally, compared to the IL-6 levels in HLT 

sera (71.08±27.91 pg/mL), sera from APTP contained slightly 

Figure 4 Some HHC and APTP sera induce netosis.
Notes: The image corresponds to an experiment where NEU were incubated for 3 hours in the presence of APTP serum. HIS (B) and MPO (C) are present in the NETs (A, 
arrow) and colocalize with chromatin (DNA), as shown in the merged image (D). NEU monolayers were stained with Hoechst for DNA, Alexa 647 for anti-HIS, and Alexa 
488 for anti-MPO. (E) The degree of DNA release in relative fluorescence units induced by sera from healthy controls (n=7), HHC (n=7), and tuberculosis patients (APTP, 
n=7). As a reference, DNA release induced by PMA is also shown (Kruskal–Wallis post Dunn’s test).
Abbreviations: NEU, neutrophils; HIS, histone; MPO, myeloperoxidase; NETs, Neutrophil extracellular traps; HLT, healthy; HHC, household contacts; APTP, active 
pulmonary tuberculosis; PMA, phorbol myristate acetate.
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elevated levels of IL-6 (94.92±36.48 pg/mL, P=0.04); again, 

no correlation between the IL-6 levels in APTP sera and their 

capacity to induce nuclear changes in NEU was observed 

(r=-0.111, P=0.57). Similar results were obtained with HHC 

sera. These findings are illustrated in Figure S2.

IFNγ and IL-8
IFNγ and IL-8 are also cytokines that have direct effects 

on NEU. Compared to the levels of IL-8 in sera from HLT 

people (10.70±5.95 pg/mL), sera from APTP contained lower 

levels of IL-8 (6.16±3.91 pg/mL, P=0.033) and their levels 

were not correlated with the capacity of APTP sera to induce 

nuclear changes in NEU (r=-0.131, P=0.48). Additionally, 

compared to the levels of IFNγ in sera from HLT people 

(71.85±71.45 pg/mL), sera from APTP contained detectable 

levels of IFNγ (54.81±65.01 pg/mL, P=0.61), but these levels 

did not correlate with the capacity of sera to induce nuclear 

changes in NEU (r=-0.080, P=0.68). Similar results were 

observed with the levels of IFNγ and IL-8 in the HHC group. 

These findings are illustrated in Figure S3.

Discussion
The participation of lymphocytes, macrophages, and den-

dritic cells in the immunopathology of TB is well known,4,6,7 

but the participation of NEU is controversial, with some 

studies reporting beneficial effects and others reporting no 

Figure 5 Effect of bacteria on the nuclear morphology of NEU.
Notes: Infection of NEU monolayers (4×104 cells) for 3 hours with M. tuberculosis at an MOI of 10:1 induced changes in the nuclear morphology of NEU (A), and these 
changes were more evident at a MOI of 100:1 (B). The changes included pyknosis, nuclear swelling, and netosis. Nuclear changes were also observed when a pool of change-
inducer sera was centrifuged (8,000× g/20 minutes) and passed through 0.22 µm filters. The lower panels illustrate the effect of a change-inducer serum before (C) and after 
(D) centrifugation and filtration. Two other experiments gave similar results (Hoechst stain, and bacteria stained with iris fuchsia, 40×).
Abbreviations: M. tuberculosis, Mycobacterium tuberculosis; MOI, multiplicities of infection; NEU, neutrophils; n, netosis; b, Iris-Fucsia stained bacteria; p, pyknosis.
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role16–18 or negative effects.38–41 The effect of the disease on 

the physiology of NEU is, however, a neglected subject. In 

this article, we report that sera from patients with APTP 

induce a series of changes in the nuclear (and hence cellular) 

morphology of NEU from HLT donors. The dominant global 

changes were apoptosis (preceded by pyknosis and karyor-

rhexis)42 and netosis (with extrusion of DNA intermingled 

with elastase, MPO and HIS)43 in some cases.

All sera from APTP induced some changes, and changes 

were also frequent in a significant number of sera from APTP 

HHC. Sera from noncontact HLT individuals produced 

no changes or minor changes (mainly pyknosis or nuclear 

swelling but not apoptosis or netosis). These changes were 

attributed to the normal short life span of NEU in vitro. 

Recently, in 2017, Schechter et al40 reported a high frequency 

of NETs (as DNA–MPO complexes) in the sera of patients 

with active TB whose frequency diminished following 

treatment and other studies reported the ability of sera from 

patients with autoimmune disorders to induce netosis, but 

not apoptosis.44,45 In our study, pyknosis and swelling as a 

prelude to apoptosis and netosis were induced by sera from 

APTP and several of their HHC.

From these observations, we concluded that APTP and 

several HHC sera contained factors responsible for the 

observed nuclear alterations. We first considered circulating 

mycobacteria, but this possibility was discarded because 1) 

large numbers of bacteria would be needed to reach the same 

level of alterations seen with the APTP sera and 2) marked 

Figure 6 Soluble mycobacterial antigens induce nuclear changes in NEU.
Notes: NEU monolayers prepared with 4×104 cells suffer nuclear changes when incubated for 3 hours in the presence of soluble M. tuberculosis antigen (SMA). While 1000 
μg/ml (40 μg in the test) (A), 100 μg/ml (4 μg in the test) (B), and 10 μg/ml (400 ng in the test) (C) induced clear (decreasing) changes, 1.0 μg/ml (40 ng in the test) (D) 
did not. Changes were not obvious with the lowest antigen concentration (normal nuclei), but they appeared as pyknosis, swelling and apoptosis with the higher antigen 
concentrations. Similar results were observed with three other experiments (Hoechst stain, 40×).
Abbreviations: ap, apoptosis; M. tuberculosis, Mycobacterium tuberculosis; n, netosis; nl, normal; NEU, neutrophils; p, pyknosis; s, swelling; SMA, soluble mycobacterial 
antigens.
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alterations were also induced by sera from some HHC who 

showed no clinical sign of disease. In vitro experiments 

with M. tuberculosis at an MOI of 10:1 induced significant 

changes in NEU (4×104 cells), and these were more evident 

at an MOI of 100:1. For the MOI of 10:1, the number of 

bacteria contained in 10 µL used for infection was 4×105 in 

the test, which means that 4×107 (40 million) bacteria existed 

per milliliter of serum, an amount unimaginable for a TB 

patient (without septicemia) and impossible for an HHC. 

The induction of nuclear changes with bacteria at an MOI of 

100:1, although possible in vitro, is inconceivable in vivo as 

4×108 (400 million) bacteria per milliliter of serum would be 

necessary to attain the observed changes in vitro. Therefore, 

bacteria in APTP or HHC sera were not responsible for the 

changes observed in this study.

In contrast, soluble mycobacterial antigens in serum (both 

the secreted antigens as well as the ones released during in 

vivo destruction of the bacteria by macrophages, dendritic 

cells and NEU in the incipient active granuloma) seemed to 

be the main, although perhaps not only, cause of the nuclear 

changes observed. Concentrations as low as 10 µg protein/

mL (400 ng in the test) enabled the induction of NEU 

changes in sera from HLT people, and this was more appar-

ent with the higher amounts used (4 and 40 µg in the test). 

Although in this report, no purified or recombinant antigens 

from M. tuberculosis were tested, an obvious next step will 

be the identification of the antigens involved, probably the 

most immunogenic or abundant ESAT-6, CFP-10, MPT-64, 

Ag85A, and Ag85B and also the antigens expressed during 

preclinical TB PirG (Rv3810), polymorphic GC-repetitive 

sequence (PE-PGRS, Rv 3367), and proline–threonine repeti-

tive protein (PTRP, Rv0538).46 Among these, ESAT-6 seems 

to be the most relevant candidate as this protein provokes 

necrosis and NET production in NEU stimulated in vitro 

with the protein.18 Analysis of ESAT-6 will be soon initiated 

in our laboratory.

Other candidates initially proposed were circulating 

antimycobacterial antibodies and cytokines with documented 

effects on NEU. Regarding antibodies, significant levels 

of circulating antimycobacterial antibodies were found in 

APTP sera, but HHC and noncontacts also had detectable 

levels of antimycobacterial antibodies. While this was an 

expected finding in a region with endemic TB,47 the presence 

of antimycobacterial antibodies was not related to the nuclear 

changes observed in NEU.

Concerning cytokines, IL-6, TNFα, and IFNγ are rec-

ognized to have effects on NEU. Apart from its chemotactic 

activity, IL-6 might participate in the NEU-monocyte shift 

during inflammation, favoring the resolution of the neutro-

philic infiltrate and the initiation of the adaptive immune 

response.37 IFNγ modulates many aspects of NEU function; 

NEU respond to IFNγ by increasing their phagocytic capacity 

and the release of reactive oxygen species, proinflammatory 

cytokines (TNFα and IL-6), and granular enzymes.48 TNFα 

also has many effects on NEU, but a particular effect is its 

capacity to stimulate apoptosis in these cells.36,49 Several 

studies on cytokines in TB have shown that most proinflam-

matory cytokines are elevated in untreated patients and 

tended to diminish after treatment without following a precise 

pattern.50–52 In our study, compared to HLT donors, APTP 

sera contained marginally elevated levels of TNFα and IL-6, 

but these levels did not correlate with the ability of sera to 

induce nuclear changes in NEU. Furthermore, the levels of 

IFNγ and IL-8 did not significantly differ from those found 

in HLT sera; again, no correlation was observed between the 

levels of these cytokines and the capacity of sera to induce 

changes in NEU. Patients were undergoing variable treat-

ments and therefore had a variable disease status, something 

which might have influenced our results.

Apart from mycobacterial antigens, other mediators iden-

tified as participants in the pathology of TB such as exosomes 

and damage-associated molecular patterns (DAMPs) might 

also be involved in the phenomenon. Exosomes released by 

macrophages infected with M. tuberculosis contain mycobac-

terial antigens that might influence the NEU’s physiology.53 

Also, DAMPs released from disrupted cells by effect of 

the infection could directly interact with NEU modulating 

their recruitment to the sites of infection and subsequent 

activation.54 The role of DAMPs and exosomes deserves 

further investigation as possible inducers of the nuclear 

changes in NEU described in this article.

Conclusion
Two subpopulations within the HHC group could be segre-

gated, one comparable to the HLT group and the other similar 

to the APTP group (likely subclinical TB). Looking for NEU 

nuclear changes induced by sera from TB HHC may help to 

identify individuals with subclinical disease at the risk of 

developing active disease, thus leading to the recommenda-

tion of prophylactic treatment. However, to validate and attain 

clinical applications of the test, a wider standardized study 

should be performed. This will take time and involve health 

authorities in charge of TB control programs. A capture 

(sandwich) ELISA with monoclonal antibodies to a major 

antigen of M. tuberculosis will be developed to complement 

the findings with NEU.
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Supplementary materials

Figure S1 Anti-mycobacterial antibodies in HLT, APTP, and HHC sera. Compared to HLT sera, sera from APTP and HHC individuals contained significant levels of 
antibodies to Mycobacterium tuberculosis (APTP, 0.405 ± 0.141 OD; HHC, 0.246 ± 0.089; HLT, 0.213 ± 0.072; P<0.001 in both cases) but these levels did not correlate with 
the capacity of these sera to induce nuclear changes in NEU (panels A-A2). Antibodies were measured by ELISA (see “Materials and methods” section). Comparisons between 
groups were analyzed by the one-way ANOVA post-Tukey test, while correlations were analyzed by the Pearson r test.
Abbreviations: Ab, antibody; APTP, active pulmonary tuberculosis; HHC, household contacts; HLT, healthy; NEU, neutrophils; ns, not significant.
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Figure S2 TNFα and IL-6 are significantly elevated in APTP and HHC sera but their levels do not correlate with the nuclear changes observed in NEU. Compared to those 
in HLT sera, the levels of TNFα were elevated in APTP and HHC sera (P=0.026 and P=0.026, respectively), but no correlation between the TNFα levels and the ability of 
sera to induce nuclear changes in neutrophils was observed (panels A–A2). The IL-6 levels in APTP sera were higher than those in HHC and HLT sera (P=0.04), but no 
correlation between the IL-6 levels and the ability of sera to induce nuclear changes in NEU was observed (panels B–B2). ELISA assays. Differences between groups were 
analyzed by the one-way ANOVA post-Tukey test, and correlations were analyzed by the Pearson r test.
Abbreviations: APTP, active pulmonary tuberculosis; HHC, household contacts; HLT, healthy; NEU, neutrophils; nl, normal; ns, not significant; TNFα, tumor necrosis 
factor alpha.
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Figure S3 The serum levels of IFNγ and IL-8 did not correlate with the capacity of sera to induce changes in the nuclear morphology of NEU. Compared with HLT sera, 
sera from APTP and HHC contained similar levels of IFNγ, and these levels did not correlate with the capacity of sera to induce nuclear changes in NEU (panels A–A2). 
APTP sera contained lower levels of IL-8 than HHC and HLT sera (P=0.033); again, the levels of IL-8 in APTP and HHC sera did not correlate with the capacity of sera to 
induce nuclear changes in NEU (panels B–B2). ELISA assays. Differences between groups were analyzed by the one-way ANOVA post-Tukey test, and correlations were 
analyzed by the Pearson r test.
Abbreviations: APTP, active pulmonary tuberculosis; HHC, household contacts; HLT, healthy; IFNγ, interferon gamma; NEU, neutrophils; ns, not significant.
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