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Natural killer T (NKT) cells are known to play a protective role in the immune responses of mice against a variety of infectious
pathogens. However, little is known about the detailed information of NKT cells in patients with Mycobacterium tuberculosis
infection. The aims of this study were to examine NKT cell levels and functions in patients with active M. tuberculosis infection,
to investigate relationships between NKT cell levels and clinical parameters, and to determine the mechanism responsible for the
poor response to a-galactosylceramide (a-GalCer). NKT cell levels were significantly lower in the peripheral blood of pulmonary
tuberculosis and extrapulmonary tuberculosis patients, and the proliferative responses of NKT cells to ai-GalCer were also lower

in patients, whereas NKT cell levels and responses were comparable in latent tuberculosis infection subjects and healthy con-
trols. Furthermore, this NKT cell deficiency was found to be correlated with serum C-reactive protein levels. In addition, the
poor response to a-GalCer in M. tuberculosis-infected patients was found to be due to increased NKT cell apoptosis, reduced
CD1d expression, and a defect in NKT cells. Notably, M. tuberculosis infection was associated with an elevated expression of the
inhibitory programmed death-1 (PD-1) receptor on NKT cells, and blockade of PD-1 signaling enhanced the response to
a-GalCer. This study shows that NKT cell levels and functions are reduced in M. tuberculosis-infected patients and these defi-

ciencies were found to reflect the presence of active tuberculosis.

Tuberculosis (TB) remains one of the infectious causes of illness
with high morbidity and mortality in humans. In 2009, ~9.4
million new cases of active infection were diagnosed and the dis-
ease was responsible for roughly 1.7 million deaths (48). Although
32% of the world’s population has been estimated to be currently
infected by Mycobacterium tuberculosis, the majority are latently
infected and remain healthy (1, 14). Nevertheless, approximately
5 to 10% of individuals infected with M. tuberculosis will eventu-
ally develop active disease. In addition, the risk of developing ac-
tive tuberculosis is increased by a variety of immunocompromised
conditions, such as HIV infection, diabetes, renal failure, immu-
nosuppressant treatment, and malnutrition (29). Accordingly,
host immune status might play an important role in the control of
progression to active disease. Furthermore, emerging evidence in-
dicates that cellular immunity to M. tuberculosis requires the co-
ordinated responses of the innate and adaptive immune systems
(23, 37).

Human natural killer T (NKT) cells are a distinct subset of T
lymphocytes and are characterized by the restricted expression of
an invariant Va24-Ja18 T cell receptor (TCR) chain paired with
the VB11 TCR chain. The pair of TCR chains recognizes glycolipid
antigens, such as a-galactosylceramide (a-GalCer), presented by
the major histocompatibility complex (MHC) class I-like mole-
cule CD1d (20). In addition, NKT cells play a bridging role be-
tween innate and adaptive immunity due to their ability to activate
a variety of innate and adaptive immune cells, such as dendritic
cells, monocytes, natural killer (NK) cells, T cells, and B cells, by
rapidly producing large amounts of Th1 and Th2 cytokines, like
gamma interferon (IFN-y) and interleukin-4 (IL-4) (45). Fur-
thermore, NKT cells are known to serve as regulatory and/or ef-
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fector cells and are implicated in a broad range of diseases, includ-
ing autoimmunity, cancer, and infectious diseases (19, 47).

NKT cells are known to play a protective role in the immune
responses of mice against a variety of infectious pathogens, in-
cluding bacteria, viruses, and protozoan parasites, although some
of these results are controversial (18, 28). More specifically, several
studies have shown that murine or human NKT cells may mediate
protection against M. tuberculosis (4, 17, 37, 38, 46). For example,
it was demonstrated in a recent study that a-GalCer administra-
tion, alone or in combination with classic chemotherapy, can im-
prove the clinical outcomes of M. tuberculosis infection in mice
(38). It has also been shown that a-GalCer incorporation into
bacillus Calmette-Guérin vaccine enhances the host immune re-
sponse by modulating T cell priming via murine NKT cell activa-
tion (46). However, much less is known about human NKT cell
levels and functions in patients with M. tuberculosis infection. A
numerical deficiency of NKT cells has been found in pulmonary
tuberculosis (PTB) patients (33, 40, 42), but the NKT cell level has
not been determined in extrapulmonary tuberculosis (EPTB) pa-
tients. Furthermore, the response of NKT cells to a-GalCer has
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TABLE 1 Clinical and laboratory characteristics of the TB patients and HCs

Natural Killer T Cells in Mycobacterium tuberculosis

Characteristic HC LTBI EPTB PTB

Total no. 90 13 18 55

Sex (no. male/no. female) 46/44 6/7 9/9 35/20
Mean = SD age (yr) 54.6 = 13.0 47.9 = 9.8 50.9 = 18.1 55.2 = 20.9
No. (%) with previous TB medication

No ND* ND 17 (94.4) 44 (80)

Yes ND ND 1(5.5) 11 (20)
No. (%) with positive sputum AFB® smear ND ND 0 35 (63.6)
No. (%) with cavity on chest radiograph ND ND 0 19 (34.5)
No. (%) with the following extent of pulmonary disease:

Stage 1 (segmental disease) ND ND 0 4(7.3)

Stage 2 (lobar disease) ND ND 0 13 (23.6)

Stage 3 (bi/trilobar disease) ND ND 0 10 (18.2)

Stage 4 (bilateral disease) ND ND 0 28 (50.9)
No. (%) with the following sites of EPTB:

Lymph node ND ND 6 (33.3) 0(0)

Bone and joint ND ND 8 (33.3) 4(7.3)

Pericardium ND ND 1(5.6) 1(1.8)

Peritoneum ND ND 1(5.6) 2(3.6)

Pharynx ND ND 1(5.6) 0(0)

Pleura ND ND 1(5.6) 0(0)

Mean * SD hemoglobin concn (mg/dl) 14.0 £ 1.2 13.8 £ 1.4 11.6 £ 2.3 12.0 £ 1.7
Mean * SD leukocyte count (cells/pl) 5,592 + 1,457 6,885 * 1,485 5,758 * 2,046 7,669 = 3,014
Mean * SD lymphocyte count (cells/pl) 2,041 = 719 2,102 * 526 1,422 * 590 1,389 * 666
Mean = SD platelet count (107 cells/wl) 243 £ 58 228 £ 43 242 * 96 297 £ 124
Mean * SD CRP concn (mg/dl) ND ND 2.05 + 2.38 521 +5.42

“ND, not done.
b AFB, acid-fast bacilli.
¢ CRP, C-reactive protein.

not previously been investigated in TB patients, and the clinical
relevance of NKT cell level in peripheral blood remains to be clar-
ified.

The aims of the present study were to examine NKT cell levels
and proliferative responses to a-GalCer in the peripheral blood of
PTB and EPTB patients, latent tuberculosis infection (LTBI) sub-
jects, and healthy controls (HCs), to investigate potential relation-
ships between NKT cell levels and the clinical parameters of active
TB. In addition, we sought to determine the mechanism respon-
sible for the poor response to a-GalCer in TB patients.

MATERIALS AND METHODS

Study subjects. The study cohort was composed of 73 patients with active
TB (55 PTB patients and 18 EPTB patients), 13 LTBI subjects, and 90 age-
and sex-matched HCs. The clinical and laboratory characteristics of pa-
tients and HCs are summarized in Table 1. On the basis of the guidelines
of the American Thoracic Society and the U.S. Centers for Disease Control
and Prevention, active TB was diagnosed and classified into PTB and
EPTB according to infected sites (2). LTBI was defined using the following
criteria: (i) no clinical or radiographic evidence of an active TB infection,
(ii) known exposure to an individual with an active TB infection, and (iii)
positivity for tuberculin skin test or IFN-vy release assay at the time of
sample collection (2, 31). All HCs met the following criteria: (i) no known
exposure to any individual with an active TB infection, (ii) no symptoms
of TB infection, (iii) no detectable tuberculin skin test or IFN-v release
assay reactivity, and (iv) no history of an autoimmune disease, an infec-
tious disease, a malignancy, or immunosuppressive therapy (2, 40). The
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study was approved by the Institutional Review Board of Chonnam Na-
tional University Hospital, and written informed consent was obtained
from all participants.

MADbs and flow cytometry. The following monoclonal antibodies
(MAbs) and reagents were used in this study: fluorescein isothiocyanate
(FITC)-conjugated MADbs against CD3, CD4, and CD14; FITC-conju-
gated annexin V; phycoerythrin (PE)-conjugated MAbs against NKT cell
TCR (clone 6B11) and CD1d; peridinin chlorophyll-a protein (PerCP)-
conjugated anti-CD3 MADb; allophycocyanin (APC)-conjugated MAbs
against CD3 and CD8; and 7-aminoactinomycin D (AAD) (all were from
BD Biosciences, San Diego, CA) and PE-conjugated anti-human pro-
grammed death-1 (PD-1) MAb (eBiosciences, San Diego, CA). Cells were
stained with combinations of appropriate MADbs at 4°C for 20 min and
analyzed on a FACSCalibur flow cytometer using Cell Quest software (BD
Biosciences, Mountain View, CA).

Isolation of PBMCs, monocytes, and T cells and identification of
NKT cells. Peripheral venous blood samples were collected in tubes con-
taining heparin. Peripheral blood mononuclear cells (PBMCs) were iso-
lated by density gradient centrifugation using Ficoll-Paque Plus solution
(Amersham Bioscience, Uppsala, Sweden), and monocytes and T cells
were purified from PBMCs by magnetically activated cell sorting (MACS)
as previously described (9, 36). NKT cells were identified phenotypically
as CD3" 6B117 cells by flow cytometry (3, 9, 16, 34, 43).

NKT cell proliferation assays. The proliferative abilities of NKT cells
were assayed by flow cytometry as previously described (9). Briefly, freshly
isolated PBMCs were suspended in complete medium (RPMI 1640, 2
mmol/liter -glutamine, 100 U/ml penicillin, and 100 p.g/ml streptomy-
cin) supplemented with 10% fetal bovine serum (Gibco BRL, Grand Is-
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FIG 1 Reduced circulating NKT cell numbers in the peripheral blood of EPTB and PTB patients. Freshly isolated PBMCs from 90 age- and sex-matched HCs,
13 LTBI subjects, 18 patients with EPTB, and 55 patients with PTB were stained with PerCP-conjugated anti-CD3 and PE-conjugated anti-6B11 MAbs and then
analyzed by flow cytometry. Symbols represent subjects, and horizontal lines are median values. (A) Representative NKT cell percentages determined by flow
cytometry; (B) percentages of NKT cells in peripheral blood lymphocytes; (C) absolute numbers of NKT cells in peripheral blood samples (per ml of blood). P
values were determined by Mann-Whitney U test. *, P < 0.05; **, P < 0.005; ***, P < 0.001.

land, NY), seeded in a 24-well plate at 1 X 10° cells/well, and cultured for
7 days at 37°C in a 5% CO, humidified incubator in the presence of 100
U/ml of IL-2 (BD PharMingen, San Jose, CA) and 100 ng/ml of a-GalCer
(Alexis Biochemicals, Lausen, Switzerland) or 0.1% dimethyl sulfoxide
(DMSO; used as a control). Cells were harvested and stained with PerCP-
conjugated anti-CD3 and PE-conjugated anti-6B11 MAbs. Percentages of
CD37" 6B117 NKT cells were determined by flow cytometry on day 0 and
after culture on day 7. Proliferation index was defined as the ratio of NKT
cell percentage within CD3™ T cells on day 7 to NKT cell percentage
within CD3™ T cells on day 0, and indices are referred to as fold increases
(see Fig. S in the supplemental material for a representative fluorescence-
activated cell sorter plot highlighting the gating strategy). To quantify
NKT cell death in culture, cells were stained with FITC-conjugated an-
nexin V, PE-conjugated 6B11 MAb, 7-AAD, and APC-conjugated anti-
CD3 MADb, as previously described (13, 21). Percentages of apoptotic (an-
nexin V-positive) and necrotic (7-AAD-positive) NKT cells were
measured by flow cytometry on days 0 and 7. In some experiments, anti-
PD-L1 and anti-PD-L2 Abs (5 pg/ml each; eBiosciences, San Diego, CA)
or purified mouse IgG1 (used as an isotype control; 10 wg/ml; eBiosci-
ences, San Diego, CA) was added to the wells to block the interaction
between PD-1 and its ligands and then cultured for 14 days.

Coculture of APCs and T cells with a-GalCer. CD14™ monocytes
were purified from PBMCs by MACS and used as a source of antigen-
presenting cells (APCs). CD3™ T cells were also isolated from the remain-
ing PBMCs by MACS. APCs (1 X 10° cells/well) and T cells (9 X 10°
cells/well) were seeded in a 24-well plate and cultured for 7 days in the
presence of 100 U/ml of IL-2 and 100 ng/ml of a-GalCer or 0.1% DMSO
(control). Cocultures were subdivided into 4 subgroups according to the
donor origins of the APCs and T cells: APCs and T cells from the same
HCs, APCs from HCs and T cells from TB patients, APCs from TB pa-
tients and T cells from HCs, and APCs and T cells from the same TB
patients.

Statistical analysis. Clinical and laboratory characteristics were ana-
lyzed descriptively. Spearman’s correlation coefficient was used to exam-
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ine relationships between NKT cell numbers and clinical parameters. Per-
centages and absolute numbers of NKT cells, proliferation indices, and
expression levels of CD1d and PD-1 were compared among groups using
the Mann-Whitney U test. The Wilcoxon signed-rank test was used to
compare changes in the proliferative responses of NKT cells after blockade
of PD-1 signaling with anti-PD-L Abs. All statistical analyses were per-
formed using SPSS (version 17.0) software (SPSS, Chicago, IL), and sig-
nificance was accepted for P values of <0.05.

RESULTS
Reduced numbers of circulating NKT cells in EPTB and PTB
patients. The percentages and absolute numbers of NKT cells in
the peripheral blood samples of 55 PTB patients, 18 EPTB pa-
tients, 13 LTBI subjects, and 90 age- and sex-matched HCs were
determined by flow cytometry. Percentages of NKT cells were sig-
nificantly lower in EPTB and PTB patients than in HCs (medians,
0.07% and 0.03%, respectively, versus 0.10% [P < 0.05 and P <
0.001, respectively]) (Fig. 1A and B). Absolute NKT cell numbers
were calculated by multiplying NKT cell percentages by total lym-
phocyte numbers per milliliter in peripheral blood. EPTB and
PTB patients had significantly lower absolute NKT cell numbers
than HCs (medians, 871 and 440 cells/ml, respectively, versus
2,151 cells/ml [P < 0.005 and P < 0.001, respectively]) (Fig. 1C).
Reductions in the percentages and absolute numbers of NKT cells
were more prominent in PTB than in EPTB patients (medians,
0.03% versus 0.07% [P < 0.05] and 440 cells/ml versus 871
cells/ml [P < 0.05], respectively). However, no significant differ-
ences between NKT cell levels in LTBI subjects and HCs were
observed.

Correlation between reductions in NKT cells and CRP in TB
patients. To evaluate the clinical relevance of NKT cell levels in
EPTB and PTB patients, we investigated relations between abso-
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TABLE 2 Spearman’s correlation coefficients for absolute NKT cell
numbers with respect to clinical and laboratory findings in 73 TB
patients

Variable Correlation coefficient (vy) Pvalue
Age (yr) —0.129 0.279
Body mass index (kg/m?) 0.142 0.354
Smoking (no. of pack-years) —0.164 0.175
Hemoglobin concn (g/dl) 0.208 0.077
Leukocyte count (cells/pl) —0.185 0.117
Lymphocyte count (cells/jl) 0.361 0.002
Platelet count (10° cells/jl) —0.075 0.531
CRP concn (mg/dl) —0.428 <0.001

lute NKT cell numbers in peripheral blood and clinical parameters
using Spearman’s correlation analysis (Table 2). The analysis
showed that absolute NKT cell numbers were significantly corre-
lated with lymphocyte counts and C-reactive protein (CRP) levels
(P = 0.002 and P < 0.001, respectively). However, no significant
correlations between age, body mass index, smoking, leukocyte
counts, or platelet counts and absolute NKT cell numbers were
found (Table 2).

Impaired proliferative response of NKT cells to a-GalCer in
EPTB and PTB patients. To examine the proliferative effects of
a-GalCer on NKT cells, PBMCs from 24 PTB patients, 16 EPTB

Natural Killer T Cells in Mycobacterium tuberculosis

patients, 9 LTBI subjects, and 30 age- and sex-matched HCs were
cocultured with a-GalCer for 7 days in the presence of 100 U/ml of
IL-2. Percentages of NKT cells and proliferation indices were eval-
uated by flow cytometry, as described in Materials and Methods.
The percentages of NKT cells among PBMCs from an HC subject
markedly increased in response to a-GalCer, from 0.38% on day 0
to 18.6% on day 7. Similarly, NKT cells from an LTBI subject
expanded from 0.38% to 13.9% over the same period. In contrast,
NKT cells from a PTB patient and an EPTB patient did not pro-
liferate or proliferated only slightly (Fig. 2A). Although the mag-
nitudes of responses to a-GalCer were highly variable among all
study subjects, overall proliferation indices were significantly
lower in EPTB and in PTB patients than in HCs (medians, 2.9
versus 27.1 [P < 0.001] and 0.8 versus 27.1 [P < 0.001], respec-
tively) (Fig. 2B). However, no significant differences between HCs
and LTBI subjects were observed. In addition, we analyzed the
relationship between serum CRP levels and NKT proliferation
indices in 24 PTB patients and 16 EPTB patients. It was found that
the proliferative response to a-GalCer was inversely correlated
with CRP level (correlation coefficient [y] = —0.559, P < 0.001)
(Fig. 2C).

Increased NKT cell death in TB patients. To determine
whether the impaired proliferative response of NKT cells to
a-GalCer was due to a loss of NKT cells in culture, PBMCs from 5
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FIG 2 Decreased proliferative response of NKT cells from EPTB and PTB patients to a-GalCer. (A and B) Proliferation indices of NKT cells. Freshly isolated
PBMCs (1 X 10° cells/well) from 30 age- and sex-matched HCs, 9 LTBI subjects, 16 patients with EPTB, and 24 patients with PTB were cultured for 7 days in the
presence of IL-2 (100 U/ml) and a-GalCer (100 ng/ml) or 0.1% DMSO as a control. The cells were then stained with PerCP-conjugated anti-CD3 and
PE-conjugated anti-6B11 MAbs and analyzed by flow cytometry. Proliferation index was defined as the ratio of NKT cell percentage within CD3™" T cells on day
7 to NKT cell percentage within CD3™ T cells on day 0, and indices are expressed as fold increases. The results shown are representative of the experiments (A).
Symbols represent subjects, and horizontal lines are median values (B). (C) The relation between serum CRP level and proliferation index in 24 PTB patients and
16 EPTB patients. Serum CRP levels were plotted against the NKT cell proliferation indices. (D) Increased apoptosis of NKT cells in TB patients. Freshly isolated
PBMC:s from 5 age- and sex-matched HCs and 5 TB patients were cultured for 7 days in the presence of IL-2 (100 U/ml) and «-GalCer (100 ng/ml). NKT cell
apoptosis was analyzed by flow cytometry using FITC-conjugated annexin V, PE-conjugated 6B11 MAb, 7-AAD, and APC-conjugated anti-CD3 MAD. Percent-
ages of apoptotic (annexin V-positive) NKT cells and necrotic (7-AAD-positive) NKT cells on days 0 and 7 are shown. Results are presented as means = SEMs.
P values were determined by Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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median values. (A and B) Percentages of CD1d™" cells; (C and D) MFIs of CD1d. P values were determined by Mann-Whitney U test. *, P < 0.05; **, P <

0.01; ***, P < 0.001.

TB patients and 5 age- and sex-matched HCs were cultured with
a-GalCer for 7 days in the presence of 100 U/ml of IL-2. NKT cell
apoptosis was then evaluated by flow cytometry, as described in
Materials and Methods. Apoptotic and necrotic percentages of
NKT cells were minimal on day 0, and no significant differences
between HCs and TB patients were found. However, after being
stimulated with a-GalCer for 7 days, NKT cell apoptosis and ne-
crosis were greater for TB patients than for HCs (means, 27.4%
versus 12.8% [P < 0.05] and 43.7% versus 10.2% [P < 0.05],
respectively) (Fig. 2D). These findings suggest that increased NKT
cell apoptosis in culture is related to the impaired proliferative
response of NKT cells observed in TB patients.

Reduced expression of CD1d in EPTB and PTB patients.
CD1d is known to be required for the presentation of glycolipid
antigens to NKT cells. Thus, we hypothesized that the poor re-
sponse to a-GalCer observed in EPTB and PTB patients might be
due to an altered CD1d expression. To determine whether CD1d
levels differed in patients and HCs, percentages of CD1d" cells
and mean fluorescence intensities (MFIs) of CD1d were evaluated
by flow cytometry in the peripheral blood samples of 17 PTB pa-
tients, 9 EPTB patients, 11 LTBI subjects, and 17 age- and sex-
matched HCs. The percentages of CD1d" cells among PBMCs
were found to be significantly lower in PTB patients than in HCs
(medians, 4.5% versus 6.3% [P < 0.05]) (Fig. 3A). Furthermore,
the MFIs of CD1d on PBMCs were also significantly lower in
EPTB and in PTB patients than in HCs (medians, 7.5 versus 10.5
[P < 0.05] and 7.3 versus 10.5 [P < 0.01], respectively) (Fig. 3C).
However, the percentages of CDI1d" cells and MFIs of CD1d
showed no significant differences in LTBI subjects and HCs.

It has been previously reported that NKT cell expansion is de-
pendent on CDId-expressing monocytes and that peripheral
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blood monocytes are effective APCs for NKT cells (9, 15, 41).
Thus, we investigated levels of CD1d expression on peripheral
blood monocytes in patients and HCs. EPTB and PTB patients
were found to have significantly lower percentages of CD1d ™" cells
than HCs (medians, 2.6% versus 7.3% [P < 0.001] and 2.0%
versus 7.3% [P < 0.001], respectively) (Fig. 3B), and the MFIs of
CD1d on monocytes were found to be significantly lower in EPTB
and in PTB patients than in HCs (medians, 4.8 versus 9.4 [P <
0.001] and 5.2 versus 9.4 [P < 0.001], respectively) (Fig. 3D).
However, CD1d levels were similar in LTBI subjects and HCs.

NKT cell dysfunction in EPTB and PTB patients. To deter-
mine whether the poor response of NKT cells to a-GalCer was due
to an NKT cell dysfunction, we performed cross-coculture exper-
iments between HCs and patients (Fig. 4). As was expected,
monocytes from HC subjects could expand NKT cells from an HC
subject in the presence of a-GalCer (100 ng/ml) and IL-2 (100
U/ml), whereas NKT cells from PTB patients failed to proliferate
in the presence of monocytes from HC subjects. Interestingly,
monocytes from PTB patients expanded NKT cells from HC sub-
jects (Fig. 4A and B). Consistently, monocytes from HC subjects
did not expand NKT cells from EPTB patients, but NKT cells from
HC subjects proliferated in the presence of monocytes from EPTB
patients (Fig. 4C and D). Taken together, these results suggest that
the poor response to a-GalCer is caused by an NKT cell dysfunc-
tion.

Elevated PD-1 expression in NKT cells in EPTB and PTB pa-
tients. PD-1 and its ligands, PD-L1 and PD-L2, deliver inhibitory
signals that regulate the activation of conventional T cells (25).
Moreover, recent reports have shown that PD-1/PD-L interaction
is involved in the induction and maintenance of NKT cell anergy
(5, 35). To determine whether the NKT cell dysfunction is related
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to NKT cell anergy, we thus examined the expression levels of this
receptor in NKT cells in the peripheral blood samples of 6 PTB
patients, 6 EPTB patients, 6 LTBI subjects, and 8 age- and sex-
matched HCs. (Fig. 5A and B). Interestingly, the percentages of
PD-1-expressing cells in NKT cells were found to be significantly
higher in EPTB and in PTB patients than in HCs (means, 31.4%
versus 9.8% [P < 0.05] and 45.1% versus 9.8% [P < 0.01], respec-
tively) (Fig. 5B). In addition, the MFIs of PD-1 in NKT cells were
also significantly higher in EPTB and in PTB patients than in HCs
(means, 53.1 versus 27.0 [P < 0.05] and 79.1 versus 27.0 [P <
0.01], respectively) (Fig. 5B). To examine whether PD-1 contrib-
utes to the low proliferative response of NKT cells in TB patients,
PBMC:s from 4 EPTB patients and 3 PTB patients were cultured
with a-GalCer for 14 days in the presence of anti-PD-L1 plus
anti-PD-L2 Abs or an isotype control. Although the magnitudes of
responses to a-GalCer were variable among the study subjects,
overall proliferation indices were found to be increased after
blockade of PD-1 signaling (P < 0.05) (Fig. 5C).

DISCUSSION

It has previously been reported that NKT cell numbers are re-
duced in PTB patients (33, 40, 42) and that NKT cell levels in LTBI
subjects are comparable to those in HCs (40, 42). In the present
study, we classified active TB into PTB and EPTB according to
infected sites. Our data showed that NKT cell percentages and
numbers were reduced in PTB patients and in EPTB patients but
not in LTBI subjects. These findings suggest that an NKT cell
deficiency reflects the presence of active TB irrespective of tuber-
culin skin test or [FN-+y release assay reactivity or the site infected.

In the present study, we also found that NKT cell responses to
a-GalCer were markedly suppressed in PTB and EPTB patients.
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However, NKT cell responses were not found to be diminished in
LTBI subjects or HCs. This poor responsiveness of NKT cells has
previously been demonstrated in patients with autoimmune, in-
fectious, or malignant diseases, but the precise mechanism in-
volved has not been elucidated (9, 11, 22, 27, 32, 44). Recently,
several studies have demonstrated that microorganisms can ex-
pand murine NKT cells and subsequently become unresponsive to
a-GalCer-induced activation (7, 10, 26), which suggests that NKT
cell function is affected by microbial infection. Our data also dem-
onstrated that NKT cell levels and their proliferative responses to
a-GalCer were inversely correlated with CRP level, which suggests
that NKT cell frequency and function are suppressed by chronic
microbial infection (e.g., with M. tuberculosis). A negative corre-
lation between NKT cell frequency and CRP level was also ob-
served in patients with chronic autoimmune arthritis (e.g., rheu-
matoid arthritis) (44).

Although the poor response of NKT cells is not fully under-
stood, it might reflect the lower representation of the most re-
sponsive subset in the peripheral blood of TB patients. Human
NKT cells can be classified into two or three subsets (e.g., CD4™,
CD8%, and double-negative NKT cells) according to the expres-
sion of CD4 and CD8 (20, 34). NKT cell subset levels in the pe-
ripheral blood of HCs and PTB patients were different in our
study cohort (see Fig. S2 in the supplemental material). The most
responsive subset to a-GalCer was found to be CD4™ NKT cells
(see Fig. S3 and S4 in the supplemental material). Despite the high
frequency of this particular subset (i.e., CD4" NKT cells), PTB
patients showed low proliferative responses to a-GalCer. Given
the overall lower frequency of NKT cells in PTB patients (>75%
absolute decrease compared to HCs), the poor response of NKT

iai.asm.org 2105


http://iai.asm.org

Kee et al.

(v y)

*%
HC EPTB 1007 .
s - *
E ik ! $ 751 —
L, 2 *
'u [] [ » L, ¢ ¢ 8 50_ L
| LTBI PTB *
o A & 251
ZJ/Y@\ e — L ,\/){/ \ 5 0-
— HC LTBI EPTB PTB
PD-1 *k
1254 . .
|
C 102+ T 100+
= *
[a]
- I 75
< .
S— o
% / i 507
© =
5 107 25-
£
z 0-
S / HC LTBI EPTB PTB
100-——F—7—

Isotype anti-PD-L
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signed-rank test.

cells could be due to the absence of the responding cells from the
peripheral blood following recruitment at the site of infection.
The loss of NKT cells in culture due to enhanced apoptosis
provides another possible explanation for the poor response of
NKT cells to a-GalCer in TB patients. To examine this possibility,
we measured apoptotic NKT cell numbers among PBMCs cul-
tured with a-GalCer by flow cytometry. The data obtained clearly
showed that NKT cells from TB patients were more susceptible to
apoptosis during a-GalCer stimulation than NKTs from HCs.
Previous studies have demonstrated that mycobacterial infections
in mice and humans promote the apoptosis of activated immune
cells (e.g., T cells or NK cells) (12, 30, 39). However, in our cul-
ture system, the apoptotic proportions of T cells and of NK cells
were comparable for TB patients and HCs (data not shown).
These findings suggest that the increased apoptosis of NKT cells in
culture may reflect a poor response to a-GalCer in TB patients.
CD1d presents glycolipid antigens, such as a-GalCer, to NKT
cells (24). Furthermore, previous studies have shown that block-
ing CD1d, using MAb or a germ line deletion, inhibits the NKT
cell response to a-GalCer (24, 41, 49). Thus, we considered the
possibility that numerical and functional deficiencies of NKT cells
in patients might be due to alterations in CD1d expression. As we
expected, CD1d expressions on PBMCs and CD14" monocytes
were found to be downregulated in TB patients. Furthermore, the
downregulation of CD1d expression has also been observed in
HIV (6, 8) and malignant lymphoma (22). Given that CD1d-re-
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stricted NKT cells have unique effector and regulatory functions
in innate and adaptive immune responses, these findings suggest
that M. tuberculosis reduces the presentation of CD1d to NKT cells
and subverts host immune responses to infected cells.

The poor response to a-GalCer observed in TB patients could
be caused by NKT cell dysfunction as well as by altered CD1d
expression. To investigate this possibility, we established cross-
coculture systems using NKT cells and monocytes from HCs and
TB patients. Monocytes from patients were found to expand NKT
cells from HCs as efficiently as monocytes from HCs, indicating
that the monocytes of TB patients are functional. In contrast, NKT
cells from patients did not proliferate even when cocultured with
monocytes from HCs. Interestingly, similar findings have also
been reported for autoimmune and malignant diseases (9, 22, 27).
These results provide evidence that the poor response to a-GalCer
is probably due to a defect in the NKT cells of TB patients.

PD-1 is well-known as a coinhibitory molecule on T cells. In
conventional T cells, it is not expressed on naive T cells but is
inducibly expressed after T cell activation (25). In recent reports,
PD-1 and its ligands have been implicated in the induction and
maintenance of NKT cell anergy (5, 35). Our data showed an
elevated PD-1 expression on NKT cells in TB patients, suggesting
activation of these cells in vivo, findings that have also been ob-
served in HIV-1 infection (32). Interestingly, blockade of the PD-
1/PD-L pathway enhanced the response of NKT cells to a-GalCer.
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These findings suggest that PD-1 signaling at least in part contrib-
utes to the poor response of NKT cells in TB patients.

Summarizing, our findings show that NKT cells are numeri-
cally and functionally deficient in TB patients. In addition, NKT
cell deficiencies were found to reflect the presence of active TB and
to be correlated with CRP levels. These findings have important
implications for the development of a-GalCer-based immuno-
therapy in M. tuberculosis patients.
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