2 B B8 Bl Empower Discovery.
|

Kl B 3 [H ncrease Efficiency. SONY

MA900 cell sorter

2 meJournal of NK Cells Respond to Pulmonary I nfection
' Immunol ogy with Mycobacterium tuberculosis, but Play a
Minimal Rolein Protection

Thisinf ioni Ana Paula Junqueira-Kipnis, Andre Kipnis, Amanda
of Eeglj)arrr;laltl%r(l)lzsi?urrent % Jam eson, Mercedes Gonzalez Juarrero, Andreas
’ Diefenbach, David H. Raulet, Joanne Turner and lan M.
Orme

J Immunol 2003; 171:6039-6045; ;
doi: 10.4049/jimmunol.171.11.6039
http://www.jimmunol.org/content/171/11/6039

References Thisarticle cites 40 articles, 22 of which you can access for free at:
http://www.jimmunol .org/content/171/11/6039.ful l#ref-list-1

Why The JI? Submit online.
* Rapid Reviews! 30 days* from submission to initial decision
* No Triage! Every submission reviewed by practicing scientists

» Fast Publication! 4 weeks from acceptance to publication

*average

Subscription  Information about subscribing to The Journal of Immunology is online at:

http://jimmunol.org/subscription

Permissions Submit copyright permission requests at:
http://www.aai.org/About/Publications/Jl/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/a erts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2003 by The American Association of
Immunologists All rights reserved.

Print ISSN: 0022-1767 Online |SSN: 1550-6606.

1202 ‘T Arenige4 uo 19nb Aq /610" jounwiw i [:mmm//:dny wodj papeojumoq


http://www.jimmunol.org/cgi/adclick/?ad=54917&adclick=true&url=https%3A%2F%2Fwww.sonybiotechnology.com%2Fus%2Fsorting-a-12-color-immunophenotyping-panel-with-the-ma900-cell-sorter%2F%3Futm_source%3DJI%26utm_medium%3Dbanner%26utm_campaign%3DMA900-12C-pane
http://www.jimmunol.org/content/171/11/6039
http://www.jimmunol.org/content/171/11/6039.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/

The Journal of Immunology

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

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

Both innate and adaptive immune systems contribute to host defense against infection wilMycobacterium tuberculosis. NK cells
have been associated with early resistance against intracellular pathogens and are known to be potent producers of the cytokine
IFN-v. In C57BL/6 mice infected by aerosol exposure withvl. 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 IFNy 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 liyNaut their
removal does not substantially alter the expression of host resistanceThe Journal of Immunology, 2003, 171: 6039—-6045.

of death among infectious diseases (1-4). Although thesequent infection witiM. tuberculosis (23).

roles for acquired immune mechanisms that involve T  To determine whether NK or NKT cells could participate in the
lymphocytes and the Thl cytokine pathway are now thoroughlyearly innate resistance to infection wil. tuberculosis, we ex-
established (5—13), work in the last decade has shown a substant@mined the kinetics and function of these cell subsets following
underlying network of more innate mechanisms that also contribaerosol infection withV. tuberculosis. A steady increase in NK,
ute to host resistance. These mechanisms include mycobacterialit not NKT, subsets was observed within the lung over the first
cell wall molecules such as lipoproteins and lipoglycans that car8 wk of infection. NK cells increased the expression of cell surface
directly bind to Toll-like receptor-2 on macrophages, stimulating activation markers, were IFN-positive and labeled positive for
IL-12 secretion (14). In addition, similar lipid molecules can be intracellular perforin after in vitro stimulation. Despite this, the
sampled from within the endosomal pathway, leading to their predepletion of NK cells using lytic Abs had no influence on the
sentation by CD1 molecules and subsequent recognition by CDlpulmonary bacterial load. These data suggest that in response to a
restricted leukocyte subsets (15, 16). infection with M. tuberculosis, lung NK cells can become acti-

Studies by Flynn (11, 17) as well as our laboratory (18) havevated, but are not an essential protective mechanism.

demonstrated that mice deficient in tBgmicroglobulin gene are
more susceptible to infection witM. tuberculosis, NK1.1* T~ Materials and Methods
cells, a specialized subset of T cells that recognize CD1, are reAnimals
portedly absent in young,-microglobulin-deficient 8;m-KO)®*  gpecific pathogen-free female, 8- to 10-wk-old, C57BL/6 mice were pur-
mice (19, 20); supporting the hypothesis that NKT cells may con-chased from The Jackson Laboratory (Bar Harbor, ME). All mice were
tribute to early protective innate immunity against the challengemaintained under barrier conditions with sterile mouse chow and water ad 2
infection. In fact, there is substantial evidence that NK and NKT 'ibitum. The specific pathogen-free nature of the mouse colonies was dem- y»
cells may be a potent source of IFNeuring the initial phase of onstrated by testing sentinel animals, which were shown to be negative for p»

. . . 12 known mouse pathogens. All experimental procedures were approved
resistance to infections such @syptococcus neoformans (21) and  py the Colorado State University animal care and use committee.

may induce a granulomatous reaction to purified mycobacteria'l(_\ | infecti ith M. tub losi
cell wall (22). More recently, it was shown that increasing the erosol infection wi - tuberculosis

activity of NK T cells by administration of the known CD1 ligand 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
*Department of Microbiology, Immunology, and Pathology, Colorado State Univer- —70°C until needed. Mice were infected using procedures described pre-
sity, Fort Collins, CO 80523; antDepartment of Molecular and Cell Biology and yiously (8). Briefly, bacterial stocks were diluted in 5 ml of sterile distilled
Cancer Research Laboratory, University of California, Berkeley, CA 94720 water to 2x 10° CFU/ml and placed in a nebulizer attached to an airborne
Received for publication May 6, 2003. Accepted for publication September 17, 2003infection system (Glass-Col, Terre Haute, IN). Mice were exposed to 40
The costs of publication of this article were defrayed in part by the payment of pagain Of aerosol, during which-100-200 bacteria were deposited in the
charges. This article must therefore be hereby maedsertisement in accordance  lungs of each animal. Bacterial load was determined by plating whole
with 18 U.S.C. Section 1734 solely to indicate this fact. organ homogenates onto nutrient 7H11 agar supplemented with OADC.

1 This work was supported by National Institutes of Health Grants Al40488 and Colonies were enumerated after 21-day incubation at 37°C.

HL559667. A.K. is supported by Conselho Nacional de Desenvolvimento Cientifico : ;
e Tecnologico, Brazil. Flow cytometric analysis of cell surface markers

2 Address correspondence and reprint requests to Dr. Ana Paula Junqueira-Kipni§;ells were labeled with the following specific Abs: FITC-anti-2B4 (clone
Mycobacteria Research Laboratories, Department of Microbiology, Inmunology, and®2B4), -anti-NKG2a-c (clone 20d5), -anti-CD44 (clone IM7), -anti-c-Kit
Pathology, Colorado State University, 1682 Campus Delivery, Fort Collins, CO(CD117, clone 2B8), -anti-Ly-6C (Gr-1, clone RB6-8C5), or -anti-MAC-3

M ycobacterium tuberculosis is one of the leading causes «-galactosylceramide can increase the resistance of mice to a sub
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N
=

80523. E-mail address: ana kipnis@colostate.edu (clone M3/84); PE-anti-CD3 (clone 145-2C11), -anti-CD8 (clone 53-6.7),
3 Abbreviations used in this papeB,m-KO, B,-microglobulin-deficient; cDOMEM, ~ -anti-CD69 (clone H1.2F3), -anti-CD16/32 (clone 2.4G2), -anti-CD122
complete DMEM. (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 ug/10° cells
in PBS containing 10% mouse serum and 0.1% sodium azide for 30 min at
4°C. Biotin-labeled anti-NK G2D 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 ug of rabbit anti-
asido-GM1 (AAGM1; WAKO, Richmond, VA) or rabbit |gG isotype con-
trol. Two weeks after the initiation of AAGM 1 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 al 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 X 10° cells/ml) were cultured for 7 daysin
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 X 10° CFU/mlI of M. tuberculosis Erdman in afina volume
of 1 ml of cDMEM. Cellswereinfected for 10—12 h. Extracellular bacteria
were removed from the cells by washing with cOMEM. The plates were
incubated for 18 h at 37°C in 5% CO,, washed, and cultured with cOMEM
for an additional 24 h.

Lung cell digestion

Mice were euthanized by CO, 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 ug/ml) and collagenase X| (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 NH,Cl and 10 mM KHCOy), 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 cocul tured with noninfected or
M. tuberculosis-infected macrophages for 18 h. Then 3 uM 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-NK 1.1, anti-perforin (rat 1gG2a, clone KM585; Ka-
miya Biomedical, Seattle, WA), and a secondary Ab, anti-rat 1gG2a-FITC
(Serotec, Raleigh, NC).

Intracellular cytokine staining

Measurement of intracellular IFN-y was conducted by preincubating lung
cellswith monensin (3 uM) for 4 h at 37°C in 5% CO,,. The cellswere then
stained with allophycocyanin-anti-NK 1.1, 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-y (FITC, clone XMG1.2) or FITC-rat 1gG1
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).

NK CELLS IN PULMONARY TUBERCULOSIS

Satistics
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 NK1.17CD3~ cells, and NKT cells as
NK1.17CD3" 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
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FIGURE 1. NK and NKT cell populationsin 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. O, Control mice; @, 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
(NK1.17CD3™), 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 NK G2a-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.

85.2%
M1

15

Counts

NKG2a-c

R

FIGURE 2. Phenotype of NK cellswithin 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.
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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.
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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 Absfor NK1.1 and CD3. CellsNK1.1*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 al 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. O, Control mice; @,
infected mice. *, Statistical significance between control and infected mice,
p < 0.01.
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Table |. Stages of in vivo development of NK cells in lungs

Immature Expansion Expansion Mature

Groups: c-Kit*/CD51*2 CD51*"/CD11b*? CD43"/CD11b™" CD43*/CD11b*P
Control (n = 5) 05+10 2+06 302 66 =3
Infected (n = 5) 0.6 = 0.4° 2+05° 28 + 5°¢ 69 *+ 6°

aNK 1.1" cells were gated and analyzed for the expression of c-Kit, CD11b, and CD51.

PNK 1.1" cells were gated and analyzed for the expression of CD43, CD11b, and c-Kit.

¢ 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.

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 CDA43,
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" cellsin the lungs of M. tubercul osis-infected mice can
produce IFN-y 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-vy or IL-4 in response to M. tuberculosis. Significantly more
NK cells from the lungs of infected mice produced IFN-vy than
similar cells from the lungs of noninfected mice (Fig. 4). Thiswas
most apparent between days 14—21 of infection. Finaly, 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-
Iytic 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 cellsinto
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-y between mice that
had received AAGM-1 or isotype control Ab (Table I).

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-v, 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 ateration in the
bacterial load within the lungs of mice that had been depleted of

control infected
- T
=7 =
a1 A 056% = 1 B 233%
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2 =1 e
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=8 =1 3
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i FLA-H FL4-H
NK1.1 >

NK1.1+FN-y+cells in the lung x 10 8

0.2 4
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FIGURE 4. IFN-y 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-y.
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-vy expression. Numbers in upper left quadrant indicate the percentage
of positive cells for both markers analyzed. C, Kinetics of NK1.1 IFN-v-
positive cells during the early phase of the infection. O, Control mice; @,
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.

1202 ‘T Arenige4 uo 1sonb Aq /610" jounwiw i [:mmm//:dny wody papeo jumoq


http://www.jimmunol.org/

The Journa of Immunology

FIGURE 5. Lung NKL1.1" cells become perforin
positive during M. tuberculosis infection. Mice were

6043

20

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 w
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.

15

Counts
10

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
quiteintriguing. Infection was followed by an increase in the num-
ber of NK cells producing IFN-vy at 3 days postinfection, followed
by a period of apparent inactivity after which we detected a sig-
nificant increase in IFN-vy-positive cells within the lungs. This sug-
gests a gradual increase in NK cell activation and IFN-+y 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 afirst 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 Iytic or

Infected mice + Infected mice +
saline Isotype control

| -
L
104

Isotype control Control mice Infected mice
>
% of NK1.1 - 3.44% of NK1.1 21
L7 : ' : 91.01% of NK1.1
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M1 IYT]
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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 cellsin 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 aso capable of producing IFN-v,
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 1oad.

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,
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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-
£l "DSUSCLGD 0. 00 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 1gG (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 log,, CFU
per lung from four mice per group (mean =
SD). O, Infected mice; ®, NK-depleted and
infected mice. Data are representative of three
experiments.
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Table Il. Cell dynamics during M. tuberculosis acute infection in NK-depleted mice®

Infected NK-Depleted, Infected NK-Depleted,
14 Days’® Infected 14 Days®d 21 DaysP* Infected 21 Days®¢
CD4*CD44Mahcpe2L'ove 76+ 1 75+ 2 86 +5 88+ 3
CD8*CD44MIhCDe2L'ove 49+ 3 46+ 3 77+3 68+ 11
CD4*IFN-y*® 4+1 3+1 16+ 3 18+ 4
CD8"IFN-y*® 4+2 4+1 12+4 12+4
CD11b*CD11c*MAC3™*f 61+5 64+ 1 65+ 2 66 + 3

2 These results represent two independent experiments.

b C57BL/6 mice were aerosol-infected with M. tuberculosis.

¢ 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.
€ These data are the percentages within the CD4 and CD8 cell populations.

fThe cell population CD11b"CD11c*MAC-3* was defined as macrophages.

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-
losisin 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 B,m-KO
mice are susceptible to M. tuberculosis delivered by thei.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 la 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 | molecules. The class la-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-
vationsin B,M-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-y
production been characterized. In fact, virtualy all «f and yé
TCR™ T cells are now known to be capable of making IFN-+y, and
even macrophages and neutrophils may make small amounts (34).

Littleis 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-y 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-+y, which therefore suggests that
some element of redundancy may be involved.
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