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NK Cells Respond to Pulmonary Infection with Mycobacterium
tuberculosis, but Play a Minimal Role in Protection1

Ana Paula Junqueira-Kipnis,2* Andre Kipnis,* Amanda Jamieson,† Mercedes Gonzalez
Juarrero,* Andreas Diefenbach,† David H. Raulet,† Joanne Turner,* and Ian M. Orme*

Both innate and adaptive immune systems contribute to host defense against infection withMycobacterium tuberculosis. NK cells
have been associated with early resistance against intracellular pathogens and are known to be potent producers of the cytokine
IFN-�. In C57BL/6 mice infected by aerosol exposure withM. tuberculosis, NK cells increased in the lungs over the first 21 days
of infection. Expansion of the NK cell subset was associated with increased expression of activation and maturation markers. In
addition, NK cells isolated from the infected lungs were capable of producing IFN-� and became positive for perforin. In vivo
depletion of NK cells using a lytic Ab had no influence on bacterial load within the lungs. These findings indicate that NK cells
can become activated during the early response to pulmonary tuberculosis in the mouse model and are a source of IFN-�, but their
removal does not substantially alter the expression of host resistance.The Journal of Immunology, 2003, 171: 6039–6045.

Mycobacterium tuberculosis is one of the leading causes
of death among infectious diseases (1–4). Although the
roles for acquired immune mechanisms that involve T

lymphocytes and the Th1 cytokine pathway are now thoroughly
established (5–13), work in the last decade has shown a substantial
underlying network of more innate mechanisms that also contrib-
ute to host resistance. These mechanisms include mycobacterial
cell wall molecules such as lipoproteins and lipoglycans that can
directly bind to Toll-like receptor-2 on macrophages, stimulating
IL-12 secretion (14). In addition, similar lipid molecules can be
sampled from within the endosomal pathway, leading to their pre-
sentation by CD1 molecules and subsequent recognition by CD1-
restricted leukocyte subsets (15, 16).

Studies by Flynn (11, 17) as well as our laboratory (18) have
demonstrated that mice deficient in the�2-microglobulin gene are
more susceptible to infection withM. tuberculosis. NK1.1� T
cells, a specialized subset of T cells that recognize CD1, are re-
portedly absent in young�2-microglobulin-deficient (�2m-KO)3

mice (19, 20); supporting the hypothesis that NKT cells may con-
tribute to early protective innate immunity against the challenge
infection. In fact, there is substantial evidence that NK and NKT
cells may be a potent source of IFN-� during the initial phase of
resistance to infections such asCryptococcus neoformans (21) and
may induce a granulomatous reaction to purified mycobacterial
cell wall (22). More recently, it was shown that increasing the
activity of NK T cells by administration of the known CD1 ligand

�-galactosylceramide can increase the resistance of mice to a sub-
sequent infection withM. tuberculosis (23).

To determine whether NK or NKT cells could participate in the
early innate resistance to infection withM. tuberculosis, we ex-
amined the kinetics and function of these cell subsets following
aerosol infection withM. tuberculosis. A steady increase in NK,
but not NKT, subsets was observed within the lung over the first
3 wk of infection. NK cells increased the expression of cell surface
activation markers, were IFN-� positive and labeled positive for
intracellular perforin after in vitro stimulation. Despite this, the
depletion of NK cells using lytic Abs had no influence on the
pulmonary bacterial load. These data suggest that in response to an
infection with M. tuberculosis, lung NK cells can become acti-
vated, but are not an essential protective mechanism.

Materials and Methods
Animals

Specific pathogen-free female, 8- to 10-wk-old, C57BL/6 mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). All mice were
maintained under barrier conditions with sterile mouse chow and water ad
libitum. The specific pathogen-free nature of the mouse colonies was dem-
onstrated by testing sentinel animals, which were shown to be negative for
12 known mouse pathogens. All experimental procedures were approved
by the Colorado State University animal care and use committee.

Aerosol infection with M. tuberculosis

M. tuberculosis strain Erdman, originally obtained from Trudeau Institute
(Saranac Lake, NY), was grown in Proskauer-Beck liquid medium con-
taining 0.05% Tween 80 to mid-log phase and then frozen in aliquots at
�70°C until needed. Mice were infected using procedures described pre-
viously (8). Briefly, bacterial stocks were diluted in 5 ml of sterile distilled
water to 2� 106 CFU/ml and placed in a nebulizer attached to an airborne
infection system (Glass-Col, Terre Haute, IN). Mice were exposed to 40
min of aerosol, during which�100–200 bacteria were deposited in the
lungs of each animal. Bacterial load was determined by plating whole
organ homogenates onto nutrient 7H11 agar supplemented with OADC.
Colonies were enumerated after 21-day incubation at 37°C.

Flow cytometric analysis of cell surface markers

Cells were labeled with the following specific Abs: FITC-anti-2B4 (clone
2B4), -anti-NKG2a-c (clone 20d5), -anti-CD44 (clone IM7), -anti-c-Kit
(CD117, clone 2B8), -anti-Ly-6C (Gr-1, clone RB6-8C5), or -anti-MAC-3
(clone M3/84); PE-anti-CD3 (clone 145-2C11), -anti-CD8 (clone 53-6.7),
-anti-CD69 (clone H1.2F3), -anti-CD16/32 (clone 2.4G2), -anti-CD122
(clone 5H4), -anti-CD43 (clone S7), -anti-CD62L (clone MEL-14), or -anti-
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CD51 (clone RMV-7); PerCP-anti-CD4 (clone H129.19) or -anti-CD11b
(clone M1/70); and allophycocyanin-anti-NK1.1 (clone PK136), -anti-
CD11c (clone HL3), or -anti-CD8 (clone 53-6.7). All Abs were purchased
from BD PharMingen (San Diego, CA) and were used at 0.2 �g/106 cells
in PBS containing 10% mouse serum and 0.1% sodium azide for 30 min at
4°C. Biotin-labeled anti-NKG2D was supplied by Dr. Raulet (University of
California, Berkeley, CA) and was used at a dilution of 1/50, followed by
incubation with streptavidin-PE. After washing with PBS containing 0.1%
sodium azide, the cells were analyzed on a FACSCalibur (BD Biosciences,
Mountain View, CA), and the data were analyzed using CellQuest software
(BD Biosciences, San Jose, CA). Cells were gated on lymphocytes based
on characteristic forward and side scatter profiles. Individual cell popula-
tions were identified according to the presence of specific fluorescent-la-
beled Ab. All analyses were performed with an acquisition of at least
50,000 events.

In vivo NK depletion

C57BL/6 mice were treated every 3 days i.p. with 100 �g of rabbit anti-
asialo-GM1 (AAGM1; WAKO, Richmond, VA) or rabbit IgG isotype con-
trol. Two weeks after the initiation of AAGM1 treatment, the animals were
infected by aerosol with M. tuberculosis. Ab treatment was continued for
the duration of the experiment. Noninfected mice that received AAGM1 or
saline were included for each experimental time point. Flow cytometric
analysis of lung, spleen, and liver cells was used to monitor the efficacy of
the depletion of NK1.1� cells. Following depletion, �0.5% of the lym-
phocytes in all three organs were NK cells. Alternatively, mice were
treated with anti-NK1.1 (clone PK136; BD PharMingen) with similar
results.

Culture and infection of macrophages

Bone marrow macrophages (2 � 105 cells/ml) were cultured for 7 days in
DMEM (Life Technologies, Gaithersburg, MD) containing 2 mM L-glu-
tamine (Sigma-Aldrich, St. Louis, MO), 2 mM nonessential amino acids
(Sigma-Aldrich), 2 mM sodium pyruvate (Sigma-Aldrich), and 10 mM
HEPES (Sigma-Aldrich; cDMEM) and supplemented with L929 cell line
supernatant. The adherent cells were washed twice with cDMEM and in-
fected with 2.5 � 106 CFU/ml of M. tuberculosis Erdman in a final volume
of 1 ml of cDMEM. Cells were infected for 10–12 h. Extracellular bacteria
were removed from the cells by washing with cDMEM. The plates were
incubated for 18 h at 37°C in 5% CO2, washed, and cultured with cDMEM
for an additional 24 h.

Lung cell digestion

Mice were euthanized by CO2 asphyxiation, and the pulmonary cavity was
opened. The lung was cleared of blood by perfusion through the pulmonary
artery with 10 ml of ice-cold PBS containing 50 U/ml heparin (Sigma-
Aldrich). Lungs were aseptically removed, teased apart, and treated with a
solution of DNase IV (Sigma-Aldrich; 30 �g/ml) and collagenase XI (Sig-
ma-Aldrich; 0.7 mg/ml) for 45 min at 37°C. To obtain a single-cell sus-
pension, the organs were gently passed through cell strainers (BD Bio-
sciences, Lincoln Park, NJ). Remaining erythrocytes were lysed with Gey’s
solution (0.15 M NH4Cl and 10 mM KHCO3), and the cells were washed
with cDMEM. Total cell numbers were determined using a Neubauer
chamber (IMV International, Minneapolis, MN).

Macrophage overlays

Single-cell suspensions from the lungs were cocultured with noninfected or
M. tuberculosis-infected macrophages for 18 h. Then 3 �M monensin
(Golgi Stop solution; BD PharMingen) was added to the cultures for the
final 6 h of the incubation period. The lung cells were then stained with
allophycocyanin-anti-NK1.1, anti-perforin (rat IgG2a, clone KM585; Ka-
miya Biomedical, Seattle, WA), and a secondary Ab, anti-rat IgG2a-FITC
(Serotec, Raleigh, NC).

Intracellular cytokine staining

Measurement of intracellular IFN-� was conducted by preincubating lung
cells with monensin (3 �M) for 4 h at 37°C in 5% CO2. The cells were then
stained with allophycocyanin-anti-NK1.1, PerCP-anti-CD4, and PE-anti-
CD8 for 30 min; washed with PBS containing 0.1% sodium azide; fixed
and permeabilized with Perm Fix/Perm Wash (BD PharMingen); and
stained for intracellular IFN-� (FITC, clone XMG1.2) or FITC-rat IgG1
isotype control (BD PharMingen) for an additional 30 min. The Abs were
diluted in PBS containing 0.1% sodium azide and 10% normal mouse
serum (Serotec, Raleigh, NC).

Statistics

Statistical significance was determined using Student’s t test.

Results
NK cells accumulate early in the lungs after aerosol infection
with M. tuberculosis

Mice were infected by aerosol with M. tuberculosis, and at various
times after exposure the lung cells were isolated and analyzed by
flow cytometry for the presence of NK or NKT cells. NK cells
were defined as NK1.1�CD3� cells, and NKT cells as
NK1.1�CD3� cells (Fig. 1A). A steady and significant increase in
NK cells was observed within the lungs of mice infected with M.
tuberculosis, which was most apparent after 7 days of infection

FIGURE 1. NK and NKT cell populations in the lungs of mice infected
with M. tuberculosis. Mice were infected with M. tuberculosis and at spe-
cific time points postinfection lung cells were isolated and incubated with
fluorescent-labeled Abs for NK1.1 and CD3. A, Representative dot plot of
lung NK and NKT cell population. B, Absolute numbers of NK1.1�CD3�

cells per mouse lung. C, Absolute numbers of NK1.1�CD3� cells per
mouse lung. E, Control mice; F, infected mice. Data are expressed as the
mean (n � 4 mice) � SEM and are representative of three independent
experiments. �, Statistical significance between control and infected mice,
p � 0.05.
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(Fig. 1B). The number of NK cells within the lungs remained el-
evated for 14 days, representing �10% of the total lung cells at
this time, after which there was a slight decrease in the infected
mice. No such increase was observed in the NKT cell subset
(NK1.1�CD3�), which consistently represented �1% of the total
lung cells (Fig. 1C).

NK cells express distinct phenotypic cell surface markers

To further characterize the NK cells that accumulated in the lung
during infection, NK cells were analyzed for the expression of
several cell surface markers. Most NK cells within the lungs
stained brightly for NKG2D (Fig. 2A) and CD11b (Fig. 2B). The
expression of NKG2D and CD11b did not change during infection
with M. tuberculosis. Analysis of NKG2a-c expression identified
two distinct NK cell subsets within the lungs: NKG2a-c� and
NKG2a-c� (Fig. 2C). Upon infection with M. tuberculosis, how-
ever, NK cells expanded equally within the two NKG2a-c subsets.
Collectively, these data show that the number of NK cells within
the lungs increased in response to an infection with M. tubercu-
losis, but we found no evidence of a selective increase in any
particular NK subset.

NK cells in the lungs of mice infected with M. tuberculosis
express markers of activation

To determine whether NK cells within the lungs were activated in
response to infection with M. tuberculosis, we examined the ex-
pression of two activation markers, 2B4 and CD69. The majority
of NK cells present in the lungs of noninfected mice expressed
2B4 (Fig. 3A). Following infection, there was a significant increase
in the expression of the early activation marker CD69 (Fig. 3, A
and B). Increased expression of CD69 by NK cells occurred in
both 2B4� and 2B4� subsets. The kinetics of CD69 expression are
shown in Fig. 3C, showing a steady increase in the proportion of
NK cells that expressed CD69 over the early course of the
infection.

FIGURE 2. Phenotype of NK cells within the lung. NK1.1� CD3�cells
were analyzed for the expression of NKG2D, CD11b, and NKG2a-c by
flow cytometry. Single-cell suspensions from control C57BL/6 mice were
incubated with fluorescently labeled Abs for NK1.1 and were gated and
analyzed for the expression of NKG2D (A), CD11b (B), and NKG2a-c (C).
Numbers indicate the percentage of positive cells. Figures are representa-
tive of four mice per group from three independent experiments. The same
results were observed for the infected mice at all time points analyzed.

FIGURE 3. NK cell activation in response to M. tuberculosis infection.
Mice were aerosol-infected with M. tuberculosis, and at specific time
points postinfection lung cells were isolated and incubated with fluores-
cently labeled Abs for NK1.1 and CD3. Cells NK1.1�CD3� were analyzed
for the expression of CD69 and 2B4 by flow cytometry. A, Control, age-
matched mice (inset, isotype control (�0.6% positive cells in all three
quadrants)); B, infected mice at 21 days postinfection. Numbers in quad-
rants indicate the percentage of positive cells. C, Kinetics of NK1.1CD69-
positive cells during the early phase of the infection. E, Control mice; F,
infected mice. �, Statistical significance between control and infected mice,
p � 0.01.
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Lung NK cells were also analyzed for the expression of CD122
and CD16/32; however, the expression of these two cell surface
markers was not altered in response to infection (data not shown).
In addition, we found no expression of either CD95 or CD95L on
NK cells (data not shown).

Examination of the maturation status of NK cells in the lungs,
defined by the expression of c-Kit, CD51, CD11b, and CD43,
showed that the majority of NK cells expressed CD11b and CD43
(Table I) and were therefore either expanding or fully mature. No
changes in these markers were seen over the first 21 days of the
infection.

NK1.1� cells in the lungs of M. tuberculosis-infected mice can
produce IFN-� and perforin

The early secretion of cytokines by NK cells is thought to dictate
the subsequent developing acquired immune response (24, 25). We
therefore analyzed NK cells for their capacity to produce either
IFN-� or IL-4 in response to M. tuberculosis. Significantly more
NK cells from the lungs of infected mice produced IFN-� than
similar cells from the lungs of noninfected mice (Fig. 4). This was
most apparent between days 14–21 of infection. Finally, given the
knowledge that NK cells can also produce IL-4, this was also
examined, but only background levels (�0.5%) were observed.

A primary function of NK cells is their capacity to act as cyto-
lytic cells; therefore, NK cells were analyzed for their capacity to
use the lytic molecule perforin (26). NK cells obtained directly
from the lungs of both noninfected and infected mice contained
small amounts of perforin (�5%), but when restimulated in vitro
with M. tuberculosis, cells from infected mice showed high levels
of perforin staining (Fig. 5). We previously observed that NK cells
from the lungs of M. tuberculosis-infected mice were negative for
Fas or Fas ligand expression (data not shown).

Depletion of NK cells does not influence the bacterial load or
the immune response elicited within the lungs of mice infected
with M. tuberculosis

It was reasonable to hypothesize that if the influx of NK cells into
the lungs and their potential cytolytic activity contributed to early
resistance to M. tuberculosis, then depletion of the NK population
using AAGM-1 or anti-NK1.1 Abs should increase the suscepti-
bility of such mice to infection. No overt differences were ob-
served in the bacterial load of Ab and isotype control-treated mice,
indicating a similar course of infection in the presence and in the
absence of NK cells (Fig. 6). Furthermore, the depletion of NK
cells did not influence the granulomatous response, as the quality
of this cellular response was similar in the two groups (data not
shown). Analysis of the individual T cell subsets within the lungs
of infected mice demonstrated no apparent difference in the acti-
vation status or the capacity to produce IFN-� between mice that
had received AAGM-1 or isotype control Ab (Table II).

Discussion
The results of this study show that the NK cell population expands
within the lung in response to an aerosol infection with M. tuber-
culosis. Furthermore, lung NK cells acquired cell surface markers
associated with activation, produced IFN-�, and stained positively
for intracellular perforin. In contrast to our initial hypothesis that
NK cells might play an essential contribution to early resistance to
an infection with M. tuberculosis, we observed no alteration in the
bacterial load within the lungs of mice that had been depleted of

FIGURE 4. IFN-� expression by NK1.1� cells after M. tuberculosis
infection. Mice were infected with M. tuberculosis, and at specific time
points postinfection lung cells were incubated for 4 h with monensin, fol-
lowed by incubation with fluorescently labeled Abs for NK1.1 and IFN-�.
Representative dot plots are shown in A (control mice) and B (infected
mice at 21 days postinfection), where NK1.1-gated cells were analyzed for
IFN-� expression. Numbers in upper left quadrant indicate the percentage
of positive cells for both markers analyzed. C, Kinetics of NK1.1 IFN-�-
positive cells during the early phase of the infection. E, Control mice; F,
infected mice. Data shown are the mean (n � 4) � SEM and are repre-
sentative of three independent experiments. �, Statistical significance be-
tween control and infected mice, p � 0.01.

Table I. Stages of in vivo development of NK cells in lungs

Groups:
Immature

c-Kit�/CD51�a
Expansion

CD51�/CD11b�a
Expansion

CD43�/CD11b�b
Mature

CD43�/CD11b�b

Control (n � 5) 0.5 � 1.0 2 � 0.6 30 � 2 66 � 3
Infected (n � 5) 0.6 � 0.4c 2 � 0.5c 28 � 5c 69 � 6c

a NK 1.1� cells were gated and analyzed for the expression of c-Kit, CD11b, and CD51.
b NK 1.1� cells were gated and analyzed for the expression of CD43, CD11b, and c-Kit.
c Mice were aerosol-infected with M. tuberculosis, and lungs were harvested at 21 days postinfection. Similar data was

obtained on days 7 and 14 after infection (data not shown). A t test comparing control and infected cells did not show statistical
differences between the groups.
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NK cells. These data suggest that NK cells could certainly con-
tribute to early resistance, but their presence is not essential, prob-
ably due to redundancy in the evolving cellular response in the
lungs.

The NK cell kinetics in the lungs in response to infection were
quite intriguing. Infection was followed by an increase in the num-
ber of NK cells producing IFN-� at 3 days postinfection, followed
by a period of apparent inactivity after which we detected a sig-
nificant increase in IFN-�-positive cells within the lungs. This sug-
gests a gradual increase in NK cell activation and IFN-� produc-
tion over the first 2 wk as the infection begins to be detected in the
lungs. These data may indeed fit the current hypothesis that NK
cells are a first line of defense to infection, as we observed a mod-
erate increase in NK cell activity as early as 3 days after aerosol
exposure. However, we also showed that NK cell activation and
responsiveness were most apparent after 14 days of infection, per-
haps suggesting two early waves of NK cell responsiveness during
an infection with M. tuberculosis.

The method by which NK cells responded to infection with M.
tuberculosis was not fully determined in this study. One method
would be the capacity of NK cells to kill target cells by lytic or

FAS-mediated mechanisms. While, we found minimal expression
of FAS (CD95) on the surface of NK cells from the infected lungs,
considerable increases in perforin expression by NK cells were
observed after in vitro stimulation. Whether perforin-mediated
killing is used by NK cells in the lungs of M. tuberculosis-infected
mice is unclear. Other studies (27, 28) have shown no differences
in the course of M. tuberculosis infection in mice in which the
perforin gene has been disrupted, suggesting that this mechanism
is not important. NK cells are also capable of producing IFN-�,
and while this response could well provide a source of this cyto-
kine to activate infected macrophages within the lungs, depletion
of NK cells did not have any influence on the bacterial load.

We found no significant expansion of the NKT cell population
within the lungs during infection with M. tuberculosis, suggesting
that NKT cells do not appear to respond throughout the course of
a pulmonary infection with this pathogen. A similar conclusion
was recently made in a study (29) of mice lacking NKT cells
through gene deletion, in which the course of an aerogenic infec-
tion with M. tuberculosis did not change compared with that in
normal mice. These results are in contrast to an earlier study (22)
that implicated NKT cells in the granulomatous process. However,

FIGURE 6. Depletion of NK cells has no
influence on the course of M. tuberculosis in-
fection. Mice were treated weekly with
AAGM1, rabbit IgG, or saline before and after
infection with M. tuberculosis. Lung cells
were incubated with fluorescently labeled Abs
for NK1.1, and the depletion efficiency was
analyzed by flow cytometry. A–C, Represen-
tative dot plots of lung cells from 14-day-in-
fected mice. A, Lung NK cells from infected
mice treated with saline; B, lung cells from
infected mice treated with rabbit IgG (isotype
control); C, lung cells from infected mice
treated with AAGM1. The dot plots are rep-
resentative of three independent experiments.
Bacteria in the lung were enumerated at 3, 7,
14, and 21 days postinfection by culturing
whole organ homogenates on 7H11 agar and
counting colonies after 21 days of incubation
at 37°C. Data are expressed as the log10 CFU
per lung from four mice per group (mean �
SD). E, Infected mice; F, NK-depleted and
infected mice. Data are representative of three
experiments.

FIGURE 5. Lung NK1.1� cells become perforin
positive during M. tuberculosis infection. Mice were
aerosol-infected with M. tuberculosis, and 21 days
later lung cells were overlaid onto macrophage cul-
tures infected 24 h previously with M. tuberculosis.
Cells were then incubated with fluorescently labeled
Abs for NK1.1 and perforin, and the samples were
analyzed by flow cytometry. Numbers in histograms
indicate the percentage of positive cells for both mark-
ers analyzed. The data represent one of three indepen-
dent experiments.
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in that study mice were not infected with live bacilli, but were
injected with chemically modified mycobacterial cell wall.

The lack of participation of NKT cells in immunity to tubercu-
losis in the mouse may reflect the fact that mice only possess CD1d
and lack the related CD1 family of molecules that are needed to
present mycobacterial lipids (30, 31). For this reason, mice in
which the CD1d gene has been disrupted are no less resistant to M.
tuberculosis infection (18, 32). In fact, a recent study (23) clearly
demonstrated that if NKT cells were stimulated by �-galactosyl-
ceramide, the ligand for CD1d, these mice became more resistant
to an i.v. challenge infection (23, 32). These data suggest that
targeting the NKT cell response may have therapeutic potential.

Our findings do not help to explain the observation that �2m-KO
mice are susceptible to M. tuberculosis delivered by the i.v (11, 17)
or aerogenic (18) route. In fact, this remains even more enigmatic
with the recent observations by Urdahl and colleagues (33) that
mice lacking class Ia MHC molecules, but retaining class Ib mol-
ecules, were more susceptible to infection with M. tuberculosis,
whereas these mice were less susceptible than mice lacking all
class I molecules. The class Ia-deficient mice still retained a class
Ib-restricted CD8 T cell population, but this did not appear to
contribute to protection. Instead, such mice developed lesions in
which lymphocytes aggregated on the periphery of poorly formed
granulomas, a histological profile very similar to our own obser-
vations in �2M-KO mice (18). Collectively, these data suggest that
neither NKT cells nor CD8 cells, both of which can recognize class
I molecules, contribute to the very early expression of host resis-
tance to M. tuberculosis. Other class Ib-related molecules may be
involved, but at the current time this molecule has not been iden-
tified, nor has the cell type responsible for recognition and IFN-�
production been characterized. In fact, virtually all �� and ��
TCR� T cells are now known to be capable of making IFN-�, and
even macrophages and neutrophils may make small amounts (34).

Little is known about the developmental status and phenotype of
NK cells within the lungs. We demonstrate here that the majority
of resident NK cells were mature, and no expansion of any im-
mature subset in response to infection with M. tuberculosis was
observed. These observations confirm the results of Kim and col-
leagues (35), who have demonstrated that mature NK cells do not
undergo readily detectable proliferation unless stimulated by an
infection. Our results demonstrate that mature NK cells reside
within the lung, and that those cells could be further activated by
the presence of M. tuberculosis, as demonstrated by the increased
expression of CD69.

We further characterized the NK cell population within the
lungs by the expression of NK receptors. A balance between the
expression of activating or inhibitory receptors governs NK cell
activity (36–38), and therefore the characterization of two distinct
subsets of NK cells based on their expression of the NKG2a-c

receptor was an important finding. Interestingly, we found no al-
teration in the expression of these receptors in response to infec-
tion with M. tuberculosis, suggesting that although NKG2D re-
ceptors are known to recognize stressed and viral infected cells
(26, 38–40), the expression of these specific receptors may not be
required for responsiveness to M. tuberculosis. This cannot be
firmly concluded, however, since cells other than NK cells can
express these receptors.

In summary, we have demonstrated that in response to an aero-
sol infection with M. tuberculosis, the NK cell population within
the lung expands, expresses cell surface markers associated with
activation, and can produce IFN-� and perforin. Despite the ob-
served increases in activity within the NK cell population in re-
sponse to infection, depletion of NK cells using lytic Abs did not
alter the bacterial load within the lungs. This depletion is clearly
removing a cellular source of IFN-�, which therefore suggests that
some element of redundancy may be involved.

Acknowledgments
We thank the Laboratory Animal Resources at Colorado State University
for animal care, Dr. Oliver Turner for examining the histology slides, and
Drs. Todd Lasco and Molly Lasco for reading the manuscript.

References
1. Dolin, P. J., M. C. Raviglione, and A. Kochi. 1994. Global tuberculosis incidence

and mortality during 1990–2000. Bull. W. H. O. 72:213.
2. Manabe, Y. C., A. M. Dannenberg, Jr., and W. R. Bishai. 2000. What we can

learn from the Mycobacterium tuberculosis genome sequencing projects. Int.
J. Tuberc. Lung Dis. 4:S18.

3. Manabe, Y. C., and W. R. Bishai. 2000. Latent Mycobacterium tuberculosis-
persistence, patience, and winning by waiting. Nat. Med. 6:1327.

4. Raviglione, M. C., D. E. Snider, Jr., and A. Kochi. 1995. Global epidemiology of
tuberculosis: morbidity and mortality of a worldwide epidemic. J. Am. Med.
Assoc. 273:220.

5. Cooper, A. M., A. Kipnis, J. Turner, J. Magram, J. Ferrante, and I. M. Orme.
2002. Mice lacking bioactive IL-12 can generate protective, antigen-specific cel-
lular responses to mycobacterial infection only if the IL-12 p40 subunit is present.
J. Immunol. 168:1322.

6. Saunders, B., A. Frank, I. Orme, and A. Cooper. 2002. CD4 is required for the
development of a protective granulomatous response to pulmonary tuberculosis.
Cell. Immunol. 216:65.

7. Orme, I. M., and A. M. Cooper. 1999. Cytokine/chemokine cascades in immunity
to tuberculosis. Immunol. Today 20:307.

8. Cooper, A. M., D. K. Dalton, T. A. Stewart, J. P. Griffin, D. G. Russell, and
I. M. Orme. 1993. Disseminated tuberculosis in interferon � gene-disrupted mice.
J. Exp. Med. 178:2243.

9. Scott, H. M., and J. L. Flynn. 2002. Mycobacterium tuberculosis in chemokine
receptor 2-deficient mice: influence of dose on disease progression. Infect. Im-
mun. 70:5946.

10. Serbina, N. V., V. Lazarevic, and J. L. Flynn. 2001. CD4� T cells are required
for the development of cytotoxic CD8� T cells during Mycobacterium tubercu-
losis infection. J. Immunol. 167:6991.

11. Flynn, J. L., M. M. Goldstein, K. J. Triebold, and B. R. Bloom. 1993. Major
histocompatibility complex class I-restricted T cells are necessary for protection
against M. tuberculosis in mice. Infect Agents Dis. 2:259.

12. Flynn, J. L., and J. Chan. 2001. Immunology of tuberculosis. Annu. Rev. Immu-
nol. 19:93.

13. Flynn, J. L., and J. Chan. 2001. Tuberculosis: latency and reactivation. Infect.
Immun. 69:4195.

Table II. Cell dynamics during M. tuberculosis acute infection in NK-depleted micea

Infected
14 Daysb,c

NK-Depleted,
Infected 14 Daysc,d

Infected
21 Daysb,c

NK-Depleted,
Infected 21 Daysc,d

CD4�CD44highCD62Llowe 76 � 1 75 � 2 86 � 5 88 � 3
CD8�CD44highCD62Llowe 49 � 3 46 � 3 77 � 3 68 � 11
CD4�IFN-��e 4 � 1 3 � 1 16 � 3 18 � 4
CD8�IFN-��e 4 � 2 4 � 1 12 � 4 12 � 4
CD11b�CD11c�MAC3�f 61 � 5 64 � 1 65 � 2 66 � 3

a These results represent two independent experiments.
b C57BL/6 mice were aerosol-infected with M. tuberculosis.
c Data represent the mean and SD of six to eight mice per group.
d C57BL/6 mice were treated with AAGM1 Abs for 2 wk and then aerosol-infected with M. tuberculosis.
e These data are the percentages within the CD4 and CD8 cell populations.
f The cell population CD11b�CD11c�MAC-3� was defined as macrophages.

6044 NK CELLS IN PULMONARY TUBERCULOSIS

 by guest on February 1, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


14. Brightbill, H. D., D. H. Libraty, S. R. Krutzik, R. B. Yang, J. T. Belisle,
J. R. Bleharski, M. Maitland, M. V. Norgard, S. E. Plevy, S. T. Smale, et al. 1999.
Host defense mechanisms triggered by microbial lipoproteins through toll-like
receptors. Science 285:732.

15. Hiromatsu, K., C. C. Dascher, K. P. LeClair, M. Sugita, S. T. Furlong,
M. B. Brenner, and S. A. Porcelli. 2002. Induction of CD1-restricted immune
responses in guinea pigs by immunization with mycobacterial lipid antigens.
J. Immunol. 169:330.

16. Roberts, T. J., V. Sriram, P. M. Spence, M. Gui, K. Hayakawa, I. Bacik,
J. R. Bennink, J. W. Yewdell, and R. R. Brutkiewicz. 2002. Recycling CD1d1
molecules present endogenous antigens processed in an endocytic compartment
to NKT cells. J. Immunol. 168:5409.

17. Flynn, J. L., M. M. Goldstein, K. J. Triebold, B. Koller, and B. R. Bloom. 1992.
Major histocompatibility complex class I-restricted T cells are required for re-
sistance to Mycobacterium tuberculosis infection. Proc. Natl. Acad. Sci. USA
89:12013.

18. D’Souza, C. D., A. M. Cooper, A. A. Frank, S. Ehlers, J. Turner, A. Bendelac,
and I. M. Orme. 2000. A novel nonclassic �2-microglobulin-restricted mecha-
nism influencing early lymphocyte accumulation and subsequent resistance to
tuberculosis in the lung. Am. J. Respir. Cell Mol. Biol. 23:188.

19. Korsgren, M., C. G. Persson, F. Sundler, T. Bjerke, T. Hansson, B. J. Chambers,
S. Hong, L. Van Kaer, H. G. Ljunggren, and O. Korsgren. 1999. Natural killer
cells determine development of allergen-induced eosinophilic airway inflamma-
tion in mice. J. Exp. Med. 189:553.

20. Bendelac, A., O. Lantz, M. E. Quimby, J. W. Yewdell, J. R. Bennink, and
R. R. Brutkiewicz. 1995. CD1 recognition by mouse NK1� T lymphocytes. Sci-
ence 268:863.

21. Kawakami, K., Y. Kinjo, S. Yara, Y. Koguchi, K. Uezu, T. Nakayama,
M. Taniguchi, and A. Saito. 2001. Activation of V�14� natural killer T cells by
�-galactosylceramide results in development of Th1 response and local host re-
sistance in mice infected with Cryptococcus neoformans. Infect. Immun. 69:213.

22. Apostolou, I., Y. Takahama, C. Belmant, T. Kawano, M. Huerre, G. Marchal,
J. Cui, M. Taniguchi, H. Nakauchi, J. J. Fournie, et al. 1999. Murine natural killer
T (NKT) cells (correction of natural killer cells) contribute to the granulomatous
reaction caused by mycobacterial cell walls. Proc. Natl. Acad. Sci. USA 96):7610.

23. Chackerian, A., J. Alt, V. Perera, and S. M. Behar. 2002. Activation of NKT cells
protects mice from tuberculosis. Infect. Immun. 70:6302.

24. Scharton, T. M., and P. Scott. 1993. Natural killer cells are a source of interferon
� that drives differentiation of CD4� T cell subsets and induces early resistance
to Leishmania major in mice. J. Exp. Med. 178:567.

25. Laskay, T., M. Rollinghoff, and W. Solbach. 1993. Natural killer cells participate
in the early defense against Leishmania major infection in mice. Eur. J. Immunol.
23:2237.

26. Hayakawa, Y., J. M. Kelly, J. A. Westwood, P. K. Darcy, A. Diefenbach,
D. Raulet, and M. J. Smyth. 2002. Cutting edge: tumor rejection mediated by

NKG2D receptor-ligand interaction is dependent upon perforin. J. Immunol.
169:5377.

27. Cooper, A. M., C. D’Souza, A. A. Frank, and I. M. Orme. 1997. The course of
Mycobacterium tuberculosis infection in the lungs of mice lacking expression of
either perforin- or granzyme-mediated cytolytic mechanisms. Infect. Immun.
65:1317.

28. Laochumroonvorapong, P., J. Wang, C. C. Liu, W. Ye, A. L. Moreira,
K. B. Elkon, V. H. Freedman, and G. Kaplan. 1997. Perforin, a cytotoxic mol-
ecule which mediates cell necrosis, is not required for the early control of my-
cobacterial infection in mice. Infect. Immun. 65:127.

29. Sugawara, I., H. Yamada, S. Mizuno, C. Li, T. Nakayama, and M. Taniguchi.
2002. Mycobacterial infection in natural killer T cell knockout mice. Tubercu-
losis 82:97.

30. Gumperz, J. E., S. Miyake, T. Yamamura, and M. B. Brenner. 2002. Functionally
distinct subsets of CD1d-restricted natural killer T cells revealed by CD1d tet-
ramer staining. J. Exp. Med. 195:625.

31. Mempel, M., C. Ronet, F. Suarez, M. Gilleron, G. Puzo, L. Van Kaer, A. Lehuen,
P. Kourilsky, and G. Gachelin. 2002. Natural killer T cells restricted by the
monomorphic MHC class 1b CD1d1 molecules behave like inflammatory cells.
J. Immunol. 168:365.

32. Behar, S. M., C. C. Dascher, M. J. Grusby, C. R. Wang, and M. B. Brenner. 1999.
Susceptibility of mice deficient in CD1D or TAP1 to infection with Mycobacte-
rium tuberculosis. J. Exp. Med. 189:1973.

33. Urdahl, K. B., J. C. Sun, and M. J. Bevan. 2002. Positive selection of MHC class
Ib-restricted CD8� T cells on hematopoietic cells. Nat. Immunol. 3:772.

34. Carvalho-Pinto, C. E., M. I. Garcia, M. Mellado, J. M. Rodriguez-Frade,
J. Martin-Caballero, J. Flores, A. C. Martinez, and D. Balomenos. 2002. Auto-
crine production of IFN-� by macrophages controls their recruitment to kidney
and the development of glomerulonephritis in MRL/lpr mice. J. Immunol.
169:1058.

35. Kim, S., K. Iizuka, H. S. Kang, A. Dokun, A. R. French, S. Greco, and
W. M. Yokoyama. 2002. In vivo developmental stages in murine natural killer
cell maturation. Nat. Immunol. 3:523.

36. Korten, S., L. Volkmann, M. Saeftel, K. Fischer, M. Taniguchi, B. Fleischer, and
A. Hoerauf. 2002. Expansion of NK cells with reduction of their inhibitory Ly-
49A, Ly-49C, and Ly-49G2 receptor-expressing subsets in a murine helminth
infection: contribution to parasite control. J. Immunol. 168:5199.

37. Lanier, L. L. 1998. NK cell receptors. Annu. Rev. Immunol. 16:359.
38. Diefenbach, A., and D. H. Raulet. 2001. Strategies for target cell recognition by

natural killer cells. Immunol. Rev. 181:170.
39. Diefenbach, A., and D. H. Raulet. 2002. The innate immune response to tumors

and its role in the induction of T-cell immunity. Immunol. Rev. 188:9.
40. Diefenbach, A., E. R. Jensen, A. M. Jamieson, and D. H. Raulet. 2001. Rae1 and

H60 ligands of the NKG2D receptor stimulate tumour immunity. Nature
413:165.

6045The Journal of Immunology

 by guest on February 1, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/

