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Neutrophils	contain	antimicrobial	peptides	with	antituberculous	activity,	but	their	contribution	to	immune	
resistance	to	tuberculosis	(TB)	infection	has	not	been	previously	investigated	to	our	knowledge.	We	determined	
differential	white	cell	counts	in	peripheral	blood	of	189	adults	who	had	come	into	contact	with	patients	diag-
nosed	with	active	TB	in	London,	United	Kingdom,	and	evaluated	them	for	evidence	of	TB	infection	and	capacity	
to	restrict	mycobacterial	growth	in	whole-blood	assays.	Risk	of	TB	infection	was	inversely	and	independently	
associated	with	peripheral	blood	neutrophil	count	in	contacts	of	patients	diagnosed	with	pulmonary	TB.	The	
ability	of	whole	blood	to	restrict	growth	of	Mycobacterium bovis	bacille	Calmette	Guérin	and	Mycobacterium tuber-
culosis	was	impaired	7.3-	and	3.1-fold,	respectively,	by	neutrophil	depletion.	In	microbiological	media,	human	
neutrophil	peptides	(HNPs)	1–3	killed	M. tuberculosis.	The	neutrophil	peptides	cathelicidin	LL-37	and	lipocalin	
2	restricted	growth	of	the	organism,	the	latter	in	an	iron-dependent	manner.	Black	African	participants	had	
lower	neutrophil	counts	and	lower	circulating	concentrations	of	HNP1–3	and	lipocalin	2	than	south	Asian	and	
white	participants.	Neutrophils	contribute	substantially	to	innate	resistance	to	TB	infection,	an	activity	associ-
ated	with	their	antimicrobial	peptides.	Elucidation	of	the	regulation	of	neutrophil	antimicrobial	peptides	could	
facilitate	prevention	and	treatment	of	TB.

Introduction
Tuberculosis (TB) is a leading global cause of morbidity and death 
(1). Primary TB infection is acquired by the inhalation of drop-
lets containing Mycobacterium tuberculosis (MTB) bacilli. If innate 
immunity is insufficient to eliminate infection, the acquired T 
cell response results in containment of infection in the majority 
of cases. The immune sensitization that arises can be detected by 
the delayed-type hypersensitivity reaction to MTB antigens in the 
form of the tuberculin skin test (TST).

It has long been recognized that some individuals exposed to 
infectious TB resist developing positive TST for longer periods 
than their peers despite similar exposure levels (2), raising the 
possibility that the innate immune response can clear infec-
tion without induction of an acquired response. Until recently, 
investigation of factors associated with innate resistance to 
MTB infection was hampered by the poor sensitivity and speci-
ficity of the TST (3). The development of more sensitive and 
specific blood-based methods to evaluate the T cell response to 
TB (known as IFN-γ release assays [IFNGRAs]) is therefore an 
important advance. One such test, the ELISPOT, has recently 
been used to determine factors associated with resistance to 
MTB infection in children (4).

MTB replicates in, and in turn is controlled by, macrophages. The 
mechanisms by which these cells kill MTB are not fully defined. 
Recently it has been shown that macrophages may phagocytose 
apoptotic neutrophils and thereby deploy neutrophil peptides 
with antimycobacterial activity (5). Two such classes of peptide 
have been identified to date in humans: the α defensins human 
neutrophil peptides (HNPs) 1–3 (6) and human cathelicidin LL-37  
(7, 8). A third neutrophil peptide, lipocalin 2, binds soluble myco-
bacterial siderophores with equimolar stoichiometry (9). Sidero-
phores are molecules that are upregulated in iron-limiting condi-
tions and that scavenge iron and transport it into bacteria (10). 
Lipocalin 2 has previously been shown to restrict growth of Esch-
erichia coli under iron-limiting conditions (in which bacteria rely 
on siderophores to supply their iron needs) (11), but its potential 
antituberculous activity has not been investigated.

To assess the potential role of neutrophils in host resistance to 
mycobacterial infection requires their presence in a high-through-
put in vitro model. In this study we employed culture of whole 
blood with a recombinant M. bovis bacille Calmette Guérin (BCG) 
expressing luciferase, an enzyme that catalyzes the conversion of 
aldehyde substrate to produce light detectable in a luminometer. 
Because this reaction is ATP dependent, light production relates 
to bacillary metabolic activity and CFU (12). This model (BCG-lux 
assay) has yielded intuitive correlates of protection in several previ-
ous studies (13–15). We combined BCG-lux analysis with a whole-
blood IFNGRA that detects response to the MTB antigens early 
secretory antigenic target–6 (ESAT-6) and culture filtrate protein 
10 (CFP-10) and compares well with ELISPOT analysis (16). In this 
way we were able to evaluate overall immunity of blood cells to 
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tuberculosis; PTB, pulmonary TB; TB, tuberculosis; TST, tuberculin skin test.
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mycobacterial infection and sensitively detect the presence of MTB 
infection in a large group of TB contacts (adults who had come 
into contact with a patient diagnosed with active TB) recruited in 
London, United Kingdom; and to relate our findings to potential 
correlates of resistance to MTB infection.

Results
We assessed 364 TB contacts for eligibility between December 16, 
2002, and January 31, 2005; 124 declined to participate, 38 were 
ineligible, and 13 were excluded from the analysis in the absence of 
information indicating whether the index case had pulmonary or 
extrapulmonary TB (Table 1). Baseline characteristics and whole-
blood assay results for 135 contacts of patients with pulmonary 
TB (PTB) and 54 contacts of patients with extrapulmonary TB are 
shown in Table 2. Because extrapulmonary TB is noninfectious, 
this latter group represents a control group without recent expo-
sure to infectious TB.

Of the 167 participants with a baseline result for the IFNGRA, 
87 of 117 (74%) PTB contacts and 41 of 50 (82%) control subjects 
had a positive response. Among PTB contacts, positive tuberculin 
status, young age, and low peripheral blood neutrophil count were 
associated with positive IFNGRA response on univariate analysis. 
Binary logistic regression analysis conducted with age and neutro-
phil count as independent covariates revealed low neutrophil count, 
but not young age, to be independently associated with positive 
IFNGRA response [exp(B), 0.60; 95% confidence interval, 0.42–0.86; 
P = 0.006]. This association held when the analysis was restricted 
to south Asian PTB contacts [exp(B), 0.68; 95% confidence interval, 
0.47–1.0; P < 0.05]. By contrast, no association between neutrophil 
count and positive IFNGRA response was observed among control 
subjects [exp(B), 0.86; 95% confidence interval, 0.43–1.73; P = 0.67].

In order to investigate the kinetics of peripheral blood neu-
trophil count following TB exposure, we determined neutro-
phil count in 95 participants (66 PTB contacts and 29 control 
subjects) at baseline and 6 weeks after presentation to the TB 
contact clinic. At baseline, PTB contacts had a higher mean neu-
trophil count than control subjects (4.2 × 109/l versus 3.7 × 109/l  
respectively; P = 0.03). Follow-up counts correlated strongly 
and positively with baseline counts for both groups (for PTB 
contacts, Pearson’s r = 0.66; 95% confidence interval, 0.50–0.78;  
P < 0.001; for control subjects, Pearson’s r = 0.67; 95% confi-
dence interval, 0.40–0.83; P < 0.001) (Figure 1, A and B). A small 
but statistically significant decrease in mean neutrophil count 
was observed in PTB contacts over 6 weeks (mean neutrophil 
count at baseline versus follow-up, 4.4 × 109/l versus 4.1 × 109/l; 
P = 0.02). By contrast, neutrophil counts of control subjects did 
not change over 6 weeks (Figure 2C).

BCG-lux assay results were available for 126 of 135 (93%) PTB 
contacts and 49 of 54 (91%) control subjects (Tables 1 and 2). Of 
the potential correlates of host response investigated in PTB con-
tacts, only neutrophil count correlated with suppression of BCG-
lux luminescence (Pearson’s r = –0.33; 95% confidence interval, 
–0.49 to –0.15; P < 0.001). By contrast, none of the factors inves-
tigated correlated with suppression of BCG-lux luminescence 
among control subjects (Table 2).

To determine the extent to which neutrophils contribute to 
antimycobacterial response in whole blood, we compared the 
ability of neutrophil-depleted versus undepleted blood of 6 
healthy donors to restrict BCG-lux luminescence. Neutrophil 
depletion resulted in a 7.3-fold increase in luminescence ratio 
in depleted versus undepleted blood (mean luminescence ratio, 
14.31 versus 1.97; P = 0.02) (Figure 2A). BCG-stimulated anti-
microbial peptide concentrations in 96-hour assay supernatants 
were much lower in neutrophil-depleted versus undepleted blood 
(median HNP1–3 concentration, 71 ng/ml versus 1,045 ng/ml; 
median lipocalin 2 concentration, 14 ng/ml versus 307 ng/ml; 
median LL-37 concentration, 12 ng/ml versus 53 ng/ml; P = 0.03 
for all comparisons) (Figure 2B).

In order to determine whether neutrophil depletion also 
impaired containment of virulent MTB, we next compared the 
growth of MTB-lux in neutrophil-depleted versus undepleted 
blood in an additional 6 healthy donors. In keeping with the great-
er virulence of MTB compared with BCG, luminescence ratios in 
undepleted blood were higher for MTB-lux versus BCG-lux (mean 
luminescence ratio, 8.75 versus 1.97; P = 0.04). Neutrophil deple-
tion resulted in a 3.1-fold increase in MTB-lux luminescence ratio 
in depleted versus undepleted blood (mean luminescence ratio, 
27.11 versus 8.75; P < 0.001) (Figure 2C).

We then assayed the antituberculous activity of lipocalin 2, LL-37,  
and HNP1–3 in broth. Iron depletion alone had no effect on 
growth of MTB (Figure 3A); 5 μg/ml lipocalin 2 induced a 45% 
suppression of MTB CFU in iron-replete broth (150 μM iron) at 
192 hours (P < 0.001). Lipocalin 2–induced suppression of MTB 
CFU was greater in iron-depleted broth (10 nM iron) than in iron-
replete broth (60% versus 45%; P = 0.04) (Figure 3A). LL-37 induced 
a dose-dependent reduction in MTB CFU in iron-depleted broth 
that was maximal (15.7-fold) at 100 μg/ml (P = 0.004) (Figure 3B). 
HNP1–3 killed MTB in iron-depleted broth at concentrations 
greater than or equal to 10 μg/ml (P = 0.006) (Figure 3C). No syn-
ergistic effect was observed when peptides were incubated with 
MTB in combination (data not shown).

Table 1
Study recruitment profile

TB contacts No.
Total assessed for eligibility 364

Excluded
Before baseline blood test
 Refused consent 124
 Taking vitamin D supplements 20
 Taking thiazide diuretics 6
 At risk of pregnancy 6
 Breastfeeding 2
 Renal failure 2
 Pregnant 1
 HIV infected 1
After baseline blood test
 Disease site of index case not known 13
Total 175

Included (study population)
 Total 189
  (167 with valid IFNGRA result;A  
  175 with valid BCG-lux assay resultB)

ATwenty-one participants were excluded due to denaturation of anti-
gens; 1 was excluded due to bacterial contamination of tissue culture 
medium. BTen participants were excluded due to failure of bacterial 
growth in the assay; 3 were excluded due to bacterial contamination of 
tissue culture medium; 1 was excluded as a high outlier.
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Finally we determined serum antimicrobial peptide concentra-
tions in PTB contacts. Serum lipocalin 2 concentrations correlated 
with suppression of BCG-lux luminescence in whole blood (Spear-
man’s r = –0.26; 95% confidence interval, –0.43 to –0.19; P = 0.003),  
but concentrations of HNP1–3 and LL-37 did not (data not 
shown). Black African participants had lower neutrophil counts 
(P = 0.001) and lower serum concentrations of HNP1–3 (P = 0.02) 
and lipocalin 2 (P = 0.01) than south Asian and white participants. 
By contrast, BCG-stimutated whole blood of black African partici-
pants secreted more TNF (P < 0.001) and IFN-γ (P = 0.02) than that 
of south Asian and white participants (Table 3).

Discussion
We have demonstrated an inverse relationship between peripheral 
blood neutrophil count and risk of MTB infection in a cohort of 
PTB contacts and shown that neutrophils make a very significant 

contribution to host defense in a whole-blood model of myco-
bacterial infection. Neutrophil antimicrobial peptides possess 
antituberculous activity in broth: HNP1–3 are potently tubercu-
locidal, while LL-37 and lipocalin 2 restrict growth of tuberculosis 
— the latter by a novel, iron-dependent mechanism. PTB contacts’ 
circulating concentrations of lipocalin 2 also correlated strongly 
with the ability of their whole blood to restrict luminescence of a 
reporter mycobacterium in vitro. Black African TB contacts had 
lower serum levels of HNP1–3 and lipocalin 2 than south Asian 
and white TB contacts.

Our interpretation of IFNGRA results assumes that a negative 
assay result indicates an absence of MTB infection. The possibil-
ity that a negative result might represent a lack of response to 
MTB antigens rather than absence of infection cannot be dis-
counted, given the lack of a gold standard diagnostic test for 
MTB infection. However, the IFNGRA employed in this study 

Figure 1
Peripheral blood neutrophil counts at baseline and 6-week follow-up in PTB contacts and controls. (A) Correlation between baseline and fol-
low-up neutrophil count in PTB contacts. Peripheral blood neutrophil count was determined at baseline and 6 weeks later in 66 PTB contacts. 
Six-week counts correlated strongly and positively with baseline counts (Pearson’s r = 0.66; 95% confidence interval, 0.50 to 0.78; P < 0.001). 
(B) Correlation between baseline and follow-up neutrophil counts in control subjects. Peripheral blood neutrophil count was determined at base-
line and 6 weeks later in 29 contacts of extrapulmonary TB. Six-week counts correlated strongly and positively with baseline counts (Pearson’s  
r = 0.67; 95% confidence interval, 0.40 to 0.83; P < 0.001). (C) Change in mean neutrophil counts between baseline and follow-up in PTB con-
tacts versus control subjects. At baseline, PTB contacts had a higher mean neutrophil count than control subjects (4.2 × 109/l versus 3.7 × 109/l, 
respectively; P = 0.03). Mean neutrophil counts decreased in PTB contacts over 6 weeks (mean neutrophil count at baseline versus follow-up, 
4.4 × 109/l versus 4.1 × 109/l, respectively; P = 0.02). Error bars represent SEM.

Figure 2
Effect of neutrophil depletion on containment of mycobaterial bioluminescence and secretion of antimicrobial peptides by whole blood. (A) 
BCG-lux assay luminescence ratios in the presence and absence of neutrophils. Black bars, undepleted blood; white bars, depleted blood. Error 
bars represent SEM. Differences in luminescence ratios were compared using a paired Student’s t test. Experiments were conducted in blood 
of 6 healthy laboratory donors. (B) BCG-stimulated antimicrobial peptide concentration in the presence and absence of neutrophils. Error bars 
represent SEM. Differences in antimicrobial peptide concentrations in 96-hour supernatants were compared using Wilcoxon matched-pairs tests. 
Experiments were conducted in whole blood of 6 healthy laboratory donors. LL-37, human cathelicidin LL-37. (C) MTB-lux assay luminescence 
ratios in the presence and absence of neutrophils. Error bars represent SEM. Differences in luminescence ratios were compared using a paired 
Student’s t test. Experiments were conducted in blood of 6 healthy laboratory donors.
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has been validated in tuberculin-negative individuals (16, 17), 
and whole-blood IFNGRAs are reported to have specificity rates 
as high as 98% in BCG-vaccinated populations with no risk fac-
tors for MTB exposure (3).

Our observation that neutrophil count and risk of MTB infection 
were not associated in a control group of individuals not recently 
exposed to infectious TB suggests that high peripheral blood neu-
trophil count may particularly contribute resistance to early infec-
tion. This hypothesis presupposes high interindividual variability 
but low day-to-day intraindividual variability in neutrophil count 
among contacts of infectious TB. Numerous studies testify that 
this is the rule in adult populations (18), and our data are in keep-
ing with this literature. Interestingly, we found that PTB contacts 
had slightly higher neutrophil counts than control subjects at 
baseline. These counts fell during the following 6 weeks, suggest-
ing that early exposure to MTB infection induces a transient rise 
in peripheral blood neutrophil count. Active PTB is also associated 
with increased numbers of neutrophils in peripheral blood (19), 
although, paradoxically, high neutrophil counts at diagnosis are 
associated with poor outcome (20). Neutrophils isolated from the 
peripheral blood of PTB patients also exhibit reduced phagocytic 
activity and depressed respiratory burst in vitro (21, 22). Clearly, 
the capacity of neutrophils to induce protective or pathogenic 
responses relates to their numbers and activity at the site of dis-

ease, and peripheral blood neutrophil count may only be a cor-
relate of this. The factors regulating both function and temporal 
and spatial patterning of neutrophils following exposure to infec-
tious TB are therefore worthy of further investigation.

Individuals of black African, Afro-Caribbean, and Middle Eastern 
ethnic origin are recognized to have lower levels of neutrophils than 
white individuals, possibly due to differences in release of mature 
neutrophils from the bone marrow storage pool (23). Rates of MTB 
infection were higher among black African PTB contacts than among 
whites in this study, and ethnicity-related factors therefore have the 
potential to confound the relationship observed between low neu-
trophil count and positive IFNGRA response. Our demonstration 
that this association was preserved even when analysis was restricted 
to south Asian participants indicates that confounding by ethnicity-
related factors does not explain the association we describe.

Neutrophil depletion of whole blood resulted in at least as great 
an impairment in suppression of BCG-lux luminescence as T cell 
depletion (14). This striking observation suggests that neutrophils 
make a large contribution to antimycobacterial activity in this 
assay. The finding that some antimicrobial peptides were detect-
able in the supernatants of neutrophil-depleted blood (Figure 2B) 
can be explained by our observation that 1%–7% of neutrophils 
were not removed by depletion. Moreover, cathelicidin LL-37 is 
expressed by mononuclear phagocytes as well as neutrophils (24): 

Figure 3
Effect of antimicrobial peptides on growth of Mycobacterium tuberculosis in microbiological broth media. (A) Effect of lipocalin 2 on growth of 
MTB in iron-replete and iron-depleted broth. Effect of lipocalin 2 (5 μg/ml) on growth of an inoculum of 3 × 104 CFU/ml MTB was determined in 
iron-replete (150 μM Fe) and iron-depleted (10 nM Fe) 7H9 broth medium. The mean of 6 replicates is shown. Error bars represent SEM. (B) 
Effect of cathelicidin LL-37 on the growth of MTB in broth. Effect of cathelicidin LL-37 (0.1–100 μg/ml) on growth of an inoculum of 6 × 105 CFU/ml 
MTB was determined in iron-depleted (10 nM Fe) 7H9 broth medium. The mean of 4 replicates is shown. Error bars represent SEM. (C) Effect 
of HNP1–3 on the growth of MTB in broth. Effect of HNP1–3 (0.1–100 μg/ml) on growth of an inoculum of 6 × 105 CFU/ml MTB was determined 
in iron-depleted (10 nM Fe) 7H9 broth medium. The mean of 4 replicates is shown. Error bars represent SEM.

Table 3
Ethnic variation in neutrophil count, serum antimicrobial peptide concentration and BCG-stimulated whole-blood cytokine secretion in PTB 
contacts (n = 135)

Ethnic group Black African South Asian White P
Mean neutrophil count × 109/l (range) 3.35 (1.80–5.20) 4.38 (1.9–9.3) 4.86 (2.2–8.0) 0.001
Median serum HNP1–3, ng/ml (IQ range) 147 (100–218) 185 (153–337) 266 (139–391) 0.02
Median serum LL-37, ng/ml (IQ range) 51 (35–70) 50 (35–72) 58 (46–71) 0.55
Median serum lipocalin 2, ng/ml (IQ range) 70 (45–95) 89 (62–132) 118 (79–144) 0.01
Median BCG-stimulated TNF, pg/ml (IQ range) 730 (567–1,317) 383 (229–638) 194 (116–751) <0.001
Median BCG-stimulated IFN-γ, pg/ml (IQ range) 757 (536–3,498) 559 (219–1,250) 353 (118–565) 0.02

IQ, interquartile.
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this cell population may therefore also contribute to secretion of 
this peptide in neutrophil-depleted samples.

Of the neutrophil antimicrobial peptides investigated, HNP1–3 
were the only peptides to kill MTB in iron-depleted broth, at con-
centrations of at least 10 μg/ml — 1,000 times lower than those 
found in neutrophil granules (25). By contrast, LL-37 and lipo-
calin 2 restricted growth of MTB rather than inducing killing. The 
antibacterial effects of antimicrobial peptides are recognized to 
depend on ionic environment (26), and the fact that we demon-
strate more potent antituberculous activity of HNP1–3 and LL-37 
in broth than other investigators (7, 27) may be attributable to the 
iron-depleted culture conditions we employed. Our demonstra-
tion that lipocalin 2–induced antituberculous activity in broth is 
more marked under iron-depleted conditions is consistent with 
the hypothesis that it acts by sequestrating mycobacterial sidero-
phores, thereby depriving MTB of iron. It may be that lipocalin 
2 exerts more potent antimycobacterial activity in the phagolyso-
some, where the molar ratio of lipocalin 2 to siderophore is likely 
to be higher and where lipocalin 2 might act in concert with other 
molecules that restrict availability of free iron (28): our demon-
stration of a strong and highly statistically significant correlation 
between serum lipocalin 2 level and suppression of luminescence 
in the BCG-lux assay (not observed for HNP1–3 or LL-37) is con-
sistent with this hypothesis.

It has previously been reported that African American individu-
als are more susceptible to TB infection than white individuals 
(29), and given our findings, it is possible that ethnic neutrope-
nia might contribute to this phenomenon. Interestingly, we did 
not observe statistically significant ethnic variation in BCG-lux 
assay luminescence ratios in this study. The antigen-stimulated 
whole blood of black Africans living in Malawi has previously 
been shown to secrete higher levels of TNF and IFN-γ than that 
of white individuals living in the United Kingdom (30, 31), and 
we also found that BCG-stimulated TNF and IFN-γ secretion was 
higher for black African participants than for south Asian and 
white participants. These are 2 of the best-characterized cytokines 
necessary for protection against TB (32), and it may be that the 
more pronounced BCG-stimulated TNF and IFN-γ responses we 
observed in whole blood of black Africans represent compensa-
tory mechanisms to restrict mycobacterial luminescence when 
neutrophil numbers are low.

In summary, we have demonstrated that neutrophils make a 
very significant contribution to innate immunity to TB, an activ-
ity associated with their antimicrobial peptides. Elucidation of 
the regulation of these peptides could lead to the development of 
novel strategies to prevent and treat TB.

Methods
Participants. The study was approved by the Research Ethics Committees of 
North East London and Harrow (REC P/02/146 and EC 2759, respectively), 
and written informed consent to participate was obtained from all subjects. 
Study participants were recruited from TB contact clinics at Newham Uni-
versity Hospital and Northwick Park Hospital. All people over 17 years of 
age who had been exposed to a patient with active TB were assessed. Exclu-
sions were symptoms, clinical signs, or radiographic evidence of active TB; 
HIV infection, renal failure, sarcoidosis, or hyperparathyroidism; cortico-
steroid, thiazide, or vitamin D therapy; breastfeeding; and pregnancy. The 
TST was performed and read according to UK national guidelines (33). 
Participants self-classified ethnicity into 1 of the following 5 categories 
(34): black/black British (black African), Asian/British Asian (south Asian), 

white, mixed, or other. Blood for neutrophil depletion assays was taken 
from healthy laboratory donors.

Preparation and culture of recombinant mycobacteria. BCG and MTB H37Rv 
transformed with a replicating vector containing the luciferase (lux) gene of 
Vibrio harveyi were prepared as previously described (12). Frozen aliquots of 
BCG-lux bacilli were grown to mid–log phase in Middlebrook 7H9 broth sup-
plemented with 10% albumin dextrose catalase enrichment (BD Biosciences) 
and 15 μg/ml hygromycin (Roche Diagnostics). Whole blood was infected 
with equal numbers of log-phase bacilli corresponding to a multiplicity of 
infection (mononuclear phagocyte/bacillus) of approximately 1:1. RLU/CFU 
enumerations were performed periodically to confirm plasmid stability.

To produce iron-depleted broth media, 7H9 was prepared in acid-
washed bottles from its constituent ingredients, omitting ferric ammo-
nium citrate. These media were subsequently adjusted with ferric ammo-
nium citrate to attain specified iron concentrations. Iron-depleted stocks 
of MTB-lux were grown to log phase in broth containing 2 μM iron (a 
concentration of iron low enough to induce bacillary siderophore pro-
duction) (35) and frozen in 15% glycerol. For assays of HNP1–3 and LL-37  
activity, inocula of 6 × 105 CFU/ml were cultured for 168 hours in 
medium containing HNP1–3 isolated from human blood (PANATecs) 
or synthetic LL-37 (PANATecs) at a 10-nM final iron concentration (the 
concentration of free iron estimated to exist in the phagolysosome) (10). 
For assays of lipocalin 2 activity, inocula of 3 × 104 CFU/ml were cultured 
for 192 hours at final iron concentrations of both 10 nM and 150 μM 
(the concentration of iron in undepleted 7H9 broth) in the presence or 
absence of 5 μg/ml recombinant lipocalin 2 (R&D Systems). This con-
centration of lipocalin 2 is sufficient to saturate estimated siderophore 
production of this inoculum of MTB (36).

Whole-blood assays. The IFNGRA used in this study has been described 
elsewhere (16). Triplicate samples of venous blood diluted 1:10 with RPMI-
1640 (Invitrogen) were cultured with 2.5 μg/ml recombinant ESAT-6  
(37), 5 μg/ml CFP-10 (Lionex), 5 μg/ml phytohemagglutinin (ICN Biomed-
icals), or no stimulus at 37°C in 5% CO2. Supernatants were aspirated at 
96 hours for determination of IFN-γ concentration by ELISA. An antigen-
stimulated increment in supernatant IFN-γ concentration greater than 
or equal to 10 pg/ml in response to either ESAT-6 or CFP-10 was taken 
to indicate the presence of MTB infection. The BCG-lux assay has also 
previously been described (13). Triplicate samples of 0.5 ml venous blood 
diluted with an equal volume of RPMI-1640/2 mM glutamine/25 mM  
HEPES buffer (Life Technologies) were infected with 3 × 105 CFU BCG-lux 
and incubated for 96 hours. Mycobacterial luminescence was measured 
at baseline and 96 hours in a luminometer, and a luminescence ratio cal-
culated by division of the 96-hour RLU value by the baseline value. To 
deplete neutrophils, blood from healthy donors diluted as described above 
was incubated for 20 minutes at 4°C with magnetic beads conjugated to 
anti-CD15 antibodies (Miltenyi Biotec) at a ratio of 50 μl beads per 2 ml 
diluted blood. MS depletion columns (Miltenyi Biotec) were attached to 
a separation magnet and primed with 500 μl magnetic affinity cell sort-
ing buffer (PBS/0.5% BSA/2 mmol EDTA) followed by 500 μl RPMI/glu-
tamine/HEPES buffer. Two columns were used to deplete 6 ml diluted 
whole blood. Control samples without antibody-coated beads were pre-
pared and treated under identical conditions. Fluorescence-activated cell 
sorting showed depletion of 93%–99% neutrophils in depleted fractions 
without significant loss of mononuclear phagocytes. Coulter counter 
(Beckman Coulter) analysis of undepleted versus depleted samples from 
6 donors confirmed that the depletion procedure affected neither lym-
phocyte nor monocyte counts (mean lymphocyte count, undepleted ver-
sus depleted blood, 7.67 × 108/l versus 8.00 × 108/l, respectively; P = 0.17; 
mean monocyte count, undepleted versus depleted blood, 1.67 × 108/l 
versus 1.83 × 108/l, respectively; P = 0.61).
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ELISA. ELISAs were performed using antibody pairs from R&D Systems 
for TNF and from BD for IFN-γ. The sensitivity of these assays was less 
than 10 pg/ml. Serum and supernatant concentrations of antimicrobial 
peptides were assayed using kits from Hycult Biotechnology for LL-37 and 
HNP1–3 and Antibody Shop for lipocalin 2.

Statistics. Analysis of potential correlates of risk of MTB infection was 
conducted using χ2 tests for categorical determinants and binary logistic 
regression analysis for continuous determinants. Pearson’s r and Spear-
man’s r were calculated to test for correlation between continuous vari-
ables with Gaussian and non-Gaussian distribution, respectively. Median 
values of variables with non-Gaussian distribution were compared between 
groups using Wilcoxon matched-pairs tests, Mann-Whitney U tests, and 
Kruskal-Wallis tests. Mean values of variables with Gaussian distribution 
were compared between groups using paired Student’s t tests, unpaired 
Student’s t tests, and 1-way ANOVA. Reported P values are 2-sided. A  
P value of less than 0.05 was considered significant.
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