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The ability of human neutrophils to aid in defense against pulmonary infection with Mycobacterium tuber-
culosis is controversial. In this study, we have shown that neutrophils respond to and phagocytose M. tuber-
culosis in human lesions. Neutrophils from healthy individuals were able to kill significant fractions of an
inoculum of M. tuberculosis within 1 h of phagocytosis, and this ability was enhanced by tumor necrosis factor
alpha but not by gamma interferon. The mycobactericidal mechanism was nonoxidative, as inhibitors of
reactive oxygen or reactive nitrogen intermediates did not interfere with killing. However, the mycobactericidal
mechanism was associated with increased exposure of intracellular M. tuberculosis to neutrophil defensins. In
vitro, human neutrophil peptides 1 to 3 were not able to kill the bacilli even at much higher levels. These studies
support the concept that human neutrophils are directly involved in defense against infection with M.

tuberculosis.

The observation that humans are not uniformly susceptible
to infection by Mycobacterium tuberculosis may imply the exis-
tence of resistance mechanisms capable of sterilizing inhaled
inoculae which operate independently of acquired immunity.
Cells and tissues of the airways and alveoli are the first points
of contact with M. tuberculosis following inhalation (20). Inter-
action of tubercle bacilli with airway or alveolar cells results in
a rapid influx of neutrophils (20). Experiments performed by
numerous laboratories over the past 30 years indicate that
human monocytes/macrophages (including alveolar macro-
phages) fail to kill M. tuberculosis when infected in culture,
despite incubation with cytokines or activated T cells (4, 34).
Although studies with rodent models indicate that alveolar
macrophages are important for containment of experimental
aerogenic infections, it may be necessary to look to other
effector cells to understand innate immune mechanisms which
protect against human infections.

There have been two reports that human neutrophils can kill
virulent M. tuberculosis in vitro (5, 18). However, more-recent
examinations of this issue have been unable to confirm these
results (2, 10). Majeed et al. were able to demonstrate that
cultured human neutrophils were able to kill an attenuated
strain of M. tuberculosis, H37Ra, in a calcium-dependent man-
ner (21). However, as H37Ra is not known to be virulent for
humans, it remains important to resolve the issue of neutrophil
capacity to kill virulent M. tuberculosis. Pedrosa et al. have
suggested that murine neutrophils are protective against ex-
perimental infections of mice, although they found no evidence
that the neutrophils phagocytosed the tubercle bacilli (27).

The goal of these studies was to understand whether the
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neutrophil response characteristic of the earliest responses to
tuberculosis (TB) infection could be effective in reducing or
eliminating the inoculum. To this end, we established a model
of in vitro infection of human neutrophils and characterized
some of the effector mechanisms which come into play during
the response of neutrophils both in vitro and during pulmonary
infection of humans. We show that neutrophils in human pul-
monary lesions contain intracellular M. tuberculosis, confirming
a phagocytic role for neutrophils in human TB. We also show
that human neutrophils can kill virulent intracellular M. tuber-
culosis in vitro, but with variability between individuals. Myco-
bactericidal activity could be stimulated by exposure of in-
fected neutrophils to tumor necrosis factor alpha (TNF-a), but
not gamma interferon (IFN-y). We also examine the role
which neutrophil defensins play in the mycobactericidal mech-
anism.

MATERIALS AND METHODS

M. tuberculosis cultures. M. tuberculosis Erdman was used as a target strain.
Cultures were grown in 7H9 broth for 7 to 10 days and then diluted to the optical
density of McFarland standard no. 1. This density of cells is approximately
108/ml. The bacterial suspension was then preserved in 1-ml aliquots at —70°C
until the time of infection.

Human neutrophils. Human neutrophils were isolated from healthy individ-
uals according to a protocol reviewed and approved by the Institutional Review
Board by using a Percoll (Pharmacia) density gradient (29). In brief, 4.4 ml of
3.8% (wt/vol) sodium citrate (Fisher Scientific, Pittsburgh, Pa.) was added to 40
ml of heparinized blood. The blood was then centrifuged at 400 X g for 20 min,
after which the plasma layer was removed, 5 ml of 6% (wt/vol) dextran (Phar-
macia) was added to the pelleted whole blood, and the total volume was brought
up to 50 ml with saline and mixed gently. The cell suspension was then left for
30 min at room temperature to allow the red blood cells to settle. The upper
white blood cell layer was removed and centrifuged at 400 X g for 10 min, the
supernatant was discarded, and the pellet was resuspended in 2 ml of autologous
plasma. The cell suspension was then underlaid with a 42% (wt/vol) Percoll
gradient followed by a 51% (wt/vol) Percoll gradient and centrifuged at 350 X g
for 10 min. The resulting neutrophil-rich layer was carefully removed. Neutro-
phils were then resuspended in phosphate-buffered saline (PBS) and centrifuged
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at 350 X g for 10 min, and the supernatant was discarded. The resulting neu-
trophil pellet was then resuspended in Hanks balanced saline solution.

Defensins. Synthetic human neutrophil peptide 1 (HNP-1) was obtained from
the Peptide Institute (Osaka, Japan), Alpha Diagnostics (San Antonio, Tex.),
and Bachem Bioscience (Philadelpha, Pa.). HNP-1 to -3 were also isolated as a
mixture from sputum produced by patients with cystic fibrosis as previously
described (35). Antimicrobial activity of defensins was examined by incubation
with Escherichia coli ML-35. Briefly, E. coli cells were grown to mid-log phase in
Luria-Bertani (LB) broth. They were then washed in low-salt buffer consisting of
10 mM NaPO,, pH 7.4, containing 0.01X tryptic soy broth (Difco) (TSB-phos-
phate buffer). The bacteria were then diluted to 3.6 X 107/ml of TSB-phosphate
buffer, and 100 wl was aliquoted into sterile 5-ml culture tubes. Defensin in
0.01% acetic acid or 0.01% acetic acid alone was added to the tubes, followed by
incubation at 37°C for 24 h. The cultures were then diluted 1:100, 1:1,000, and
1:10,000, and 100 pl was spread on LB agar plates. The plates were incubated for
a further 24 h at 37°C to allow colonies to develop. Colonies were counted
visually, and minimal bactericidal activity was calculated as the concentration of
defensin required to reduce the number of colonies by 90% relative to the
number present in the initial inoculum.

Infection of neutrophils. After resuspension in Hanks balanced saline solution
the neutrophils were counted and diluted in macrophage serum-free medium
(mSFM; Gibco, Gaithersburg, Md.) to 10%ml. Next, a bacterial suspension was
diluted from the frozen aliquots in mSFM to 107/ml and placed with the neu-
trophil suspension in 35-mm-diameter dishes (Fisher). After 1 h, the adherent
cells were washed twice with a 1:1 mixture of RPMI 1640 and saline, and then
fresh mSFM was added depending on experimental conditions. For cytokine
treatment, after the washing of the neutrophils, 100 U of TNF-« or IFN-y (R&D
Systems, Minneapolis, Minn.)/ml was added for 1 h. After that, the cells were
washed twice and fresh medium was added depending on experimental condi-
tions.

Enumeration of viable M. tuberculosis by colony counting. Numbers of CFU
were determined at various intervals after infection. Infected neutrophil mono-
layers were lysed at the end of the growth period with 1 ml of 0.25% sodium
dodecyl sulfate (SDS) for 10 min. Wells were then scraped, and the lysate was
transferred into plastic culture tubes. Lysate was diluted with 7H9 medium to
neutralize the SDS and spread onto Middlebrook 7H11 plates for colonies to be
counted after cultivation for 21 days at 37°C.

Terminal deoxynucleotidyltransferase-mediated dUTP-fluorescein nick end
labeling (TUNEL) assay for apoptosis. Neutrophil cultures were fixed with 4%
paraformaldehyde for 1 h. The fixed cultures were then rinsed with 100 mM
glycine in order to neutralize residual reactive aldehydes. Nicked DNA in the
cells was modified with fluorescein-dUTP, and terminal deoxynucleotidyltrans-
ferase was modified according to the manufacturer’s instructions (apoptosis
detection system, fluorescein; Promega Inc., Madison, Wis.). The apoptotic cells
were counted by using epifluorescence illumination. Total cells were counted
under bright-field optics, and results were expressed as percentages of fluores-
cein-positive (apoptotic) cells. Results were determined from counts of 20 ran-
dom 200X fields per culture.

Immunocytochemistry. Samples of human neutrophils were cultured as de-
scribed above with the exception that eight-well chamber slides (Nunc, Inc.,
Naperville, I1l.) were used in place of tissue culture dishes and M. tuberculosis was
surface labeled with Oregon green succinimidyl ester (Molecular Probes, Eu-
gene, Oreg.). Slides were fixed in formalin at 4°C overnight, followed by neu-
tralization with 1 M glycine buffer, pH 7.0. Tissue from pneumonectomy or
lobectomy for progressive TB was fixed in formalin for up to 6 weeks, followed
by embedding in paraffin, sectioning to a thickness of 5 wm, and mounting on
glass slides. The slides were deparaffinized with three changes of xylene, followed
by rehydration with 100, 95, and 75% ethanol and rinsing with PBS.

Both tissue sections and fixed neutrophils were then incubated for 30 min with
blocking/permeabilizing solution consisting of PBS containing 0.5% (wt/vol) bo-
vine serum albumin (BSA), 0.1% (vol/vol) Tween 20, and 0.1% (wt/vol) saponin
(Sigma). An antibody to HNP-1 to -3 was prepared from hybridoma D1-1 (gift
from Tom Ganz, University of California, Los Angeles) by standard methods and
diluted to 0.5 wg/ml in staining medium consisting of 3% BSA and 0.1% (vol/vol)
Tween 20 in 1X PBS. Samples were incubated with the primary antibody or
control immunoglobulin G (IgG) overnight at 4°C in a humidified tank.

Image analysis. Images of the samples were viewed and captured with a Leica
(Bannockburn, Ill.) DMRXA microscope, coupled with a digital camera (Sen-
sicam; PCO Computer Optics, Kelheim, Germany). The microscope and camera
were controlled by a Macintosh computer running Slidebook software (Intelli-
gent Imaging Innovations, Denver, Colo.). Images were captured with a 40X (for
Fig. 1A) or a 100X (all other micrographs) objective as a series of images in the
z dimension (a stack). The image stacks were then subjected to constrained
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iterative deconvolution based on a point spread function captured and calculated
on the same system by using the same configuration of optical components,
including slides, coverslips, and mounting medium (31).

After deconvolution, the volumes representing intracellular mycobacteria
were isolated by using a three-dimensional mask covering the mycobacterium-
associated fluorophore (either Oregon green or auramine-rhodamine). The in-
tensity of the anti-HNP-associated fluorophore (Cy-5) was then measured within
the volumes occupied by the mycobacteria. Each measurement yielding the mean
fluorescence of a mycobacterium was the average of 2,000 to 4,000 voxels cov-
ering the volume of the mycobacterium. Compensation was then performed to
remove fluorescence due to the Oregon green or auramine-rhodamine used to
identify the mycobacteria. This resulted in reduction of the raw Cy-5 fluores-
cence measurements by approximately 5%. Statistics were calculated based on 50
masks per sample, in which each mask was defined the volume of at least one
mycobacterium. Nonspecific staining was examined by incubation of the myco-
bacteria with mouse IgG in place of the anti-HNP antibody, followed by incu-
bation with the anti-mouse IgG—Cy-5 conjugate. Levels of fluorescence for un-
stained mycobacteria, mycobacteria incubated with mouse IgG and anti-mouse
IgG-Cy-5, and mycobacteria incubated with specific anti-HNP-anti-mouse IgG-
Cy-5 in the absence of HNP were comparable.

Statistics. The Cy-5 anti-HNP intensity measurements were compared by
using a ¢ test for unpaired samples. A two-tailed P value of less than 0.05 was
considered significant.

RESULTS

Neutrophils phagocytose M. tuberculosis in human tubercu-
lous lesions. Figure 1A and B show different magnifications of
lung tissue from a patient diagnosed with progressive TB. Au-
ramine-rhodamine staining of the tissue (red) reveals the pres-
ence of acid-fast bacilli within the lesion. DAPI (4',6'-dia-
midino-2-phenylindole) staining of nuclei shows the
characteristic multilobed nuclei characteristic of polymorpho-
nuclear leukocytes (PMN; blue) containing acid-fast bacilli
(Fig. 1A). Identification of the cells containing M. tuberculosis
as neutrophils is based on staining with mouse anti-human
CD15 (Fig. 1B, green). The location of the bacilli (red) within
the PMN was confirmed via circumscription by the PMN cy-
toplasm and cell membranes (Fig. 1B, green). Fluorescence
originating above or below the plane of this image was reas-
signed to the plane of origin by constrained-iterative deconvo-
lution (31).

The lesions also contained numerous macrophages based on
staining with mouse anti-human CD68. To determine the per-
centage of the visible M. tuberculosis cells which had been
phagocytosed and by which cell type, archival specimens from
three patients with progressive TB were examined after stain-
ing for acid-fast bacilli with auramine-rhodamine and counter-
staining with either anti-CD15 to identify neutrophils or with
anti-CD68 to identify macrophages. The results are shown in
Table 1. Patient A had 42% of the tubercle bacilli associated
with caseum, 27% associated with macrophages, 29% associ-
ated with neutrophils, and 2% associated with unidentified
cells. Patient B had 0% associated with caseum, 4% associated
with macrophages, and 96% associated with neutrophils. Pa-
tient C had 97% associated with caseum, 2% associated with
macrophages, 0% associated with neutrophils, and 1% associ-
ated with unidentified cells. The heterogeneity of distribution
among the patients may reflect differences in cellular responses
among patients, differences in the area of the diseased tissue
sampled, or both. Therefore, the finding of bacilli within the
cytoplasm of neutrophils in the lesions supports a phagocytic
role for neutrophils in human TB.



VoL. 70, 2002

z X

FIG. 1. M. tuberculosis in human lung tissue after phagocytosis by
neutrophils. (a) Fluorescence micrograph of human lung tissue from a
patient with M. tuberculosis (magnification, X400). Cell nuclei, stained
with DAPI, are blue, including characteristic multilobed nuclei of
neutrophils. Cell membranes, stained with wheat germ agglutinin-Or-
egon green, are green. Acid-fast M. tuberculosis bacilli, stained with
auramine-rhodamine, are red. (b) Digitally deconvolved three-axis im-
age of a neutrophil containing M. tuberculosis in human lung tissue
(magnification, X1,000). The nucleus is stained with DAPI (blue), the
membranes are stained with mouse anti-human CD15 (green), and M.
tuberculosis is stained with auramine-rhodamine (red). Out-of-plane
fluorescence has been reassigned back to the plane of origin.

Neutrophils phagocytose M. tuberculosis in culture. To char-
acterize the ability of cultured neutrophils to phagocytose M.
tuberculosis, we performed detailed analysis of the fate of M.
tuberculosis within the first hour after exposure to neutrophils.
In one example experiment, neutrophils were incubated with 1
ml of 7H9 containing 2.93 X 10° CFU of M. tuberculosis for 1 h.
At the end of the phagocytosis period, the supernatant and
rinses of the monolayers were removed and found to contain
2.21 X 10° CFU/ml, while the neutrophil monolayer contained
3.94 X 10° CFU. Therefore, the majority of the inoculum could
be accounted for after incubation with the neutrophils. The
infected cells were examined to determine the percentage of
cells which phagocytosed M. tuberculosis and how many organ-
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isms were associated with each cell. In control cultures, ap-
proximately 28% = 4% of the neutrophils contained one or
more tubercle bacilli. In cultures treated with TNF-a, approx-
imately 21% =+ 3.2% of the cells contained tubercle bacilli.
However, the difference was not significant based on a ¢ test.
Additionally, 6.7% of the cells contained from 1 to 5 bacilli,
9.4% contained 5 to 10 bacilli per cell, and 11.9% contained
more than 10 bacilli per cell. The number of M. tuberculosis
cells determined by light microscopy agrees roughly with the
number of CFU recovered from the neutrophils after 1 h.

Killing of M. tuberculosis by human neutrophils in vitro is
stimulated by TNF-a.. Phagocytosis of M. tuberculosis by neu-
trophils in human lesions led to the hypothesis that neutrophils
may be capable of killing M. tuberculosis. We tested this hy-
pothesis by incubating human neutrophils with virulent M.
tuberculosis Erdman from frozen aliquots prepared and stored
from the same culture. In parallel, the ability of human mono-
cyte-derived macrophages to kill M. tuberculosis in culture was
assessed. After allowing the neutrophils or macrophages to
adhere to plastic and phagocytose the mycobacteria for 1 h,
extracellular bacilli were removed by rinsing the monolayers.
Some of the monolayers were then stimulated with TNF-« or
IFN-vy to assess the effect of cytokine stimulation. The super-
natants were harvested, and monolayers were lysed and plated
at increasing intervals for assessment of viable bacilli. Macro-
phages were unable to kill M. tuberculosis in culture despite
stimulation with cytokines, as shown in Fig. 2a. These data are
in agreement with previous studies conducted by ourselves and
others (11a, 18a). Neutrophils exhibited potent killing activity
within 24 h after tubercle bacilli were added to the cultures
(Fig. 2B). Figure 2B also shows that unstimulated neutrophils
killed an average of 40.6% of the inoculum within 1 h. Treat-
ment of the neutrophils with TNF-a for 1 h following infection
resulted in killing 85.9% of the inoculum, while IFN-y ap-
peared to inhibit killing. The observed killing was not due to
detachment of cells from the plastic or release of bacilli into
the medium, as CFU counts in supernatants were included in
the total. Of six donors’ neutrophils assayed in this way, those
of four were able to kill cell-associated M. tuberculosis with no
stimulation, and all six donors’ neutrophils were able to kill
between 50 and 95% of the inoculum when treated for 1 h with
TNF-a (Fig. 2C). Neutrophils from each donor killed signifi-
cantly more tubercle bacilli after stimulation for 1 h with
TNF-a (P < 0.01, ¢ test for paired samples). The number of
viable mycobacteria continued to decline somewhat for the
remainder of the first 24 h.

Inhibitors or RNI or ROI production did not inhibit Killing.
Growth inhibition of M. tuberculosis by human neutrophils has
been reported to be independent of reactive oxygen interme-

TABLE 1. Association of M. tuberculosis in lung tissue of patients
with progressive TB

% of tubercle bacilli in lungs of patient

Cell type
A B C
Caseum 42 0 97
Macrophage 27 4 2
Neutrophil 29 96 0
Unidentified 2 0 1
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FIG. 2. Effect of human neutrophils on the viability of intracellular
M. tuberculosis. (a) Time course of M. tuberculosis viability after infec-
tion of macrophages treated with medium only () or 100 U of
recombinant human TNF-a (thTNF-«) (m)/ml or 100 U of rhIFN-y
(A)/ml or both (X). Results presented are from a single anonymous
donor who was representative of over 30 examined. Data points rep-
resent three separate infections. CFU for each data point were calcu-
lated as the average count from four plates at two different dilutions.
(b) Time course of M. tuberculosis viability after infection of neutro-
phils treated with medium only (4 ), 100 U of thTNF-« (m)/ml, or 100
U of rhIFN-y (A)/ml. Results were obtained from a single anonymous
donor. Data points represent three separate infections. CFU for each
data point were calculated as the average count from four plates at two
different dilutions. (c) Donor-to-donor neutrophil variation in sponta-
neous and TNF-a-stimulated killing of intracellular M. tuberculosis
24 h after infection. Percent killing relative to time zero (immediately
after washout of uningested organisms) for each donor with and with-
out 100 U of rhTNF-a/ml was calculated from three separate infec-
tions performed in parallel. All donors exhibited a significant increase
in killing in response to TNF-a (P < 0.01; Student’s ¢ test).

diate (ROI) production (18). Therefore, we sought to confirm
that this was the case in our system as well, and also to deter-
mine if reactive nitrogen intermediates (RNI) were involved.
Figure 3 shows that killing was not inhibited by an inhibitor of
inducible nitric oxide synthase, 1.-N“-monomethyl arginine (I-
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FIG. 3. Lack of effect of ROI or RNI inhibitors on killing by neu-
trophils. M. tuberculosis-infected neutrophils were preincubated with
medium, DPI, -NMMA, or a SOD mimic prior to stimulation with
TNF-a. The data represent triplicate wells and are percentages of
reduction of CFU on four plates/sample relative to CFU at time zero
(immediately after washout of uningested bacilli). Differences between
treatments were not significant (P > 0.05; Student’s ¢ test).

NMMA) (7). Neither infected neutrophils nor infected neu-
trophils treated with I-NMMA produced Griess-detectable
NO, . Killing was slightly inhibited by an inhibitor of NADPH
oxidase, diphenylene iodonium (DPI) (8), and by the superox-
ide dismustase (SOD) mimic manganese(II1T) meso-tetrakis(N-
methylpyridinium-2-yl)porphyrin (3). Both of these ROI inhib-
itors reduced H,O, to undetectable levels (data not shown).
However, the level of inhibition of mycobactericidal activity
was not significant (P > 0.05). These results indicate that the
main killing mechanism which neutrophils use for M. tubercu-
losis is nonoxidative, confirming the work of Jones et al. (18).
Killing does not appear related to apoptosis of the cells.
Fratazzi et al. demonstrated that M. tuberculosis bacilli within
macrophages undergoing apoptosis become damaged (12).
Since TNF-a stimulates apoptosis by human neutrophils (30),
we sought to determine if apoptosis could account for the
killing of the cell-associated M. tuberculosis. We measured
what fraction of the cells underwent apoptosis during the pe-
riod of the assay both with and without stimulation by TNF-«a
by labeling ends of fragmented DNA (TUNEL). Figure 4
shows that neutrophils exposed to M. tuberculosis underwent
increased apoptosis relative to neutrophils alone, whether or
not they were treated with TNF-«. The cultures which received
M. tuberculosis had approximately 25 to 30% TUNEL-positive
cells after 24 h. Some of the infected cells in the M. tubercu-
losis-treated cultures were TUNEL positive, but the frequency
was not increased relative to that for uninfected cells. There-
fore, it is unlikely that the killing of M. tuberculosis by human
neutrophils was strictly an effect of apoptosis of the cells.
Intracellular M. tuberculosis cells are exposed to HNP dur-
ing killing. In addition to oxidative mechanisms, neutrophils
contain a variety of substances which are directly antimicrobial,
including cathelicidins (37), cathepsin G (26), and a-defensins
(14). One of the a-defensins of neutrophils, HNP-1, has been
shown to prevent growth of M. tuberculosis at 2 to 5 pg/ml (24).
Defensins are contained in the primary granules of human
neutrophils, which normally fuse with phagosomes during the
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FIG. 4. Enhanced killing is not associated with increased apoptosis.
Shown are percentages of TUNEL-positive cells in neutrophil cultures
exposed to medium alone (), M. tuberculosis (m), or M. tuberculosis
and 100 U of recombinant human TNF-a/ml (A). Data shown are for
neutrophils from a single donor; data points are the average counts
and standard deviations of triplicate wells. Data are representative of
other donors, which vary in the amount of apoptosis observed in 24 h
but which show similar rates for M. tuberculosis-infected cells and
infected cells treated with TNF-a.

killing of bacteria (14). N'diaye et al. have reported, however,
that M. tuberculosis inhibits fusion of the primary granules with
phagosomes and thus may avoid exposure to the antimicrobial
substances contained within (25). We sought to determine
whether TNF-a stimulated increased exposure of phagocy-
tosed M. tuberculosis to defensins during killing. Figure 5b is a
confocal image showing that M. tuberculosis-infected human
neutrophils in culture contain substantial amounts of HNP
(red). M. tuberculosis phagocytosed by neutrophils can be
stained with an anti-HNP antibody, indicating that some of the
defensin-containing granules were released into the phago-
some containing the bacillus. Figure 5a to ¢ shows a represen-
tative neutrophil after phagocytosis of M. tuberculosis and stim-
ulation with TNF-a. The amount of HNP staining (red)
coincident with the intracellular M. tuberculosis (green) is
greater than that without TNF-a stimulation (Fig. 5d to f). The
increased colocalization results in yellow staining of the bacilli.

We next sought to determine whether the intracellular ba-
cilli were exposed to a biologically relevant amount of defen-
sin. Lehrer et.al. have investigated the relationship between
the binding of defensins to candida and candidacidal activity
(19). Such a detailed analysis of the relationship between the
binding of HNP to M. tuberculosis and antimycobacterial ac-
tivity has not yet been performed and is beyond the scope of
this report. However, it is possible to detect HNP bound to M.
tuberculosis by antibody staining, as seen in Fig. 5b. If the
amount of HNP bound to M. tuberculosis varies with the
amount of HNP in the medium, it should be possible to con-
struct a standard curve relating the exposure to HNP to the
amount of specific antibody staining. The MIC sufficient to
prevent growth of M. tuberculosis has previously been reported
to be 2.0 to 2.5 pg/ml (32, 33). Therefore, we incubated M.
tuberculosis (Erdman strain) with HNP-1 at concentrations
from 0.1 to 33 pg/ml for 24 h at 37°C, after which the tubercle
bacilli were quickly washed and fixed in formalin. The bacilli
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were then dried onto coverslips and stained for the presence of
HNP-1 to -3. Figure 6a shows that increasing exposure of M.
tuberculosis to HNP-1 results in increasing staining for HNP-1,
which can be measured by fluorescence microscopy and digital
imaging. The relationship between exposure and fluorescence
(v) staining was log-linear and fit a line with the equationy =
85.11In (x) + 212.42, with a correlation coefficient of 0.97. This
equation was then rearranged to solve for x, or [HNP], yielding
[HNP] = @ ~ 21242/8511 which was used to estimate defensin
exposure of M. tuberculosis cells infecting neutrophils based on
their fluorescence intensity. Figure 6b shows the results of
estimating the amount of defensin exposure based on staining
under several conditions. HNP exposure of extracellular M.
tuberculosis is similar to background, while the HNP associated
with mycobacteria within unstimulated neutrophils is signifi-
cantly greater (P < 0.001; Student’s ¢ test). Stimulation of the
neutrophils with TNF-a results in a further increase in HNP
exposure of the bacilli, approximately 50-fold relative to that
for the unstimulated cells (P < 0.001; Student’s ¢ test). These
results demonstrate that the killing of intracellular M. tubercu-
losis by neutrophils is associated with mobilization of defensins
onto the bacilli. To have achieved equivalent fluorescence in-
tensity, the amount of defensin bound to the intracellular ba-
cilli after TNF-a treatment of the neutrophils would have
required an in vitro exposure of approximately 40 pg/ml, which
is severalfold above the reported MIC of HNP-1 for M. tuber-
culosis of 2 to 2.5 pg/ml.

Effects of HNP on growth and viability of M. tuberculosis in
liquid culture. To determine if the level of defensin exposure
in vivo could account for the mycobactericidal activity of the
neutrophils, we performed in vitro antimicrobial assays using
HNP obtained from commercial sources, in addition to HNP
which we isolated from biological material. Figure 7a shows
that, although HNPs were able to kill E. coli efficiently, we
were unable to confirm that HNPs were able to kill M. tuber-
culosis (Erdman or H37Rv) at concentrations as high as 200
pg/ml, indicating that the minimal bactericidal concentration
of HNP for M. tuberculosis exceeds 200 wg/ml for 24 h (Fig.
7b). Exposure to 200 pwg/ml of HNP-1 in vitro results in high
levels of HNP binding to the tubercle bacilli, exceeding the
levels bound to M. tuberculosis in neutrophils during killing.
Therefore, it is unlikely that neutrophil defensins can entirely
account for the ability of neutrophils to kill M. tuberculosis.

DISCUSSION

Some individuals who are at high risk of infection by M.
tuberculosis resist developing tuberculin reactivity much longer
than others (1, 15, 17). The existence of innate mechanisms of
immunity to M. tuberculosis infection was hypothesized in 1941,
when Israel et al. noted in a study of nursing students working
in a TB hospital that “In three persons the reaction to repeated
tests was negative, becoming positive only on the tenth test at
the end of three years. The persistence of a negative (tuber-
culin) reaction in these students after the majority of other
students had long been infected is a striking phenomenon”
(17). The report on the Prophit survey (9), which tracked
purified protein derivative conversion rates among young
nurses from TB hospitals, seems to bear out other anecdotal
observations that there are people who resist infection with M.
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FIG. 5. Increased colocalization of HNP with intracellular M. tuberculosis after TNF-a treatment of neutrophils. (a to ¢) Digital confocal images
of a neutrophil infected in vitro with M. tuberculosis and treated for 1 h with TNF-a (magnification, X1,600). The nucleus is stained with DAPI
(blue), and HNPs are stained with mouse anti-human HNP (primary) and goat anti-mouse Cy-5 (secondary) antibodies (b; red). M. tuberculosis
was surface labeled with carboxyfluorescein succinimidyl ester prior to addition to the neutrophil culture (c; green). Note the yellow shift associated
with the bacilli in panel a, the merged image. (d to f) Digital confocal images of neutrophils infected with M. tuberculosis. Colors represent stains
as in panels a to c; however the intracellular bacilli remain green due to reduced colocalization with HNP.

tuberculosis far longer than their peers, despite similar expo-
sure levels.

Of the many cell types present in the naive human lung
which may participate in killing inhaled M. tuberculosis, most
efforts to demonstrate the ability to kill M. tuberculosis in
culture have focused on alveolar macrophages or monocyte-
derived macrophages. The ability of human macrophages to
kill M. tuberculosis in culture has never been convincingly dem-
onstrated, suggesting that other cell types present at the site or
responding to the infection may also play important roles in
innate resistance. Neutrophils are prominent in the earliest
exudative TB lesions of human lungs (6). However, the ability
of human neutrophils to kill virulent M. tuberculosis in vitro has
not been widely reported, and some have strongly argued
against it (10).

Pedrosa et al. have suggested a protective role for neutro-
phils in TB infection which does not involve phagocytosis of
the bacilli (27). However, examination of lung tissue from
patients with pulmonary TB indicates that neutrophils do in-
deed phagocytose M. tuberculosis in human lesions as shown in
Fig. 1. Nevertheless, the ability of neutrophils to kill ingested
bacilli cannot be inferred by this observation alone and was
tested directly.

Figure 2 shows that human neutrophils from some donors
did not kill M. tuberculosis unless they were stimulated with
TNF-a. This result is in agreement with Brown et al., who used

phorbol myristate acetate to stimulate mycobactericidal activ-
ity (5). We also noted spontaneous killing activity by neutro-
phils from several donors. This indicates that neutrophils from
at least some individuals are able to spontaneously kill M.
tuberculosis but that this capacity may not be universal. Our
study utilized frozen aliquots of the same M. tuberculosis cul-
ture for infection, which provides highly reproducible infection
in THP-1 cells. Therefore, these results reflect differences in
the ability of the donor neutrophils to kill ingested M. tuber-
culosis. The variability observed among individuals may help to
explain the conflicting observations of other workers in this
regard. Additionally, in our studies it was necessary to ensure
that the neutrophils were adherent and that all uningested
organisms were removed to observe reliable killing. This may
explain why Aston et al. (2) were unable to demonstrate killing
of M. tuberculosis.

We have also explored the mycobactericidal mechanism of
human neutrophils. Inducible production of NO by murine
macrophages has been shown to be important for the ability of
those cells to kill M. tuberculosis in culture (11). However, the
mechanism of M. tuberculosis killing by neutrophils was not
inhibited by L-arginine analog I-NMMA, which inhibits NO
production (7). In fact, neither we nor others have observed
production of NO by human neutrophils in response to M.
tuberculosis (data not shown) (23), and so were not surprised
by the lack of effect of -lNMMA. NADPH oxidase inhibitor
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FIG. 6. Quantitation of HNP binding to M. tuberculosis. (a) Fluo-
rescence intensity of anti-HNP staining as a function of exposure to
HNP-1. M. tuberculosis was exposed to increasing concentrations of
HNP-1 and then stained with anti-HNP/Cy-5. Digital images were
captured and deconvolved. The average intensity of Cy-5 fluorescence
of individual organisms was calculated and plotted on the y axis versus
the concentration of defensin on the x axis. Error bars, standard errors
of 50 tubercle bacilli for each data point. (b) Exposure of M. tubercu-
losis to defensin during culture with human neutrophils. Average in-
tensity and standard deviation of extracellular M. tuberculosis bacilli
within 50 neutrophils infected with M. tuberculosis or 50 neutrophils
infected with tuberculosis and treated with 100 U of TNF-o/ml were
mapped to exposure via the equation for the standard curve shown in
panel a.

DPI did not significantly diminish the killing capacity of neu-
trophils, nor did SOD mimic manganese(I1I) meso-tetrakis(N-
methylpyridinium-2-yl)porphyrin, although at the concentra-
tions used reactive oxygen production was inhibited by greater
than 95% (data not shown). This indicates that the killing
mechanism was independent of production of ROIs, which are
known to be produced by neutrophils upon phagocytosis of M.
tuberculosis (22). Our observations are in agreement with those
of Jones et al., in that the majority of mycobactericidal activity
appears to be nonoxidative (18).

Neutrophils are able to utilize several nonoxidative mecha-
nisms to destroy ingested bacteria such as Pseudomonas aerugi-
nosa, Listeria monocytogenes, and E. coli, including lipases (16),
proteases (26), and several microbicidal peptides (13). In fact,
approximately 30% of the proteins contained in the primary
granules are a-defensins, HNP-1, -2, -3, and -4 (14). However,
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FIG. 7. Activity of HNP against M. tuberculosis and E. coli. (a)
Numbers of E. coli CFU after 24 h of exposure to HNP at increasing
concentration. (b) Numbers of M. tuberculosis (H37Rv) CFU after
exposure to HNP at up to 200 pg/ml for 24 h.

M. tuberculosis has been noted to inhibit phagosome fusion
with primary granules in neutrophils (25). Using colocalization
of HNP and phagocytosed M. tuberculosis as a marker of pha-
gosome-primary granule fusion, we noted that TNF-a stimu-
lated colocalization of ingested M. tuberculosis with HNP as
shown in Fig. 6. However, even in the absence of TNF-a
exposure M. tuberculosis bacilli within neutrophils were ex-
posed to significantly more HNP than were extracellular ba-
cilli. Lehrer et al. have previously found that the ability of
rabbit defensins to kill Candida albicans is directly related to
the binding of the peptides to the cell rather than just the
concentration to which they were exposed (19), such that
equivalent defensin binding resulted in equivalent candidacidal
activity even in the presence of differing concentrations of
defensins. Creation of a standard curve of defensin binding to
M. tuberculosis after exposure at several different concentra-
tions in vitro allowed us to estimate whether the amount of
defensin which bound to the tubercle bacilli in neutrophils
could have accounted for the mycobactericidal activity ob-
served. This estimate bears some caveats. First, the binding of
the anti-HNP antibodies to intracellular mycobacteria may not
be as efficient as the binding to mycobacteria exposed to HNP
in vitro. However, we have observed that the levels of staining
of intracellular and extracellular M. fuberculosis with antimy-
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cobacterial antiserum are not significantly different (K. Kisich,
unpublished observation). In addition, the conditions under
which HNPs were bound to create the standard curve were
probably quite different from the conditions under which bind-
ing took place in the neutrophil phagosome. However, since
there are other potential mechanisms which may participate in
mycobacterial killing by neutrophils, the “phagosomal MIC”
may in fact be lower than the in vitro MIC. Despite these
limitations, these data suggest that intracellular M. fuberculosis
was exposed to HNP-1 at approximately 40 pg/ml after stim-
ulation of the neutrophils with TNF-c.

Examination of the concentration of HNP required to kill M.
tuberculosis in vitro revealed that concentrations up to 200
pg/ml for 24 h had no effect on the viability of the tubercle
bacilli, despite potent antimicrobial activity against E. coli.
These data are consistent with reports from Peschel et al.,
indicating that M. tuberculosis contains a gene or genes related
to the MprF gene of Staphylococcus aureus, which mediates
resistance to HNP in that species (28). Two groups have re-
ported that HNP-1 can kill M. tuberculosis in vitro (24, 32).
While we have used HNP from the same sources against the
same strains of M. tuberculosis growing in the same medium as
these groups, we have not observed mycobactericidal activity of
HNP. It is possible that there may be subtle differences in our
assay or between our mycobacterial strains which prevent us
from observing mycobactericidal activity. However, it appears
that, in our hands, M. tuberculosis is resistant to HNP relative
to E. coli. M. tuberculosis is subject to growth inhibition by
HNP, with exposure to 250 pg/ml inhibiting growth by greater
than 90%. Growth rates of M. tuberculosis exposed to HNP
remained depressed relative to those of untreated bacilli for at
least 3 days, suggesting that while exposure to HNP does not
result in destruction of M. tuberculosis, it may induce a dor-
mant state which persists even after the HNPs are diluted or
otherwise inactivated.

Neutrophils contain several antimicrobial substances in ad-
dition to defensins, including but not limited to cathelicidin
(36), cathepsin G, myeloperoxidase, lactoferrin, elastase, bac-
tericidal-permeability-increasing protein, and azurocidin (13).
Through fractionation of neutrophil proteins, it may be possi-
ble to identify one or more of these substances which can
account for the killing activity in isolation. However, it is also
possible that the totality of the activities of these substances on
the viability of M. tuberculosis are greater than their summed
activities. This will be addressed in future studies.

Based on observations from ourselves and others, it is pos-
sible to consider a model of innate defense which is testable.
An initial inoculum of M. tuberculosis is inhaled and phagocy-
tosed by alveolar macrophages. The cytokines produced by the
macrophages in response to M. tuberculosis stimulate extrava-
sation and migration of neutrophils to the site. Phagocytosis of
the tubercle bacilli by the neutrophils in the presence of TNF-a
secreted by the macrophages stimulates neutrophil mycobac-
tericidal mechanisms. If such mechanisms are operative to
sterilize limited challenges, it is clear that they can be over-
whelmed. Although several studies suggest that some individ-
uals resist infection much longer than their peers (1, 15, 17), at
least one study demonstrated that, in the face of persistent
exposure to infectious aerosols, 100% infection was eventually
observed (17).

INFECT. IMMUN.

In conclusion, we have demonstrated that human neutro-
phils respond to the presence of M. tuberculosis and actively
phagocytose the bacilli in human lesions. Neutrophils adherent
to tissue culture plastic are able to kill up to 95% of intracel-
lular M. tuberculosis bacilli within 24 h of infection after stim-
ulation of the infected neutrophils with TNF-«, but not IFN-y,
for 1 h after infection. These data suggest that neutrophils
from healthy individuals have the capacity to rapidly kill in-
haled M. tuberculosis. The killing mechanism cannot be
blocked by addition of inhibitors of ROI or RNI production
and coincides with the accumulation of significant levels of
HNP on the intracellular bacilli. However, M. tuberculosis was
resistant to comparable levels of HNP in vitro, suggesting that
other mechanisms and/or substances may be involved in the
intracellular destruction of M. tuberculosis by human neutro-
phils.
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