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Introduction

Worldwide, tuberculosis (TB) remains the most frequent and
important infectious disease causing morbidity and death
[1]. One-third of the world’s population is latently infected
with Mycobacterium tuberculosis (M. tb),
agent of TB. The World Health Organization (WHO) esti-
mates that about 8—10 million new TB cases occur annually
worldwide and the incidence of TB is currently increasing. In
this context, TB is in the top three [with malaria and human
immunodeficiency virus (HIV)], being the leading causes of
death from a single infectious agent, and approximately 2
million deaths are attributable to TB annually [1].

In particular, pulmonary TB, the most common form of
TB, is a highly contagious and life-threatening infection.
Moreover, enhanced susceptibility to TB in HIV-infected
populations is another serious health problem throughout

the world [1].

In addition, multi-drug-resistant TB (MDR-TB) has been
increasing in incidence in many areas, not only in developing
countries but also in industrialized countries, during the
past decade [2]. MDR-TB caused by M. tb strains entails
extended treatment, expensive and toxic regimens, and
higher rates of treatment failure and death. The global resur-
gence of TB and the rapid emergence of MDR-TB under-
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Summary

We characterized the underlying mechanisms by which glutathione (GSH)-
enhanced natural killer (NK) cells inhibit the growth of Mycobacterium tuber-
culosis (M. tb) inside human monocytes. We observed that in healthy
individuals, treatment of NK cells with N-acetyl cysteine (NAC), a GSH
prodrug in conjunction with cytokines such as interleukin (IL)-2 +IL-12,
resulted in enhanced expression of NK cytotoxic ligands (FasL and CD40L)
with concomitant stasis in the intracellular growth of M. tb. Neutralization of
FasL and CD40L in IL-2 + IL-12 + NAC-treated NK cells resulted in abroga-
tion in the growth inhibition of M. tb inside monocytes. Importantly, we
observed that the levels of GSH are decreased significantly in NK cells derived
from individuals with HIV infection compared to healthy subjects, and this
decrease correlated with a several-fold increase in the growth of M. tb inside
monocytes. This study describes a novel innate defence mechanism adopted
by NK cells to control M. tb infection.

Keywords: glutathione and innate immunity, HIV, monocytes, natural killer
cells, tuberculosis

score the importance of the development of new anti-TB
drugs and new protocols for efficacious clinical control of TB
patients using ordinary anti-mycobacterial drugs [2].

Importantly, in 2006 extensively drug-resistant TB (XDR-
TB) was reported in all regions of the world and was rapidly
the aetiological classified by WHO as a serious emerging threat to global
public health, especially in countries with a high prevalence
of HIV infection. XDR-TB is a relatively rare type of
MDR-TB and is resistant to almost all drugs used to treat
TB [2].

Glutathione (GSH), a principal non-protein thiol, is
necessary for maintenance of the intracellular redox state
[3,4]. GSH levels are compromised in individuals with HIV
infection in whom the risk of reactivation of latent tubercu-
losis (LTBI) is several times higher than in young healthy
individuals [5]. We have reported previously that GSH facili-
tates the control of intracellular M. tb growth in both murine
and human macrophages. In other words, GSH has direct
anti-mycobacterial activity [6-8]. These results unfold a
novel and potentially important innate defence mechanism
adopted by human macrophages to control M. tb infection
[6-8].

We also demonstrated that GSH activates NK cells to
control M. tb infection [9]. These results indicate that GSH
not only has direct anti-mycobacterial activity but can also
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regulate immune cell functions to control M. tb infection.
Importantly, we observed that GSH levels are decreased sig-
nificantly in peripheral blood mononuclear cells (PBMC)
and red blood cells (RBC) isolated from both individuals
with active tuberculosis (TB) and individuals with HIV
infection [10,11].

The goal of the present study is to characterize in healthy
subjects the underlying mechanisms by which GSH, in con-
junction with interleukin (IL)-2 + IL-12, enhance the func-
tions of natural killer (NK) cells to inhibit the growth of
M. tb inside human monocytes. We quantified the expres-
sion of NK cell cytotoxic receptors (NKp30, NKp44 and
NKp46), NK activation receptor (NKG2D) and NK cyto-
toxic ligands (FasL and CD40L) on the NK cell surface and
correlated the increased expression of these markers with
inhibition of M. tb growth. Furthermore, FasL and CD40L
on the NK cell surface were neutralized using neutralizing
antibodies, and the effects of blocking these ligands
on the intracellular survival of M. tb was tested. Finally,
we determined the intracellular levels of GSH in NK
cells isolated from healthy individuals and individuals
with HIV infection and correlated the differences in GSH
levels with the altered viability of M. tb inside human
monocytes.

Our results indicate that treatment of NK cells derived
from healthy individuals with NAC in combination with
IL-2 + IL-12 resulted in control of M. tb infection and the
growth inhibitory effects correlated with increased expres-
sion of FasL and CD40L on the cell surface of NK cells.
Furthermore, NK cells derived from individuals with HIV
infection have significantly lower levels of GSH compared to
healthy subjects, and this decrease correlated with increased
growth of M. tb inside macrophages. Our results indicate a
novel pathway by which NK cells control the growth of M. tb
inside human monocytes, and this protective innate defence
mechanism is somewhat compromised in individuals with
HIV infection leading to enhanced susceptibility to M.tb
infection.

Materials and methods

Subjects

A total of 23 volunteers (10 healthy subjects and 13 individu-
als with HIV infection) were recruited for the study. Indi-
viduals with HIV infection were recruited from the Foothills
acquired inmmune deficiency syndrome (AIDS) project.
Healthy subjects without HIV infection or a history of TB
were recruited from the university faculty and staff. All HIV-
infected volunteers had been diagnosed with HIV-1, were
taking some form of anti-retroviral treatment (ART) and
had CD4" T cell counts of between 271 and 1415 cells per
mm’. Thirty-five millilitres of blood was drawn once from
both healthy volunteers and individuals with HIV infection
after obtaining a signed informed consent. All our studies
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were approved by both the Institutional Review Board and
the Institutional Biosafety Committee.

Preparation of bacterial cells for infection

All experiments with M. tb H37Rv were performed in a
biosafety level 3 (BSL-3) facility. H37Rv was processed for
infection as follows: static cultures of M. tb at their peak
logarithmic phase of growth (between 0-5 and 0-8 at A600)
were used for infection of monocytes. The bacterial suspen-
sion was washed and resuspended in RPMI-1640 (Sigma, St
Louis, MO, USA) containing 5% AB serum (Sigma). Bacte-
rial clumps were disaggregated by vortexing five times with
3-mm sterile glass beads. The bacterial suspension was
passed through a 5 um filter (Millipore, Billerica, MA, USA)
to remove any further clumps. The total number of organ-
isms in the suspension was ascertained by plating. Processed
H37Rv was frozen as stocks at —80°C. At the time of infec-
tion, frozen stocks of processed H37Rv were thawed and
used for monocyte infection.

Isolation of human monocytes for in vitro M. tb
infection studies

Human monocytes were isolated from the blood of healthy
volunteers and individuals with HIV infection by density
gradient centrifugation using Histopaque (Sigma). Periph-
eral blood mononuclear cells (PBMCs) (1 x 10°/well) were
distributed into poly-L-lysine-coated 96-well plates and
incubated overnight at 37°C, 5% CO, to allow monocytes to
adhere. Following overnight incubation, non-adherent cells
were removed and used for isolation of NK cells. Adherent
monocytes (1 x 10*/well) were infected with the processed
virulent laboratory strain of M. tb, H37Rv at a multiplicity of
infection of 10:1.

Purification of NK cells

Autologous CD56* NK cells were isolated from the
non-adherent PBMCs derived from healthy volunteers
and individuals with HIV infection by positive selection
with magnetic beads conjugated to anti-CD56 using mini-
magnetic affinity cell sorting (MACS) columns (Miltenyi,
Auburn, CA, USA). The autologous NK-positive cells (95—
100% CD56"%) were used as effector cells. NK cells isolated
from the first five healthy volunteers were used for functional
assays (to determine the intracellular viability of M. tb in
co-cultures of monocytes and NK cells) and for quantifica-
tion of the NK cytotoxic receptors (NKp30, NKp44 and
NKp46) and ligands (FasL and CD40L). NK cells isolated
from the remaining five healthy volunteers were used for
neutralization studies (FasL and CD40L) and for measure-
ment of intracellular GSH. NK cells isolated from individu-
als with HIV infection were used for GSH assays and for the
M. tb intracellular survival assays.
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Co-incubation of infected monocytes with autologous
NK cells from healthy subjects

Prior to co-incubation with monocytes, autologous NK cells
were subjected to various treatments such as cytokine stimu-
lation, treatment with a GSH enhancing agent, N-acetyl
cysteine (NAC) and treatment with a GSH synthesis inhibitor,
buthionine sulphoximine (BSO). Specifically, NK cells
were treated as follows: no additives, NAC (20 mM), IL-2
(100 U/ml) +IL-12 (100 U/ml), IL-2+1IL-12+NAC and
BSO (500 uM) for 24 h. Following incubation with stimu-
lants, NK cells were washed with phosphate-buffered saline
(PBS), resuspended in fresh RPMI-1640 containing AB serum
(without any stimulants) and then added to the infected
monocytes. Infected monocyte—NK cell co-cultures were ter-
minated at 1 h and 5 days post-infection to determine the
intracellular survival of H37Rv. Infected monocytes cultured
in the absence of NK cells were used as negative controls.

Termination of infected monocytes—autologous
NK cell co-cultures

Infected monocytes cultured in the presence and absence of
NK cells were terminated at 1 h and 5 days post-infection.
During termination, supernatants were removed and adher-
ent monocytes were lysed by addition of sterile distilled water.
Lysates were plated on 7H11 medium enriched with albumin
dextrose complex (ADC) to estimate the extent of H37Rv
growth or killing in co-cultures. Cell-free supernatants were
plated to determine the extracellular growth of H37Rv.

Quantification of cytotoxic receptors (NKP30, NKP44,
NKP46) on NK cells from healthy subjects

The effects of NAC either alone or in combination
with IL-2 +IL-12 on up-regulating the expression of NK
cell cytotoxic receptors (NKP30, NKP44, NKP46) was
determined by staining the cells with phycoerythrin
(PE)-labelled monoclonal antibodies against these markers
(Miltenyi) and subsequent analysis by flow cytometry. NK
cells were treated as follows: sham treatment (RPMI-1640),
treatment with freshly prepared NAC (20 mM), IL-2 + IL-12
(ebioscience, San Diego, CA, USA)-treatment, IL-2 4+ IL-
12 + NAC-treatment and BSO (500 uM)-treatment. Twenty-
four h after incubation, NK cells were washed with PBS and
resuspended in different tubes containing 100 ul of PBS with
PE-labelled NKP44, PE-labelled NKP30 or PE-labelled
NKP46 and incubated at 4°C for 30 min. Samples were
analysed by flow cytometry. Values obtained for different
treatments were normalized to control.

Quantification of NK activating receptor (NKG2D) and
cytotoxic ligands (FasL and CD40L) on NK cells from
healthy subjects

The effects of GSH both alone and in conjunction with
cytokines in up-regulating the expressions of NK cell activa-

144

tion receptor (NKG2D) and NK cytotoxic ligands (FasL
and CD40L) was determined by staining the cells with
PE-labelled monoclonal antibodies against these markers
(Miltenyi) and subsequent analysis by flow cytometry. NK
cells were treated as follows: mock treated, treatment with
20 mM NAC, treatment with IL-2 +IL-12 and treatment
with IL-2 +IL-12 + NAC. Twenty-four h after incubation,
NK cells were washed and resuspended in different tubes
containing 100 ul of PBS with PE-labelled NKG2D,
PE-labelled FasL or fluorescein isothiocyanate (FITC)-
labelled CD40L and incubated at 4°C for 30 min. The fluo-
rescence was read using flow cytometry. Values obtained for
different treatments were normalized to control.

Neutralization of CD40L and FasL on NK cells from
healthy subjects

Neutralization of CD40L and FasL on the NK cell surface
was performed to confirm that these cytotoxic ligands are
essential for promoting cellular contact between NK cells
and monocytes leading to inhibition in the growth of
H37Rv. The best-characterized of many known pathways
of cytotoxicity induction are mediated by the interaction of
FasL with Fas and CD40 with CD40L. NK cells were treated
either separately or in combination with blocking antibodies
against FasL and CD40L (100 pg/ml). Neutralizing anti-
bodies treated NK cells were added to H37Rv-infected
monocytes. Infected cultures were terminated at 1 h and 5
days post-infection to determine the effects of FasL and
CDA40L neutralization in abrogating the growth inhibition of
H37Rv inside human monocytes. Macrophage lysates were
plated on 7H11 medium enriched with ADC to estimate the
growth or killing of H37Rwv.

Assay of GSH levels in NK cells

GSH levels were measured in freshly isolated NK cells from
healthy subjects and individuals with HIV infection using an
assay kit from Calbiochem (Darmstadt, Germany). NK cells
were pelleted by centrifugation and an equal volume of
ice-cold 5% metaphosphoric acid (MPA) was added to
the pellet. Supernatants collected after centrifugation
were analysed for total GSH, as per the manufacturer’s
instructions. Total GSH in the samples was normalized with
protein. Proteins in the samples were estimated by Brad-
ford’s method using Bio-Rad reagent (Bio-Rad, Hercules,
CA, USA).

Statistical analysis

Statistical analysis of the data was carried out using Stat-
view® and the statistical significance was determined using
an unpaired ¢-test. Differences were considered significant at
a level of P < 0-05.
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Results

Mycobactericidal assays using monocyte-NK cell
co-cultures from healthy individuals

We determined the effects of GSH both alone and in con-
junction with IL-2 + IL-12 in enhancing the functions of NK
cells to inhibit the intracellular growth of H37Rv inside
monocytes by examining the intracellular survival of H37Rv
in co-cultures of infected monocytes and NK cells, using a
NK cell : monocyte ratio of 10:1. Infected monocytes cul-
tured in the absence of NK cells were included as a negative
control. Figure la shows the results from studies performed
in five healthy subjects. We observed a fourfold increase in
the intracellular growth of H37Rv in monocytes cultured in
the absence of NK cells in comparison to the monocytes that
were co-incubated with NK cells, in which there was only a
threefold increase in the growth of H37Rv (Fig. 1). Although
the observed growth inhibition of H37Rv was modest, it still
highlights the important contribution of NK cells in control-
ling M. tb infection. Treatment of NK cells with NAC
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LI- *
(@]
30 000F
20 000F
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0 1 1 1 1
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2+ IL-
12 + NAC

Treatment

Fig. 1. Intracellular survival of H37Rv inside natural killer (NK) cell-
monocyte co-cultures from healthy individuals: human monocytes
were infected with the processed virulent laboratory strain of Mycobac-
terium tuberculosis, H37Rv at a multiplicity of infection of 10:1. NK
cells were purified using mini-magnetic affinity cell sorting (MACS)
column. NK cells were treated as follows: (a) no additives; (b) N-acetyl
cysteine (NAC) (20 mM); (c¢) NAC (20 mM) + interleukin (IL)-2

(100 U/ml) and IL-12 (100 U/ml); and (d) buthionine sulphoximine
(BSO) (500 uM) for 24 h. NK cells were washed, resuspended in fresh
media and then added to the infected monocytes. Infected
monocyte—NK cell co-cultures were terminated at 1 h and 5 days post-
infection to determine the intracellular survival of H37Rv inside
human monocytes. Monocyte lysates were plated on 7H11 medium
enriched with albumin dextrose complex (ADC) to estimate the
growth or killing of H37Rv. Results shown are averages from five
different experiments performed in triplicate. *Significant difference
compared to monocytes cultured in the absence of NK cells.
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resulted in additional increase in the growth inhibition of
H37Rv (only a twofold increase in growth compared to
negative control). Further increase in the growth inhibition
of intracellular H37Rv was observed when NK cells were
treated with IL-2 +IL-12 + NAC. In fact, treatment of NK
cells with the combination of IL-2 + IL-12 + NAC resulted in
complete stasis in the growth of H37Rv (Fig. 1). Treatment
of NK cells with IL-2 + IL-12 did not result in inhibition of
H37Rv growth inside monocytes (data not shown). Impor-
tantly, co-incubation with BSO-treated NK cells resulted in a
maximum and a fivefold increase in the intracellular growth
of H37Rv (Fig. 1a). Cell-free supernatants from co-cultures
of infected monocytes and NK cells were plated routinely on
7HI11 agar to test for extracellular bacterial growth and we
did not observe any colonies indicating that there was no
lysis of monocytes by NK cells and release of H37Rv into
the supernatants. Furthermore, as standard practice the
monocyte—NK cell co-cultures were always examined under
the microscope prior to termination for cell lysis and we
consistently observed intact monolayers of macrophages,
further confirming that that the inhibition of M. tb growth is
intracellular. The observed growth restriction of M. tb by NK
cells occurs at 5 days post-infection. These results provide
solid evidence that GSH in conjunction with IL-2 and IL-12
activates NK cells to control M. tb infection. These results led
us to examine further the correlation between growth inhi-
bition of M. tb with enhanced expressions of NK cytotoxic
receptors, activating receptor and cytotoxic ligands.

Expression of NK cytotoxic receptors (NKp44,
NKp30, NKp46) on cell surface of NK cells from
healthy individuals

We tested the effects of NAC (alone and in combination with
IL-2 +IL-12) in up-regulating the NK cell cytotoxic recep-
tors (NKp30, NKp44, NKp46) by staining the cells with
immunofluorescence antibodies and detection using flow
cytometry. We observed that treatment of NK cells with
IL-2 + IL-12 + NAC resulted in an almost threefold increase
in the expression of NKp44 and a 1-8-fold increase in NKp30
expression (Fig. 2a,b). Treatment of NK cells with NAC
alone resulted in a twofold increase in the expression of
NKp44. IL-2 + IL-12 treatment resulted in a twofold increase
in the expression of NKp30 and NKp44. We did not observe
any changes in the expression of NKp46 during any treat-
ment conditions (Fig. 2c). These results signify the impor-
tance of GSH (both alone and in combination with
IL-2 + IL-12) in up-regulating the expression of NKp44 and
NKp30 on the NK cell surface.

Expression of NK cell-activating receptor (NKG2D)
and cytotoxic ligands (FasL and CD40L) on NK cells
derived from healthy individuals

We determined the effects of GSH in conjunction
with IL-2 +IL-12 in enhancing the expression of NK cell
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Fig. 2. Expression of natural killer (NK)
cytotoxic receptors (NKP44, NKP30 and
NKP46) on NK cells from healthy
individuals. NK cells were treated as follows:
no additives, 20 mM of freshly prepared
N-acetyl cysteine (NAC), interleukin

(IL)-2 (100 U/ml) + IL-12 (100 U/ml),

IL-2 + IL-12 + NAC and buthionine
sulphoximine (BSO) (500 uM); 24 h after
incubation, NK cells were washed and
resuspended in 100 pl of phosphate-
buffered saline (PBS) containing
phycoerythrin (PE)-labelled NKP44 (a),
PE-labelled NKP30 (b) and PE-labelled
NKP46 (c), incubated at 4°C for 30 min and
analysed by flow cytometry. Values obtained
from different treatments are normalized

to control. Data in (a—c) represent

means *+ standard error from four different
healthy individuals performed in triplicate.
Lower panels (a—c) denote representative
fluorescence intensity from one experiment.
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Fig. 2. Continued

activating receptor (NKG2D) and cytotoxic ligands (FasL
and CD40L) by staining the cells with immunofluorescence
antibodies and detection using flow cytometry. We observed
that treatment of NK cells with NAC alone as well as NAC in
conjunction with IL-2 4 IL-12 resulted in increased expres-
sions of NKG2D, CD40L and FasL (Fig. 3a—c). These results
signify the importance of GSH (both alone and in combina-
tion with IL-2 +IL-12) in up-regulating the expression of
activating receptors and cytotoxic ligands. These activating
receptors and ligands serve as markers for NK cell activation
and regulate the important functions of NK cells, including
induction of apoptosis of target cells.

Neutralization of CD40L and FasL on NK cells derived
from healthy individuals

Because the observed growth inhibition of M. tb is associated
with enhanced expression of NK cytotoxic ligands, we
confirmed the role of FasL and CD40L in controlling M. tb
infection in monocytes by blocking these cytotoxic ligands on
NK cell surface using neutralizing antibodies. Consistent with
our earlier observations, treatment of NK cells with IL-2 + IL-
12 + NAC resulted in stasis in the growth of H37Rv inside
monocytes (Fig. 4). Interestingly, neutralization of CD40L
resulted in abrogation in the static effect and a threefold
increase in the intracellular growth of H37Rv (Fig. 4). Impor-
tantly, neutralization of FasL resulted in a fivefold increase in
the intracellular growth of H37Rv. Similar to our earlier
observations, we observed a four- and fivefold increase in the
growth of H37Rv inside monocytes co-cultured with

© 2011 The Authors

untreated NK cells and monocytes co-cultured with BSO-
treated NK cells, respectively (Fig. 4). These results confirm
our prediction that growth inhibition of M. tb inside mono-
cytes requires interactions of FasL and CD40L on NK cells
with corresponding Fas and CD40 on monocytes and, impor-
tantly, GSH in conjunction with cytokines enhance the
expressions of these ligands on NK cell surface.

Assay of GSH levels in NK cells from healthy and
HIV-infected subjects

GSH levels were determined in freshly isolated NK cells from
five healthy subjects and 10 individuals with HIV infection.
We observed that GSH concentrations were significantly
lower in NK cells isolated from individuals with HIV infec-
tion compared to NK cells from healthy subjects (Fig. 5).
Decreased GSH levels in NK cells will impair innate immune
responses against M. tb infection.

Determination of intracellular viability of M. tb
in monocyte-NK cell co-cultures from
HIV-positive individuals

The observation that GSH levels are significant decreased in
NK cells isolated from individuals with HIV infection led us
to test the functional defects of NK cells from this study
group. We predicted that augmentation of GSH in NK cells
isolated from individuals with HIV infection would enhance
their ability to control M. tb infection inside macrophages.
We tested our prediction by determining the intracellular
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Fig. 3. Expression of natural killer (NK)
activation receptor (NKG2D) and cytotoxic
ligands (FasL and CD40L) on NK cells from
healthy individuals. NK cells were treated as
follows: no additives, freshly prepared
N-acetyl cysteine (NAC) (20 mM), IL-2
(100 U/ml) + IL-12 (100 U/ml),

IL-2 + IL-12 + NAC and buthionine
sulphoximine (BSO) (500 uM); 24 h after
incubation, NK cells were washed and
resuspended in 100 ul of phosphate-buffered
saline (PBS) containing phycoerythrin

(PE)-labelled NKG2D (a), PE-labelled FasL (b)
and fluorescein isothiocyanate (FITC)-labelled

CD40L (c), incubated at 4°C for 30 min and
analysed by flow cytometry. Values obtained
from different treatments are normalized to
control. Data in (a) and (b) represent
means * standard error (s.e.) from four
different healthy individuals performed in
triplicate. Data in (c) represent means = s.e.
from six different healthy individuals
performed in triplicate. Lower panels (a—c)
denote representative fluorescence intensity
from one experiment.
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Fig. 3. Continued

survival of H37Rv in co-cultures of monocytes and NK
cells from individuals with HIV infection. Results from
the experiments performed in seven different individuals
revealed a fivefold increase in the growth of H37Rv inside
monocytes cultured both in the presence and absence of NK
cells (Fig. 6). This is contrast to healthy subjects, where we
observed only a fourfold and threefold increase in the
growth of H37Rv in monocytes cultured in the absence and
presence of NK cells, respectively. These results signify
that monocytes and NK cells from individuals with HIV
infection are highly permissive to the growth of M. tb.
Co-incubation of H37Rv-infected monocytes with NK cells
that were treated with NAC+IL-2 + IL-12 resulted in reduc-
tion in the fold increases in the growth of M. tb inside mono-
cytes compared to other treatment conditions. There was
only a threefold increase in CFU of H37Rv between the
initial and final time-point of termination. However,
NACHIL-2 + IL-12-treatment of NK cells did not result
in complete stasis in the growth of M.tb as seen
in healthy subjects (Fig.6). Incubation of H37Rv-
infected monocytes with BSO-treated NK cells; NAC+IL-2 +
IL-12 + anti-FasL-treated NK cells; NACHIL-2 +IL-12 +
anti-CD40L-treated NK cells; NACH+IL-2 + IL-12 + anti-
FasL+CD40L-treated NK cells resulted in a sixfold increase
in the growth of H37Rv between the initial and final time-
point of termination. These results confirm the importance

© 2011 The Authors

of GSH, FasL and CD40L in inducing growth restriction of
M. th.

Discussion

Mycobacteria do not synthesize GSH. Rather, they produce
mycothiol in millimolar amounts. We have reported that
GSH plays an important role in limiting growth of intra-
cellular BCG and H37Rv in both murine and human
macrophages [6-8]. In other words, GSH has direct anti-
mycobacterial activity [7]. Our group is a pioneer in report-
ing that GSH levels are decreased in individuals with
pulmonary TB and in correlating decreased GSH levels with
enhanced growth of M. tb and increased production of
proinflammatory cytokines [11]. Both macrophages and NK
cells play an important role in innate defence against M. tb
infection.

NK cells are inflammatory cytokine-producing and/or
cytotoxic lymphocytes that comprise a major component of
the innate immune system, and are especially responsible for
protection against tumorigenisis and viral infection [12—15].

In this study, we observed that cytokine stimulation along
with GSH enhancement exacerbates the function of NK cells
to induce complete stasis in the growth of H37Rv inside
human monocytes derived from healthy subjects (Fig. 1).
However, this stasis effect is diminished when NK cells were
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Fig. 4. Neutralization of CD40L and FasL in natural killer (NK) cells
treated with interleukin (IL)-2 + IL-12 + N-acetyl cysteine (NAC).
Human monocytes isolated from healthy individuals were infected
with processed H37Rv at a multiplicity of infection of 10:1. NK cells
were purified using a mini-magnetic affinity cell sorting (MACS)
column. NK cells were treated as follows: (a) no additives; (b) NAC

(20 mM) + IL-2 (100 U/ml) and IL-12 (100 U/ml); (c) IL-2 + IL-

12 + NAC + anti-FasL (100 pg/ml); (d) IL-2 + IL-12 + NAC + anti-
CD40L (100 pg/ml); (e) IL-2 4+ IL-12 4+ NAC + anti-FasL + anti-CD40L
(100 pg/ml); and (f) buthionine sulphoximine (BSO) (500 mM). Neu-
tralizing antibodies-treated NK cells were added to H37Rv-infected
monocytes. Infected cultures were terminated at 1 h and 5 days post-
infection to determine the effects of neutralization of FasL and CD40L
in abrogating the growth inhibition of H37Rv inside human mono-
cytes. Macrophage lysates were plated on 7H11 medium enriched with
albumin dextrose complex (ADC) to estimate the growth or killing of
H37Rv. Results shown in are averages from five different experiments
performed in triplicate. *Significant difference compared to monocytes
cultured in the absence of NK cells.

treated with a GSH depleting agent, BSO as evidenced by a
fivefold increase in the intracellular growth of H37Rv
(Fig. 1).

NK cells bear a variety of cytotoxic receptors that
are restricted to NK cells. These include NKp30, NKp44
and NKp46 receptors, the enhanced expression of which
is associated with lysis of tumour and microbe-infected
cells [14-18]. We found that GSH in conjunction with
IL-2 + IL-12 enhances the expression of NK-44 and NKP30
on the NK cell surface (Fig. 2).

150

The destructive potential of NK cells is held in check by
the expression of a panel of inhibitory receptors [14]. Of
prime importance are the killer-cell immunoglobulin-like
receptors (KIR) and CD94/NKG2A receptors that recognize
major histocompatibility complex (MHC) class I molecules
that tend to be expressed by all normal cells [14]. NK cells
express a large variety of activation receptors that mediate
the recognition and destruction of aberrant cells [14]. A
prime example is NKG2D-DAP10, which recognizes ligands
— MICA/B and UBLPs in humans — that tend to be elevated
in expression on tumour cells, virally infected cells and other
abnormal cells. Many of the ligands recognized by these
activation receptors can be expressed by normal cells and,
hence, can potentiate autoimmunity [14]. NKG2D-DAP10
can also be expressed by T lymphocytes and, as such, can
facilitate several autoimmune diseases [14]. The results of
our studies indicate that increasing GSH levels in NK cells
from healthy subjects, in both the presence and absence of
IL-2 +IL-12, result in up-regulation in the expression of
NKG2D (Fig. 3a).

Fas (APO-1/CD95) [19], a member of the TNF receptor
family, and its ligand (FasL) [19,20], play an important role
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Fig. 5. Assay of glutathione (GSH) levels in natural killer (NK)

cells isolated from healthy subjects and individuals with human
immunodeficiency virus (HIV) infection. Intracellular levels of GSH
in NK cell lysates from healthy subjects and individuals with HIV
infection were determined by spectrophotometry, using an assay kit
from Calbiochem. NK cells (2 x 10°/well) lysed with ice-cold 5%
metaphosphoric acid (MPA) was added to the pellet. Supernatants
were collected after centrifugation and analysed for total GSH as per
the manufacturer’s instructions. Total GSH in the samples were
normalized with protein. Proteins in the samples were estimated by
Bradford’s method using BioRad reagent. Results shown are averages
from experiments performed in five healthy subjects and 10
individuals with HIV infection.
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Fig. 6. Intracellular survival of H37Rv inside natural killer (NK)
cell-monocyte co-cultures from individuals with human immunode-
ficiency virus (HIV) infection. Human monocytes isolated from
individuals with HIV infection were infected in vitro with processed
H37Rv at a multiplicity of infection of 10:1. NK cells were purified
using a mini-magnetic affinity cell sorting (MACS) column. NK
cells were treated as follows: (a) no additives; (b) N-acetyl cysteine
(NAC) (20 mM) + interleukin (IL)-2 (100 U/ml) and IL-12

(100 U/ml); (c) IL-2 +IL-12 4+ NAC + anti-FasL (100 pug/ml); (d)
IL-2 +IL-12 + NAC + anti-CD40L (100 pg/ml); (e) IL-2 4+ IL-

12 + NAC + anti-FasL + anti-CD40L (100 pg/ml) and (f) BSO

(500 mM). Neutralizing antibodies-treated NK cells were added to
H37Rv-infected monocytes. Infected cultures were terminated at 1 h
and 5 days post-infection to determine the effects of neutralization
of FasL and CD40L in abrogating the growth inhibition of H37Rv
inside human monocytes. Macrophage lysates were plated on 7H11
medium enriched with albumin dextrose complex (ADC) to esti-
mate the growth or killing of H37Rv. Results shown are averages
from seven different experiments performed in triplicate.
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in various processes involving the induction of apoptosis.
Binding of FasL to Fas results in the transduction of a signal
into the cell, leading to apoptosis [19,20]. Interestingly, NK
cells can express FasL. Studies have shown that that FasL-
induced apoptosis of human macrophages is associated with
a substantial reduction in the viability of intracellular myco-
bacteria [20]. A recent study has analysed the expression and
functionality of the CD95/CD95L system during acute HIV
infection, and its eventual role in PBMC apoptosis [19]. The
results of this study indicate that nearly all PBMC, whether
CD4 or CD8 T cells, B cells or NK cells, expressed CD95, a
key molecule in the process of activation-induced cell death.
The reason for this up-regulation is not clearly known.
Increased amount of circulating virions and tumour necrosis
factor (TNF)-o. might be possible reasons for the increased
expression of CD95. Interestingly, CD95L, the natural ligand
of CD95, was not expressed by cells from patients with acute
HIV. These findings indicate that deregulation of the CD95/
CDO95L system is characteristic of acute HIV infection and
may persist for months, even in association with stable
reductions in viral load and T cell activation [19].

Engagement of CD40 on antigen-presenting cells is
central to the initiation of immune response. NK cells
express CD40L (CD154) which interacts with CD40, a
50 kDa membrane glycoprotein expressed on monocytes
[21-23]. Expression of CD154 in response to Candida albi-
cans, cytomegalovirus or Toxoplasma gondii was impaired in
cells from individuals with HIV infection [23]. This defect
correlated with decreased production of IL-12 and inter-
feron (IFN)-y in response to T. gondii. Recombinant CD154
partially restored secretion of IL-12 and IFN-y in response to
T. gondii in cells from patients with HIV infection. Together,
defective induction of CDI154 is likely to contribute to
impaired cell-mediated immunity against opportunistic
pathogens in HIV-infected patients [23]. Our results indicate
that augmenting GSH levels in NK cells from healthy sub-
jects (both in the presence and absence of IL-2 +IL-12)
result in up-regulation in the expressions of both FasL and
CD40L (Fig. 3b,c). Importantly, neutralization of FasL and
CDA40L in IL-2 +IL-12 + NAC-treated NK cells resulted in
abrogation in the growth inhibition of H37Rv (Fig. 4).

The ability of GSH in combination with IL-2 +IL-12 to
augment the activity of NK cells resulting in the control of
M. tb infection inside monocytes in healthy individuals
further led us to hypothesize that the levels of GSH will be
compromised in NK cells derived from individuals with HIV
infection, and this decrease will be accompanied by increased
growth of M. tb in co-cultures of monocytes and NK cells.
We tested our hypothesis by determining the levels of GSH
in NK cells derived from individuals with HIV infection and
testing the survival of H37Rv in monocytes cultured in pres-
ence of NK cells (both derived from HIV-positive subjects).
Our results indicate that individuals with HIV infection have
significantly lower levels of GSH in their NK cells in
comparison to healthy subjects (Fig.5). The decrease in
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GSH levels correlated with increased growth of M. tb
inside human macrophages (Fig.6). Our results signify
the importance of GSH in augmenting the functions of NK
cells to limit the growth of M. tb inside monocytes and
macrophages. In-vitro treatment of NK cells isolated from
individuals with HIV infection with NAC + IL-2 +IL-12
resulted in improved control of M. tb infection inside
human monocytes (Fig. 6). We also observed a poor uptake
of M. tb by monocytes derived from individuals with HIV
infection compared to healthy individuals as evidence by one
log lower colony counts recovered from the co-cultures of
monocytes and NK cells. This reduced uptake of M. tb could
be due possibly to impaired phagocytic capacity of mono-
cytes that are derived from HIV-positive individuals.

To summarize, we demonstrate that treatment of NK cells
with IL-2 + IL-12 + NAC resulted in inhibition in the growth
of H37Rv. This inhibition is accompanied by enhanced
expressions of NK activating receptor (NKG2D), cytotoxic
receptors (NKP30 and NKP44) and cytotoxic ligands (FasL
and CD40L). Our results unveil an important pathway by
which cytokines, in conjunction with GSH, enhance the
functions of NK cells to control M. tb infection. These
studies support our hypothesis that NK cells require
adequate GSH levels and cytokine stimulation to effectively
carry out its innate defence against M. tb infection in both
healthy subjects and individuals with HIV infection.
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