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The Tim3–Galectin 9 Pathway Induces Antibacterial Activity
in Human Macrophages Infected with Mycobacterium
tuberculosis
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T cell Ig and mucin domain 3 (Tim3) is an inhibitory molecule involved in immune tolerance, autoimmune responses, and antiviral

immune evasion. However, we recently demonstrated that Tim3 and Galectin-9 (Gal9) interaction induces a program of macro-

phage activation that results in killing of Mycobacterium tuberculosis in the mouse model of infection. In this study, we sought to

determine whether the Tim3–Gal9 pathway plays a similar role in human pulmonary TB. We identified that pulmonary TB

patients have reduced expression of Tim3 on CD14+ monocytes in vivo. By blocking Tim3 and Gal9 interaction in vitro, we show

that these molecules contribute to the control of intracellular bacterial replication in human macrophages. The antimicrobial

effect was partially dependent on the production of IL-1b. Our results establish that Tim3–Gal9 interaction activates human M.

tuberculosis –infected macrophages and leads to the control of bacterial growth through the production of the proinflammatory

cytokine IL-1b. Data presented in this study suggest that one of the potential pathways activated by Tim3/Gal9 is the secretion of

IL-1b, which plays a crucial role in antimicrobial immunity by modulating innate inflammatory networks. The Journal of

Immunology, 2012, 189: 5896–5902.

M
ycobacterium tuberculosis is one of the most success-
ful human pathogens around the world. Resolution of
mycobacterial infection depends on the interaction

between the bacteria and the host’s innate and adaptive immune
systems. Consequently, T cells and macrophages are the crucial
components of this protective response to mycobacterial infection
(1). Macrophages play a critical role in the pathogenesis of tuber-
culosis (TB) by providing an intracellular niche for M. tuberculosis
and, when appropriately activated, by killing the bacteria directly.

T cell Ig and mucin domain 3 (Tim3) is a negative regulatory
molecule that is important for T cell tolerance and has a crucial role
in autoimmunity and T cell exhaustion during chronic viral in-
fection (2–6). Tim3 is expressed on T cells, monocytes, macro-
phages, and dendritic cells (DC) (7–10). Galectin-9 (Gal9) and
phosphatidylserine are the two known ligands for Tim3 (4, 11).
Macrophages and DC recognize use Tim3 as a receptor for
phosphatidylserine,to recognize and engulf apoptotic cells, which
can promote Ag cross-presentation and T cell activation (11). Gal9
interaction with the oligosaccharide chains on the Tim3–IgV do-
main expressed by activated Th1 cells inhibits T cell expansion by
transducing an inhibitory signal that leads to apoptosis, T cell
exhaustion, or immune tolerance (2–4, 7, 12–14).
In addition to its well-described role in regulating T cells,

we have previously shown that Tim3–Gal9 interaction activates
M. tuberculosis–infected macrophages, resulting in IL-1b se-
cretion and pathogen clearance (15). Our data suggested that the
Tim3–Gal9 pathway acts as a bidirectional pathway, suggesting
that it may have evolved to limit tissue inflammation caused by
activated T cells while at the same time can stimulate innate
immunity to inhibit growth of intracellular pathogens such as
M. tuberculosis (15).
In this study, we explored the question of whether the Tim3–Gal9

interaction activates antimicrobial pathways in human cells from
patients with pulmonary TB (PTB). Toward this, we characterized
the expression profile of Tim3 and Gal9 on human PBMC from
patients with PTB infection and elucidated whether Tim3 and
Gal9 participate in controlling intracellular bacterial replication
in human macrophages. We report in this study that PTB patients
have a lower frequency of CD14+Tim3+ monocytes in peripheral
blood compared with healthy donors (HD) and that M. tubercu-
losis infection downregulates cell-surface expression of Tim3 and
Gal9 in human macrophages. We further demonstrate that IL-1b
is involved in the antimicrobial pathways activated by Tim3 and
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Gal9 in human macrophages. Blocking Tim3–Gal9 pathway with
inhibitory Abs limits the secretion of IL-1b. Finally, we consider
whether M. tuberculosis manipulates the Tim3–Gal9 pathway to
evade host defenses. Our data provide evidence that Tim3/Gal9
interact to promote microbial immunity in people with PTB.

Materials and Methods
Study population

PTB patients (n = 20) from the National Institute of Respiratory Diseases
(INER) of Mexico City, Mexico, were studied. Written informed consent
was obtained from all subjects included, and the institutional ethics
committee at INER approved this study. All included patients had a neg-
ative HIV screening test. PTB diagnosis was based on clinical history,
physical examination, chest x-rays, and positive Ziehl–Neelsen test in
sputum. In all cases, the diagnosis was confirmed by M. tuberculosis
growth in sputum culture. All patients were classified as having TB class 3
category I disease, according to the American Thoracic Society (16). All
participating PTB patients had received ,1 wk of the directly observed
treatment strategy. HD (n = 20) were also recruited at the INER. HD had
no clinical or radiographic evidence of respiratory diseases and no known
concurrent or past contact with PTB patients. Ten HD were tuberculin skin
test (TST) negative (,5 mm), and eight HD had TST in duration of .10
mm. TST-positive and TST-negative HD are presented as a unique group.
Differences identified in our study between HD and PTB patients were
independent of the TST status of the HD. All participants had received
bacillus Calmette–Guérin (BCG) vaccination at birth. Written informed
consent was obtained from all participants.

Cells

PBMCs were isolated from 16 ml venous blood in BD vacutainer CPT
tubes (BD Biosciences). After centrifugation, plasma was recovered and
frozen for future cytokine analysis. Cells were collected and counted to
determine their viability by the trypan blue dye exclusion method.

Enrichment of monocytes

Monocytes were enriched by using positive selection via magnetic
microbeads coated with Abs to CD14 (Miltenyi Biotec). Monocytes were
analyzed by flow cytometry to determine the purity of the cells. The purified
cells were routinely 90–95% of the intended cell type.

Enrichment of T cells

T cells were enriched by using negative selection via magnetic microbeads
coatedwith Abs to CD14, CD15, CD16, CD19, CD34, CD36, CD56, CD123,
and CD235a (glycophorin A) (Miltenyi Biotec). T cells were analyzed by
flow cytometry to determine the purity of the cells. The purified cells were
routinely 93–97% of the intended cell type.

Cell differentiation

CD14+-enriched monocytes were plated at 1 3 105 cells/well in 96-well
plates (Costar, Ontario, Canada) RPMI 1640 medium (Life Technologies
BRL) supplemented with L-glutamine (2 mM; Sigma-Aldrich), strepto-
mycin, penicillin, and 10% human serum. After a 7-d incubation, viable
cells were considered monocyte-derived macrophages (MDMs) based on
their expression profile of CD14, CD68, and mannose receptor (data not
shown). MDM were used in the different experiments.

Multiparametric flow cytometric analysis

To measure Tim3 and Gal9 expression by different cell subsets, 106 PBMC
were stained and analyzed by flow cytometry. Briefly, cells were stained
for 20 min at 4˚C with fluorochrome-conjugated mAb to CD3, CD4, CD8,
CD14, CD16, CD33, CD56, CD68, Tim3 (BioLegend), and Gal9 (MBL
International). Blocking anti-human Tim3 Abs (clone 1G5 and 4A4) were
kindly provided by Dr. Vijay Kuchroo (Brigham and Women’s Hospital,
Boston, MA). For intracellular Gal9 staining, cells were incubated with
250 ml Cytofix/Cytoperm (BD Pharmingen) solution for 20 min at 4˚C.
After permeabilization, cells were washed with Perm/Wash buffer (BD
Pharmingen), supernatant was carefully removed, and 50 ml fluorescein
anti-human Gal9 mAb was added and incubated at 4˚C for 30 min in the
dark. After incubation, the cells were washed with Perm/Wash buffer and
resuspended in staining buffer prior to flow cytometry. Data were collected
using an FACSAria flow cytometer (BD Biosciences, San Jose, CA) using
FACS Diva software (V.6.1) and analyzed with FlowJo (Tree Star). Typi-
cally, 100,000 events were acquired.

Bacteria

M. tuberculosis-H37Ra andM. tuberculosis-H37Rv were grown to log phase
in Middlebrook 7H9 broth (Difco, Detroit, MI) supplemented with 1% glyc-
erol and 10% Middlebrook albumin dextrose catalase enrichment (Difco).
Bacteria were harvested and frozen at 280˚C in RPMI 1640, 10% FBS,
and 6% glycerol. Bacterial CFU were determined by plating serial 10-fold
dilutions on 7H10 agar and counting colonies after incubation for 3 wk.

Fluorescein labeling of M. tuberculosis

To label M. tuberculosis with fluorescein, 109 bacteria were pelleted,
resuspended in 1 ml PBS (pH 9.1), and mixed with 7.5 ml 20 mg/ml FLUOS
(Boehringer, Mannheim, Germany) in DMSO for 10 min at room temper-
ature. Labeled M. tuberculosis bacteria were washed twice and declumped
prior to use.

In vitro infections and cocultures

MDM were infected with M. tuberculosis-H37Ra or M. tuberculosis-H37Rv
at a multiplicity of infection (MOI) of 10 as described previously (17). In
brief, M. tuberculosis were opsonized for 5 min using RPMI 1640 medium
supplemented with 2% human serum, 10% FBS, and 0.05% Tween 80 and
washed twice with complete medium without antibiotics. Bacteria were
passed through a 5-mm syringe filter (Millipore), counted in a Petroff-
Hausser chamber, and added to MDM at the indicated MOI. The length of
infection was 2 h for all experiments. At days 1 and 4 postinfection, cells
were lysed with 0.1% solution of saponin for 5 min and bacteria enumerated
by plating serial dilutions of cell lysates on Middlebrook 7H10 agar plates
(Difco). Colonies were counted after 21 d. Autologous T cells (105/well)
were enriched by using positive selection via magnetic microbeads coated
with Abs to CD3 (Miltenyi Biotec) and added to infected MDM after 2 h
of infection. The reduction of CFU was calculated as follows: percent re-
duction = 100 3 ([CFU recovered from MDM alone on day 4] 2 [CFU
recovered from MDM cocultured with T cells])/([CFU recovered from
MDM alone on day 4] 2 [CFU recovered from MDM alone on day 1]).

NO production

Supernatants were harvested 24 h postinfection of MDM, and NO pro-
duction was measured using the Griess reaction. Briefly, 100-ml culture su-
pernatant was incubated with an equal volume of commercial Griess reagent
(Sigma-Aldrich) for 5 min at room temperature, and the absorbance was
measured at 490 nm. Serially diluted NaNO2 of known concentration was used
as a standard to calculate the amount of NO2 measured in the supernatant (18)

Blocking studies

Tim3–Gal9 pathway was blocked by addition of anti-human Tim3 or anti-
human Gal9 mAbs. Autologous T cells were preincubated with anti-human
Tim3 mAb (clone 4A4; 10 mg/ml; Dr. Vijay Kuchroo [Brigham and
Women’s Hospital, Boston, MA]) before addition to M. tuberculosis–
infected MDM, or M. tuberculosis–infected MDM were preincubated with
anti-human Gal9 mAb (clone 9M1-3; 10 mg/ml; BioLegend) or anti-
human Tim3 mAb before addition of T cells. Isotype-matched control
mAbs were used. Tim3–Gal9 interaction was also blocked by using in-
creasing concentrations of lactose (25, 50, and 100 mM) that was added to
the M. tuberculosis–infected MDM 1 h before addition of the T cells.

Western blot to detect inducible NO synthase and IL-1b

A total of 106 MDM was infected with M. tuberculosis-H37Rv (MOI 10:1;
triplicate wells) for 24 h at 37˚C in a humidified atmosphere containing 5%
CO2. Postinfection, cells were washed with PBS and lysed in Laemmli
buffer. Equal amounts of protein were subjected to SDS-PAGE and trans-
ferred to a 0.2-mm pore size Immun-Blot polyvinylidene difluoride mem-
brane (Bio-Rad, Hercules, CA). Western blot was performed using an IL-1b
(clone 2805; dilution used 1:1000; R&D Systems, Minneapolis, MN) and
inducible NO synthase (iNOS; dilution used 1:200; Santa Cruz Biotech-
nology, Santa Cruz, CA) Abs. The protein band intensities were analyzed
using the online ImageJ 1.39c software provided by the National Institutes
of Health (http://rsb.info.nih.gov/ij/index.html) as described by Luke Miller
(http://www.lukemiller.org/journal/2007/08/quantifying-western-blots-without.
html). Background intensity was subtracted from each sample and normal-
ized to GAPDH. Fold change was determined as follows: (treated sample
band intensity)/(untreated sample band intensity).

Cytokine analysis

Culture supernatants from M. tuberculosis–infected MDM were filtered
through a 0.2-mM filter to remove any bacteria. Supernatants or plasma
samples were assayed for cytokines by a sandwich ELISA, which was
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conducted in accordance with the manufacturer’s instructions, with absor-
bance being recorded at 405 nm on SoftMax Pro ELISA analysis software
(Molecular Devices). IFN-g and TNF-a were quantified by comparison with
the appropriate recombinant standard (purchased from R&D Systems).

Statistical analysis

Data are shown as mean 6 SD or median (interquartile range [IQR]).
Unpaired Student test or Mann–Whitney U test were used to compare two
groups and Kruskal-Wallis test with Dunnett posttest used when more than
two groups were compared. The p values , 0.05 were considered to be
statistically significant (GraphPad Software, San Diego, CA).

Results
Patients and HD

After approval by the ethics committee and appropriate informed
consent, 20 PTB patients (11 men, 9 women) and 20 HD (10 men,
10 women) were recruited. The clinical and demographic char-
acteristics of the groups are described in Table I.

Tim3 and Gal9 expression on PBMC

We measured Tim3 and Gal9 expression on PBMC from PTB
patients and HD by multiparametric flow cytometry. A lower fre-
quency of Tim3+ cells was detected from PTB patients compared
with HD (mean 26.7 6 SD 11 versus 36.6 6 9.2%, respectively)
(p = 0.004) (Fig. 1A). Differences in Gal9 expression on PBMC
between PTB and HD were not observed (p = 0.73) (Fig. 1B). To
determine which cell types in the peripheral blood of PTB patients
expressed lower levels of Tim3, we measured Tim3 expression on
CD4+ T cells (CD3+CD4+), CD8+ T cells (CD3+CD8+), monocytes
(CD14+), and NK cells (CD16+/CD56+) (Fig. 2A). A lower fre-
quency of CD14+ monocytes expressing Tim3 was detected in PTB
patients compared with HD (p , 0.001) (Fig. 2B, 2C). However,
Tim3 expression on a per-cell basis (Tim3 mean fluorescence in-
tensity [MFI]) was comparable between PTB and HD.

Plasma concentration of proinflammatory cytokines

IFN-g and TNF-a are cytokines produced by Th1 cells that activate
macrophages to control intracellular bacterial replication and may
regulate Tim3 and Gal9 expression (9, 19–21). To determine if there
is an association between levels of Tim3 expression and the plasma
concentration of proinflammatory cytokines, we measured IFN-g
and TNF-a by ELISA. PTB patients had higher plasma concen-
trations of IFN-g and TNF-a (p , 0.001 for both molecules) (Fig.
3A, 3B). Although PTB patients had higher plasma IFN-g and
TNF-a levels, they had lower frequencies of CD14+Tim3+ mono-
cytes compared with HD (Fig. 1A). These findings suggest that
during M. tuberculosis infection, Tim3 and Gal9 expression are
regulated by signals other than IFN-g and TNF-a.

M. tuberculosis downregulates Tim3 expression and limits
macrophage activation

To address whether M. tuberculosis modulates expression of Tim3
and Gal9, we established an in vitro infection model. Peripheral

monocytes from HD were differentiated into macrophages (MDM).
The surface expression of Tim3 and Gal9 was evaluated before
and after in vitro infection with an avirulent or virulentM. tuberculosis

Table I. Baseline characteristics of the study populations

PTB Patients
(n = 20) HD (n = 20) p Value

Age (y)a 48.1 6 17.7 40.7 6 12.4 0.16
Male [n (%)] 11 (55) 10 (50) 0.75
Current smokers [n (%)] 12 (60) 8 (40) 0.20
Total leukocytes (3 103/mm3) 7.5 6 1.2 8.8 6 1.2 0.08
Hemoglobin (g/dl)a 12.4 6 2.1 13.9 6 1.3 0.13
LDH (mU/ml)a 388 6 200 303 6 87.8 0.47
Albumin (g/dl)a 3.1 6 0.67 3.08 6 0.4 1.0

aMean 6 SD.
LDH, Lactate dehydrogenase.

FIGURE 1. Tim3 expression is downregulated on total PBMC during TB

infection. The percentages of total Tim3+ (A) and Gal9+ (B) cells are indicated

for PTB patients (TB) and HD. Horizontal bars represent mean values6 SD.

Statistical analyses was performed using the Mann–Whitney U test (n = 20).

FIGURE 2. Identification of PBMC expressing Tim3. Total mononuclear

cells from TB patients and HD were analyzed. The pseudo–color density

plots show the gates used to evaluate the expression of Tim3 on CD3+,

CD4+, CD8+, CD14+, and CD16/CD56+ cells by flow cytometry. (A) The

pseudo–color plots show the strategy used to identify the Tim3 expression

on gated live cells. Representative plots are shown from one HD. Numbers

indicate the percentage of positive cells in each gate. (B and C) The fre-

quency and MFI of Tim3+ cells in PTB patients and HD were analyzed as

indicated. Bars show median values and IQR. ***p , 0.001; statistical

analyses were performed using the Mann–Whitney U test (n = 20).
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strain (H37Ra and H37Rv, respectively). We first measured the
phagocytic capacity of MDM by infecting them with fluos-M. tu-
berculosis-H37Ra and fluos-M. tuberculosis-H37Rv (MOI 10:1) for
2 h. Nearly 59.76 3.2 and 67.86 4.1% of the MDM phagocytosed
H37Ra and H37Rv, respectively (n = 5; data not shown). Both
bacterial strains led to downregulation of cell-surface Tim3 ex-
pression on M. tuberculosis–infected MDM compared with unin-
fected macrophages (M. tuberculosis-H37Rv–infected MDM,
74.9%; M. tuberculosis-H37Ra–infected MDM, 56.7%) (p ,
0.001) (Fig. 4A, 4B). Gal9 expression was also downregulated by
M. tuberculosis (p , 0.001). These data parallel our observation
that Tim3 expression is downregulated on CD14+ monocytes from
PTB patients.
Macrophage activation is required to limit intracellular bacterial

growth, and, in the absence of activation, the immune response
against the bacilli is ineffective. Therefore, we investigated whether
expression of other costimulatory molecules was modulated fol-
lowing M. tuberculosis infection. Infection with H37Ra and
H37Rv inhibited the expression of CD80, CD86, and HLA-DR
(Fig. 4C, 4D). These results were consistent with previous reports
showing that M. tuberculosis downregulates the synthesis of MHC
class II molecules by murine macrophages as well as by MDM
from HD (22–24). All molecules including Tim3 and Gal9 were
downregulated to comparable levels.

Impaired secretion of IL-1b and NO after M. tuberculosis
infection

To identify if M. tuberculosis infection alters macrophage activa-
tion and secretion of IL-1b and NO, two molecules associated with
control of intracellular bacterial growth in murine macrophages,
Western blots of the uninfected and M. tuberculosis-H37Rv–in-
fected MDM were performed. Two hours after M. tuberculosis
infection, the mature form of IL-1b was detected intracellularly
(Fig. 5A), and there was an increase in IL-1b secretion by
M. tuberculosis–infected MDM (p = 0.007) (Fig. 5B). In contrast,
although iNOS was detected (Fig. 5A), NO was not detected in
culture supernatants.

Tim3–Gal9 interaction suppresses mycobacterial replication

We previously demonstrated that macrophage treatment with the
Tim3 fusion protein promotes antimycobacterial activity (15). To
delineate how the Tim3–Gal9 pathway participates in antimicro-
bial immunity in people, we adapted our in vitro infection model
for use with human cells. Although a minor proportion of T cells
(7.2 of CD4+ and 12.4% of CD8+ T cells) from HD express Tim3,
we found that total T cells were able to restrict bacterial replica-
tion within 4 d postinfection (Fig. 6A). By normalizing the ca-
pacity of T cells to suppress bacterial growth to the amount of
bacterial growth in the absence of T cells (100%), we found that
T cells (n = 10 unique donors) led to a 73.4% reduction in bac-
terial growth (Fig. 6B). Because Gal9 binds the oligosaccharide
chains on the Tim3–IgV domain, the Tim3–Gal9 interaction can
be blocked using lactose. M. tuberculosis–infected MDM were
cultured with autologous T cells alone or in presence of increasing
concentrations of lactose. Lactose reduced the antimicrobial ac-
tivity of the macrophage in a dose-dependent manner (Fig. 6C). To
more specifically assess the participation of the Tim3–Gal9 in-
teraction in macrophage activation, we blocked Tim3 on autolo-
gous T cells or Gal9 on M. tuberculosis–infected macrophages
during the coculture. Blockade of both Tim3 and Gal9 with anti-
human Tim3 or Gal9 Abs led to a reduction in T cell-dependent
antibacterial activity of macrophages compared with isotype
control mAb (Fig. 6D). The average reduction of bacterial growth
with anti-Tim3 or anti-Gal9 mAbs was 34.6 and 34.2%, respec-
tively (n = 10 donors; Fig. 6E). To exclude the possibility that

FIGURE 3. Plasma concentrations of proinflammatory cytokines. Con-

centrations of IFN-g (A) and TNF-a (B) were measured in plasma samples

from PTB patients and HD by ELISA. Horizontal bars represent median

values and IQR. Statistical analyses were performed using the Mann–

Whitney U test. (n = 20).

FIGURE 4. Infection with M. tuberculosis de-

creases Tim3, Gal9, and costimulatory molecule

expression. MDM (106 cells) were infected with

M. tuberculosis-H37Ra (A) or M. tuberculosis-

H37Rv (B) for 2 h; MOI 10:1. Twenty-four hours

later, MDM were washed, removed from plates,

and stained with Abs for flow cytometry. The fre-

quency of Tim3+ and Gal9+ MDM between the un-

infected and infected MDM was analyzed. **p ,
0.001, Mann–Whitney U test. (C and D) MFI of

CD80, CD86, and HLA-DR from uninfected and

M. tuberculosis–infected MDM was analyzed.

Horizontal bars represent median values and IQR.

****p , 0.0001; statistical analyses were per-

formed using the Wilcoxon matched-pairs signed-

rank test (n = 6).
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blocking Abs per se could have a directly activate MDM to restrict
M. tuberculosis, we added anti-Tim3, anti-Gal9, or isotype control
mAb to the M. tuberculosis–infected MDM in the absence of

autologous T cells. No effect on bacterial growth on day 4 post-
infection was observed (Fig. 6F). This indicates that Tim3/Gal9
blockade reduces the antibacterial activity mediated by autolo-
gous T cells by ∼50%. These results confirm the participation of
the Tim3–Gal9 pathway in antimicrobial immunity during TB
infection. To analyze if the expression of Tim3 by MDM could
have any effect on intracellular bacterial growth, MDM were
preincubated with anti-human Tim3 mAb before addition of au-
tologous T cells. From three independent experiments, we iden-
tified that Tim3 expression by the macrophage was not mandatory
to control bacterial growth (Fig. 7).

Blockade of Tim3–Gal9 interaction reduces IL-1b cytokine
production

We previously demonstrated that caspase-1–dependent IL-1b se-
cretion promotes antimycobacterial immunity by M. tuberculosis–
infected macrophages (15). To identify whether a similar mech-
anism inhibits intracellular M. tuberculosis growth in human
MDM, we measured IL-1b production during coculture of au-
tologous T cells with M. tuberculosis–infected MDM. In 10 in-
dependent experiments, the secretion of IL-1b was significantly
diminished in the presence of anti-human Tim3 or anti-human
Gal9 mAb (Fig. 8). Autologous T cells or blocking mAb did not
induce IL-1b secretion in uninfected MDM. These data show that
Tim3–Gal9 interaction participates in the antimicrobial response
against M. tuberculosis by inducing secretion of IL-1b. Expres-
sion of innate cytokines such as IL-1b can activate M. tuber-
culosis–infected macrophages, promoting control of intracellular
bacterial growth by inducing secretion of other proinflammatory

FIGURE 5. IL-1b and NO2 levels in M. tuberculosis–infected MDM.

(A) Detection of mature IL-1b and iNOS in cell lysates from M. tuber-

culosis–infected MDM by Western blot. Data in (A) are from two inde-

pendent HD. (B) IL-1b measured by ELISA and NO2 by the Griess

reaction in supernatant from uninfected and M. tuberculosis–infected

MDM. Horizontal bars represent median values and IQR. Statistical

analyses were performed using the Mann–Whitney U test (n = 5).

FIGURE 6. Tim3–Gal9 interaction controls bacterial replication. (A) M. tuberculosis–infected MDM were cultured alone or with T cells. Day 1 (d1) rep-

resents the CFU in infected MDM alone 24 h postinfection, whereas day 4 (d4) is the CFU recovered 4 d postinfection in the absence of any treatment. Data are

representative of 10 independent experiments. Horizontal bars represent median values and IQR from four replicate cultures. ****p, 0.0001, one-way ANOVA

compared with day 4 macrophages alone. (B) Autologous T cells reproducibly suppress intracellular M. tuberculosis replication. Data are representative of 10

independent experiments. (C) M. tuberculosis–infected MDM were cultured alone or with T cells in the presence of increasing amounts of lactose. Data are

representative of three independent experiments. Horizontal bars represent median values and IQR from four replicate cultures. ****p, 0.0001, Kruskal-Wallis

test with Dunnett posttest compared with T cells. (D) M. tuberculosis–infected MDM were cultured alone or with T cells in the presence of 10 mg/ml of anti-

human Tim3, anti-human Gal9 mAb, or Hu-IgG (control). Horizontal bars indicate median and IQR from four replicate cultures. Data are representative of one

experiment. *p , 0.05, one-way ANOVA compared with T cells. (E) Tim3–Gal9 interaction mediates protection against M. tuberculosis. M. tuberculosis–

infected MDM were cultured alone or with T cells in the presence of 10 mg/ml of anti-human Tim3 or anti-human Gal9 mAb. Horizontal bars represent median

values and IQR from 10 independent experiments. **p, 0.05, ***p, 0.001, Kruskal-Wallis test compared with T cells. (F) In the absence of T cells, blocking

mAbs did not have an effect on bacterial growth. Horizontal bars represent median values and IQR from five independent experiments.
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cytokines that play a role during PTB. Our results demonstrate
that Tim3–Gal9 signaling induced the production of IL-1b, which
plays a crucial role in the innate control ofM. tuberculosis growth.

Discussion
We previously reported that the interaction of murine Tim3 with
Gal9 expressed by M. tuberculosis–infected macrophages led to
macrophage activation, caspase-1–dependent IL-1b secretion, and
control of intracellular bacterial growth (15); however, its role in
human immune response to M. tuberculosis infection has not been
analyzed. In this study, we explored whether the innate antimi-
crobial pathways activated by Tim3 and Gal9 in murine macro-
phages are operational in human macrophages and PTB patients.
This is the first study, to our knowledge, to demonstrate that: 1)
PTB patients and HD have comparable levels of Tim3 on T cells;
2) PTB patients have a reduced cell-surface expression of Tim3 on
CD14+ monocytes compared with HD; 3) M. tuberculosis infec-
tion inhibits Tim3 and Gal9 expression on MDM; 4) autologous

T cells control intracellular bacterial growth in a Tim3- and Gal9-
dependent manner; and 5) blocking Tim3 on the T cell and Gal9
on the infected macrophages limits secretion of IL-1b.
It is intriguing that Tim3 expression on T cells is not different

between PTB and HD. This observation is in contrast to what has
been observed for HIV and hepatitis C virus patients as well as in
a cohort of TB patients in China (6, 12, 25). In all of these studies,
Tim3 expression was associated with T cell exhaustion with
functional inability to produce cytokines and proliferate. It is
possible that Tim3 expression on T cells is modulated differently
in our cohort, either because of geographical differences in the
bacterial strain distribution or underlying differences in the host
population. We also observed that fewer Tim3+CD14+ monocytes
in the blood of PTB patients compared with HD. Feasible CD14+

Tim3+ monocytes may be depleted from the blood and recruited to
infected tissues, where they differentiate into macrophages or DC.
However, it remains to be determined whether these findings are
simply a nonspecific feature of any illness/infection or a particular
feature of the TB infection. Tim3 expression has been clearly
identified on innate immune cells, especially APCs (7). Many
studies have demonstrated that Tim3 might function as an inhib-
itory molecule on CD4+Th1 T cells; however, its role in myeloid
cells (monocytes and macrophages) is still being analyzed. What
we currently do know is that Tim3 and Gal-9 have been reported
to induce maturation of human monocyte-derived DCs and pro-
mote phagocytosis of apoptotic cells and cross-presentation of
Ags to T cells (9, 26, 27). Additionally, it has been also demon-
strated by Zhang et al. (28) that Tim3 might suppresses monocyte/
macrophage function by crosstalk with other negative immune
modulators, including programmed cell death-1 and suppressor of
cytokine signaling-1 and through altering the JAK/STAT signaling
pathway. In our study, we speculate that these mechanisms may be
participating and that a low frequency of CD14+Tim3+ monocytes
can potentially impact the total frequency of macrophages able to
phagocyte the bacilli or diminish the cross presentation and acti-
vation of T cells.
It is also unknown for us whether the expression profile of Tim3

would change after treatment of TB. IFN-g and TNF-a are proin-
flammatory cytokines critical during the immune response against
M. tuberculosis and together with IL-2, IL-7, IL-15, and IL-21
might increase cell-surface expression of Tim3 (19, 25, 29–31).
We observed an apparent paradox in that expression of Tim3 on
CD14+ monocytes did not correlate with the higher plasma con-
centrations of IFN-g and TNF-a examined ex vivo in PTB patients.
More studies will be needed to identify the molecular mechanisms
controlling Tim3 expression on monocytes from PTB patients.
M. tuberculosis evades innate immune responses in macro-

phages by arresting phagosome maturation to avoid a potentially
bactericidal environment (32) and modulating TLR-induced re-
duction of costimulatory (CD80, CD86) and Ag-presenting mol-
ecule (HLA-DR) expression (23, 24, 33). Our finding that in vitro
infection of MDM with either virulent or avirulentM. tuberculosis
strains (H37Rv and H37Rv, respectively) decreased cell-surface
expression of Tim3 and Gal9 is in agreement with the observation
that Tim3 levels are reduced on monocytes from PTB patients and
suggest that M. tuberculosis can directly modulate the expression
of Tim3. It remains to be determined whether chemotherapy
restores Tim3 expression on monocytes in treated PTB patients. If
restoration of Tim3 expression parallels reduced bacterial burden,
Tim3 expression could monitor treatment success and failures.
Our study has some limitations. First, we conducted this study

using peripheral blood samples; these cannot accurately reflect
what is happening in the lung tissue of PTB patients or in gran-
ulomas. Second, all study participants had been BCG vaccinated at

FIGURE 7. Tim3 expression by the macrophage is not required. M.

tuberculosis–infected MDM were cultured alone and preincubated with 10

mg/ml of anti-human Tim3 mAb or with Hu-IgG. Day 1 (d1) represents the

CFU in infected MDM alone 24 h postinfection, whereas day 4 (d4) is the

CFU recovered 4 d postinfection in the absence of any treatment. Hori-

zontal bars represent median values and IQR from four replicate cultures.

Data are representative of three independent experiments. Kruskal-Wallis

test compared with day 4 macrophages alone or T cells.

FIGURE 8. Blockade of Tim3–Gal9 interaction reduces production of

IL-1b. Supernatants from uninfected and M. tuberculosis–infected MDM

cultured alone or with T cells in the presence of 10 mg/ml anti-human

Tim3, anti-human Gal9, or Hu-IgG mAbs were collected 24 h postinfec-

tion and tested for IL-1b by ELISA. Open bars depict uninfected MDM.

Horizontal bars represent median values and IQR from five independent

experiments. *p , 0.05, **p , 0.01, Kruskal-Wallis test compared with

T cells.
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birth, which is an immunization policy in Mexico. We recognize
that pre-exposure to M. tuberculosis Ags might modify the ex-
pression profile of Tim3 and Gal9 on PBMC. However, this was
true for both PTB and HD groups, and, despite the pre-exposure to
mycobacterial Ags, we were able to identify differences between
PTB patients and HD with respect to the frequency of CD14+

Tim3+ monocytes. Third, other control groups such as HD, not
vaccinated with BCG with or without latent TB infection, would
have allowed us to determine whether BCG vaccination has any
effect on Tim3 expression.
In summary, we have shown that Tim3–Gal9 interaction directly

participates in the adaptive immune responses against M. tuber-
culosis infection in humans. We speculate that Tim3 expression by
T cells and Gal9 expression by monocytes/macrophages is tightly
regulated to modulate macrophage activation and IL-1b secretion.
Dysregulation of these molecules could have detrimental conse-
quences for the host and in the control of M. tuberculosis growth.
Understanding how the Tim3–Gal9 pathway functions during PTB
will provide insight into how the host responds to chronic stim-
ulation by human pathogens and how such responses might be
related to the immunopathogenesis of chronic infectious diseases.
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