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Abstract

Rationale: The development of host-targeted, prophylactic, and
therapeutic interventions against tuberculosis requires a better
understanding of the immune mechanisms that determine the
outcome of infection with Mycobacterium tuberculosis.

Objectives: To identify T-cell-dependent mechanisms that are
protective in tuberculosis.

Methods: Multicolor flow cytometry, cell sorting and growth
inhibition assays were employed to compare the frequency,
phenotype and function of T lymphocytes from bronchoalveolar
lavage or the peripheral blood.

Measurements and Main Results: At two independent study sites,
bronchoalveolar lavage cells from donors with latent tuberculosis
infection limited the growth of virulent Mycobacterium tuberculosis
more efficiently than those in patients who developed disease.
Unconventional, glycolipid-responsive T cells contributed to
reduced mycobacterial growth because antibodies to CD1b inhibited

Protection against infection with

Mycobacterium tuberculosis (Mtb) is
dependent on a balanced interaction
between the innate and the adaptive

immune systems. After inhalation of
mycobacteria-containing droplets, one
group of individuals will clear the infection
by innate immune responses (1). In a

this effect by 55%. Lipoarabinomannan was the most potent
mycobacterial lipid antigen (activation of 1.3% T lymphocytes) and
activated CD1b-restricted T cells that limited bacterial growth. A
subset of IFN-y-producing lipoarabinomannan-responsive T cells
coexpressed the cytotoxic molecules perforin, granulysin, and
granzyme B, which we termed polycytotoxic T cells. Taking advantage
of two well-defined cohorts of subjects latently infected with
Mpycobacterium tuberculosis or patients who developed active disease
after infection, we found a correlation between the frequency of
polycytotoxic T cells and the ability to control infection (latent
tuberculosis infection, 62%; posttuberculosis patients, 26%).

Conclusions: Our data define an unconventional CD8 " T-cell
subset (polycytotoxic T cells) that is based on antigen recognition
and function. The results link clinical and mechanistic evidence
that glycolipid-responsive, polycytotoxic T cells contribute to
protection against tuberculosis.

Keywords: cytotoxicity; glycolipid antigens; infectious
immunology; unconventional T cells

second group, elimination of Mtb requires
activation of macrophages by antigen-
specific effector T cells as part of the
adaptive immune response by secretion of
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At a Glance Commentary

Scientific Knowledge on the
Subject: The development of host-
targeted, prophylactic, and therapeutic
interventions against tuberculosis
requires a better understanding of the
immune mechanisms that determine
the outcome of infection with
Mpycobacterium tuberculosis.

What This Study Adds to the
Field: Our data define a novel CD8"*
T-cell subset, termed polycytotoxic

T cells, based on antigen recognition
and function, which contributes to
protection against tuberculosis in
humans. The findings should
encourage the search for strategies that
target the expansion and functionality
of glycolipid-responsive, antimicrobial
CD8" T cells toward engendering
protective immunity in tuberculosis.

cytokines, cytotoxicity, or release of
antimicrobial peptides. These subjects
remain healthy and will maintain a pool of
Mtb-specific memory cells that can be
identified ex vivo by IFN-v release
following Mtb antigen-specific stimulation.
A positive IFN-y release assay in healthy
individuals with no history of active
tuberculosis infection defines latent
tuberculosis infection (LTBI) (2).
Individuals with LTBI successfully control
mycobacterial infection and are protected from
the development of active disease (3, 4). Less
than 5% of infected individuals will develop
active tuberculosis during the following years if
innate and adaptive immunity fail to control
the proliferation of Mtb (5).

Because of the critical role of T cells in
protecting against tuberculosis, the
investigation of T-cell recognition of Mtb
antigens and subsequent functional
responses are of fundamental importance.
Much has been learned from the study of
classical T-cell responses involving the
recognition of peptide antigens in the
context of major histocompatibility
complex (MHC) class I and MHC class II
molecules. However, in experimental
animal studies and a recent human
vaccine trial, CD4" T cells producing
IFN-vy appeared to be necessary but not
sufficient for protection in tuberculosis, and
the role of conventional CD8" T cells
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remains unclear. Evidence is accumulating
that nonclassical antigen-presenting
molecules such as the MHC class I-like
molecules HLA-E (6-8), MR1 (9), or group
1 CD1 molecules (10) extend the spectrum
and biochemical diversity of antigens
recognized by the T-cell receptor. The
unique ultrastructure of group 1 CD1
molecules (CD1a, CD1b, and CDIc)
facilitates binding to lipophilic compounds
that can subsequently be presented to
T cells. Mycobacterial lipid antigens
identified to date include mycolic acids (11),
lipoarabinomannan (LAM), phosphatidyl
inositol mannan (PIM) (12), glucose
monomycolate (GMM) (13), diacylated
sulfoglycolipid (Ac,SGL) (14),
dideoxymycobactin (15), and glycerol
monomycolate (GroMM) (16). Functionally,
CD1-restricted T cells have been shown to
activate macrophages by the release of Thl
cytokines and to mediate an antimicrobial
pathway dependent on the granular proteins
perforin and granulysin (17, 18).

A major obstacle in clarifying the
in vivo relevance of CD1-restricted T cells is
the lack of group 1 CD1 molecules in mice,
the prevalent animal model for studying
immune responses in tuberculosis. Even
though lipid- and glycolipid-specific T cells
can be readily detected in Mtb-primed
individuals (10) and patients with
tuberculosis even years after recovery (19),
in-depth functional studies of this subset in
clinical cohorts are lacking. The aim of this
study was therefore to evaluate the functional
relevance of CD1-restricted T cells to protect
humans from tuberculosis in a large and well-
defined cohort of LTBI donors or patients
with tuberculosis after completion of therapy
(post-TB). We identified LAM-responsive
T cells that coexpress perforin, granzyme B,
and granulysin (“polycytotoxic T cells”) as an
antimicrobial effector subset in human
tuberculosis. The frequency of lipid-
responsive polycytotoxic T cells correlated
with protection from active disease, which
reinforces the concept of exploiting
CD1-restricted lipid antigens for immune
prophylaxis and therapy against tuberculosis.

Methods

Study Population

Donors for bronchoalveolar lavage (BAL)
and peripheral blood were recruited as part
of the prospective, multicenter Pulmonary
Tuberculosis—Host and Pathogen

Determinants of Resistance and Disease
Progression study between 2008 and 2014.
Blood donors with LTBI were recruited
from two groups (20): (1) health care
workers from 18 German pulmonary
medicine centers (see online supplement)
with regular contact with patients with
tuberculosis (>2 yr) and (2) household
contact persons who were recruited by
health care centers (Frankfurt, Hamburg,
and Hannover) and who were exposed for
more than 40 hours in total to a patient
with smear-positive tuberculosis. Post-TB
patients were defined as individuals with a
history of pulmonary tuberculosis who
completed a standard course of tuberculosis
treatment more than 6 months in duration
before enrollment. Subjects with known
HIV infection were excluded. Healthy
contact persons were offered BAL
performed according to current German
guidelines (21). The study protocol was
initially approved by the University of
Liibeck ethics committee (reference 07-125)
and was adopted by the ethics committees
of all participating centers. Written
informed content was received from
participants before inclusion in the study.

Lipid-Responsive IFN-vy Release by

T Cells

Blood samples were used either on the same
day of venipuncture (Institute for Clinical
Transfusion Medicine and Immunogenetics
Ulm) or after overnight delivery from the
health care centers and pulmonary medicine
clinics. The study did not include frozen
samples. CD1" antigen-presenting cells
(APCs) were differentiated from plastic
adherent peripheral blood mononuclear
cells (PBMCs) by treatment with
granulocyte-macrophage colony-
stimulating factor (10 wg/ml; Miltenyi
Biotec Bergisch Gladbach, Germany) and
IL-4 (10 pg/ml; BioLegend, San Diego, CA)
for 4 = 1 days. CD1" APCs expressed
MHC class II (95 * 6%), CD1a (25 *= 12%),
CD1b (64.3 = 15%), CD1c (84 = 13%),
CD86 (95 = 5%), CD40 (99 * 0.4%), and
the mannose receptor (92 = 5%). CD1™
APCs were added to autologous
nonadherent cells (1:1 ratio), which had
been maintained with IL-2 (10 IU of
Proleukin; Novartis, Basel, Switzerland) for
4 * 1 days. Lipid antigens were added for
18 hours, and the IFN-vy concentration in
the supernatants was measured by
sandwich ELISA (Thermo Fisher Scientific,
Waltham, MA) according to the
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manufacturers instructions (sensitivity,
16-64 pg/ml).

Detection of Polycytotoxic T Cells by
Flow Cytometry

CD1" APCs (5 X 10°) were mixed with
15 X 10° nonadherent PBMCs (1:3 ratio).
Cultures (4 X 10%/well) were incubated in
the presence of LAM (10 pg/ml) for

14 hours before brefeldin A (10 pwg/ml;
Sigma-Aldrich, St. Louis, MO) was added
to the cultures for the final 4hours of
incubation. Cells were harvested, and
antibodies directed against cell surface
antigens (CD3, CD4, and CD8) were added
for 30 minutes at 4°C. Cells were fixed with
paraformaldehyde (2%; Sigma-Aldrich)
for 20 minutes on ice in the dark,
permeabilized with BD Perm/Wash
solution (BD Biosciences, San Jose, CA),
and incubated with anti-perforin-
fluorescein isothiocyanate (3 pl),
anti-granzyme B-APCs (2 ul), and
antigranulysin (1 wl of 1:50 diluted
rabbit serum). After washing with BD
Perm/Wash solution, a biotinylated goat
antirabbit antibody (0.5 pl) was

added, followed by labeling with
streptavidin—phycoerythrin-cyanine 7

(0.5 pl). Cells were immediately analyzed
using a BD FACSCanto II system

(BD Biosciences) and FlowJo software
(FlowJo, Ashland, OR). For the detection of
polycytotoxic T cells, at least 5 X 10° cells
were acquired per sample.

Statistics

The Mann-Whitney U test or Wilcoxon
matched pairs signed-rank test was used to
determine statistical significance between
study cohorts. Differences were considered
significant at P < 0.05.

Results

Effect of BAL Cells from LTBI Donors
and Post-TB Patients on the Growth
of Mtb

To identify T-cell populations involved in
local protection against tuberculosis, we
compared the ability of BAL cells to control
Mtb growth in two different cohorts (see
Table El in the online supplement). BAL
cells were incubated with virulent Mtb (20),
and the number of viable bacilli was
determined after 2 hours and 5 days by
growth inhibition assay. Mycobacterial
multiplication was less pronounced in LTBI
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Figure 1. Effect of bronchoalveolar lavage (BAL) cells on the growth of Mycobacterium tuberculosis
(Mtb). Atotal of 2 X 10° freshly isolated BAL cells were incubated with 1 X 10° Mtb cells. The number
of colony-forming units was determined 2 hours and 5 days after infection by plating cell lysates. (A)
The x-fold multiplication between 2 hours and 5 days of all donors tested is shown. Experiments were
performed at different study sites (Ulm [left panel] and Borstel [right panel]). P values were calculated
using two-tailed Mann-Whitney U tests. Horizontal bars represent the medians. (8) A total of 2 x 10°
BAL cells from donors with latent tuberculosis infection (LTBI) were preincubated with neutralizing
antibodies (10 wg/mi) against antigen-presenting molecules for 1 hour before 1 x 10° Mitb cells were
added. The number of colony-forming units was determined after 2 hours and 5 days by plating
cell lysates. The figure presents the average x-fold multiplication = SEM from three different donors.
Ab = antibody; MHC = major histocompatibility complex; TB = tuberculosis.
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donors (n=7) than in post-TB patients
(n=37) (median, 5.8 vs. 16 Mtb
multiplication) (Figure 1A, left panel). A
second group of individuals (n =27)
recruited within the same study but at
different sites served as a validation cohort.
Experiments performed by different
researchers in a different laboratory
confirmed that BAL cells from LTBI
donors (n=11) were more efficient in
limiting Mtb growth than those in post-TB
patients (n = 16) (median, 0.62 vs. 4.3 Mtb
multiplication) (Figure 1A, right panel).
Therefore, the capacity of BAL cells to
restrict mycobacterial growth correlated
with the ability to prevent the development
of active disease after infection with Mtb.
Antimicrobial activity is a hallmark
of MHC class I-restricted T lymphocytes
but has also been associated with
CDI1-restricted T cells that recognize
mycobacterial lipid antigens. To determine
the contribution of the respective antigen
presentation pathways, we measured
the effect of neutralizing antibodies on
mycobacterial proliferation in BAL cells of
three donors with LTBI in which the cell
yield was sufficient. MHC class I-, MHC
class II-, and CD1b-restricted T cells were
involved in growth inhibition, whereas
antibodies directed against CD1a, CDlIc, or
the isotype control antibody had no effect
(Figure 1B). As expected, MHC-restricted
T cells were the major antimicrobial subset,
but our findings are novel in that that
CD1b-dependent T-cell activation
contributed to the restriction of Mtb
growth in human BAL cells.

Antigen-Specific T-Cell Activation by
Purified Mycobacterial Lipids

Few mycobacterial lipids have been shown
to be recognized by CD1b-restricted T cells
(10). To select for the most immunogenic
lipid for detailed mechanistic analysis, we
compared the ability of purified LAM,
GroMM, Ac,SGL, PIM, and mycolic acid to
activate T cells. Because these experiments
required a large number of cells, we
obtained buffy coat preparations from
healthy donors (n=398) (Table E2), which
were screened for the response to PPD by
measuring IFN-vy release (Figure E1). PPD™
donors (n =187 [47%]) were further
analyzed for reactivity to mycobacterial
lipids in the presence of autologous CD1™"
APCs. Preliminary experiments revealed
that diluents alone (dimethyl sulfoxide or
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Figure 2. Antigen-specific T-cell activation by purified mycobacterial lipids. (A) Nonadherent
peripheral blood mononuclear cells (PBMCs) and autologous CD1™ antigen-presenting cells (APCs)
(3:1 ratio) were incubated with purified lipid antigens as indicated (solid triangles, lipoarabinomannan
[LAMY]; open boxes, glycerol monomycolate [GroMM); solid boxes, diacylated sulfoglycolipid
[AcoSGL]; open circles, phosphatidyl inositol mannan [PIM]; solid circles, mycolic acid). After
overnight incubation, brefeldin was added for the final 4 hours of incubation. The frequency of
CD3"/IFN-y" T cells was determined by flow cytometry. Experiments were performed in triplicates.
Error bars show the SD. The figure shows a representative result of five different donors. (B)
Nonadherent PBMCs and autologous CD1" APCs (ratio 3:1) obtained from PPD™ individuals were
incubated with total lipid or purified lipid antigens (10 wg/ml). IFN-y concentration in the supernatant
was measured by ELISA after 18 hours. Donors were scored positive if lipid-induced IFN-y release
was threefold greater than the unstimulated control. The number of donors responding to total lipid
(n=65) was set as 100%. The figure gives the percentage of total lipid-responsive donors that
responded to the purified lipids.
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chloroform/methanol) in concentrations
used for these experiments had no effect on
the viability or IFN-vy release of T
lymphocytes (not shown). The frequency
of lipid-responsive T cells was highest at
10 pg/ml, most notably for LAM (1.3%
responsive T cells) (Figure 2A), so this
concentration was used for the consecutive
experiments. Of 187 PPD* donors, 65
(35%) responded to total lipid, of which
40 (62%) released IFN-vy after stimulation
with LAM (Figure 2B). T cells from total
lipid-responsive donors were also activated
by GroMM (49%), Ac,SGL (36%), PIM
(36%), and mycolic acid (22%), albeit to a
lesser extent (Figure 2B). Because the
frequency of IFN-y-producing T cells
(Figure 2A) and the percentage of reactive
donors (Figure 2B) were highest for LAM,
we decided to focus on this glycolipid for
comparative and mechanistic analyses.

Frequency of LAM-Responsive

T Cells in Healthy Donors

To estimate the contribution of LAM to
the immunogenicity of mycobacterial
lipids, we compared the frequency of
IFN-y-expressing cells after stimulation
with Mtb LAM or total Mtb lipid (both

at 10 wg/ml) in 12 healthy donors known
to respond to LAM. As expected, the
frequency of IFN-y " cells was higher for
the mixture of total lipids, but LAM alone
stimulated nearly half as many T cells
(median, 0.9% vs. 1.4%) (Figure 3A). T-cell
activation by LAM was almost completely
abrogated by neutralizing antibodies

to CD1b (Figure 3B), confirming

previous findings (12). These results
demonstrate that LAM is one of the major
T-cell-stimulating antigens, if not the
major T-cell-stimulating antigen, within

a total lipid extract of Mtb.

LAM-Responsive T Cells Limit the
Intracellular Growth of Mtb

Because CD1-restricted T cells contribute to
the limitation of Mtb growth by BAL cells
(Figure 1B), we hypothesized that LAM
activates T cells with antimicrobial activity.
PBMCs were stimulated with LAM in the
presence of CD1" APCs, and IFN-y™ cells
were enriched by a magnetic bead-based
assay. After 3 days of rest, a growth
inhibition assay was performed with
LAM-responsive T cells (>70% purity)
and Mtb-infected autologous CD1 " APCs.
The bacterial load after 48 hours was
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Figure 3. Frequency of lipoarabinomannan (LAM)-responsive T cells in healthy donors. (A)
Nonadherent peripheral blood mononuclear cells (PBMCs) and CD1™ antigen-presenting cells (APCs)
from LAM-responsive donors were stimulated with LAM (10 pg/ml) or total lipids, and the frequency
of CD3*IFN-y* T cells was determined after overnight incubation by intracellular flow cytometry.
The graph shows the individual results of all 12 donors tested. The P value was calculated using
the Wilcoxon matched-pairs signed-rank test. The horizontal bars represent the medians. (B)
Nonadherent PBMCs and CD1* APCs from LAM-responsive donors were preincubated (1 h) with
neutralizing antibodies to antigen-presenting molecules as indicated (10 wg/ml each) before LAM (10
prg/ml) was added. After 18 hours of incubation, the concentration of IFN-y in the supernatants was
measured by ELISA. The figure shows the reduction of IFN-y™ cells as a percentage compared
with the samples incubated with LAM in the absence of antibodies. The results are shown as the
average = SEM of three donors. The frequency of LAM-responsive cells in the control cultures
was 1.02%. Ab = antibody; MHC = major histocompatibility complex.
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reduced by LAM-responsive T cells in a
dose-dependent manner from 7.9 X 10 cfu
(effector/target [E:T] ratio, 0.3:1) to 3.0 X
10° cfu (E:T ratio, 10:1), corresponding to a
growth reduction of 62% (Figure 4A, solid
circles). In contrast, the IFN-y~ fraction
of the same sample did not affect
mycobacterial viability (7.7 X 10° cfu at an
E:T ratio of 0.3:1 vs. 7.2 X 10° cfu at an E:T
ratio of 10:1) (Figure 4A, open circles).
Similarly, Mtb readily proliferated in
macrophages in the absence of T cells
(Figure 4B, solid squares) or in the presence
of unsorted nonadherent PBMCs

(Figure 4B, open squares), whereas LAM-
stimulated IFNy™* T cells (Figure 4B, solid
circles) suppressed the number of viable
bacilli below the initial inoculum.
Mycobacterial growth was restored by
neutralizing antibodies to CD1b,
confirming that the effect was dependent
on CD1b-restricted T-cell activation
(Figure 4C). These in vitro results suggested
that LAM-reactive T cells possibly
contribute to protection in tuberculosis.

Frequency of LAM-Responsive

T Cells in LTBI Donors and Post-TB
Patients

In the absence of an appropriate animal
model for studying group 1 CD1-mediated
immune responses in vivo, we investigated
whether the frequency of LAM-reactive

T cells correlates with the ability to control
Mtb infection in humans. We recruited two
cohorts reflecting divergent clinical
responses to infection with Mtb (Table E2).
The first cohort comprised positive IFN-y
release assay donors in whom infection was
controlled after close contact with patients
with tuberculosis (LTBI; n =22). The
second cohort included individuals who
had been successfully treated for active
tuberculosis (post-TB; n = 18). The
frequency of IFN-y-producing, LAM-
responsive T cells was similar in both
groups (median, 0.61 for LTBI vs. 0.62 for
post-TB) (Figure 5), arguing against a
correlation between the frequency of LAM-
reactive T cells and the outcome of
infection with Mtb. Phenotypic analysis of
LAM-responsive, IEN-y " T cells in six
donors (three LTBI and three post-TB)
demonstrated that the majority was CD4™"
(81 = 5%) while 12 * 3% were CD8" and
8 = 3% were CD4 CD8" (Figure E2). Even
though the study size did not permit statistical
evaluation, there was no striking difference
between LTBI and post-TB donors.

10 4

0.3:1 11 3:1 10:1
Effector — Target Ratio

0 hrs 48 hrs

Time after infection

antibody control CD1a CD1b CD1c MHC | MHC 1l

lipoarabinomannan-specific T-cells

Figure 4. Lipoarabinomannan (LAM)-responsive T cells limit the intracellular growth of
Mycobacterium tuberculosis (Mtb). (A) A total of 100 X 10° nonadherent peripheral blood
mononuclear cells (PBMCs) of LAM-reactive donors and 30 x 108 autologous CD1™" antigen-
presenting cells (APCs) were stimulated with LAM (10 wg/ml), and IFN-y-secreting cells were
enriched by an IFN-y secretion assay after overnight incubation. Enriched IFN-y~ (open circles) or
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Figure 5. Frequency of lipoarabinomannan
(LAM)-responsive T cells in latent tuberculosis
infection (LTBI) and posttuberculosis (post-TB)
donors. Nonadherent peripheral blood
mononuclear cells and autologous CD1*
antigen-presenting cells (3:1 ratio) were
incubated with LAM (10 pg/ml). The frequency
of CD3*IFN-y* T cells was determined after
overnight incubation by intracellular flow
cytometry. The figure presents the individual
results of all donors tested. The P value (0.7751)
was calculated using the Mann-Whitney U test
for two-tailed samples. The horizontal bars
represent the medians.

Frequency and Phenotype of
LAM-Responsive Polycytotoxic

T Cells in LTBI and Post-TB Donors
Because the frequency and phenotype of
LAM-reactive T cells did not discriminate
between donors with LTBI and post-TB
patients, we hypothesized that functional
differences account for the divergent
outcome of infection. Given the restriction
of Mtb growth by LAM-reactive T cells
(Figure 4), we analyzed the expression of
perforin, granulysin, and granzyme B, three
granular proteins that define a pathway for
T-cell-mediated killing of intracellular
bacteria (17, 22). PBMCs and autologous

CD1" APCs from LTBI donors (n =28) or
post-TB patients (n=51) were stimulated
overnight with LAM and analyzed by
multicolor flow cytometry. CD3"/IFN-y*
cells were simultaneously stained for
granulysin, perforin, and granzyme B
as detailed in the online supplement
and Figure 6A. LAM-responsive
CD3"/IFN-y " /granulysin " cells that
coexpressed perforin and granzyme B were
significantly more frequent (P < 0.0001) in
donors with LTBI than in post-TB patients
(median, 62 vs. 26%) (Figures 6B and 6C).
On the basis of the coexpression of three
granular cytolytic effector molecules at the
single-cell level, we termed these cells
polycytotoxic T cells. Granulysin single-
positive and granulysin " /granzyme B
double-positive cells were more frequent in
post-TB patients, whereas as the number of
granulysin * /perforin " /granzyme B~ cells
was equally low in both cohorts (Figure 6B).
These results show that LAM-
responsive polycytotoxic T cells are more
frequent in LTBI donors (potentially
protected because they did not develop
disease after close contact) than in post-TB
patients (potentially susceptible because
these patients developed active disease
after close contact) (Figure 6C). The
coexpression of cytolytic molecules was
reminiscent of CD8 "CD45RA " effector
memory T cells (Tgpmra), which have been
implicated in protection against Mtb
infection in humans (23, 24). Therefore,
we additionally investigated the expression
of CD4 and CD8 on the cell surface of
LAM-reactive polycytotoxic T cells.
Virtually all LAM-responsive polycytotoxic
T cells expressed CD8 (Figure 6D). It
remains to be determined whether these
cells are CD45RA™/CCR7 "~ and define a
subset of CD8" Trmra.

Discussion

Our understanding of the immune
mechanisms that determine the outcome

of infection with Mtb in humans, including
protection against active disease, is limited.
In the present study, we defined a new
CD8" T-cell subset, which we termed
polycytotoxic T cells, that is based on antigen
recognition and function and may contribute
to protection against tuberculosis in humans.
The induction of glycolipid-specific CD8*
T-cell responses represents a novel mechanism
of protective immunity against tuberculosis.

The finding that polycytotoxic T cells
are directly related to disease outcome in
tuberculosis indicates that the coexpression
of perforin, granzyme B, and granulysin
confers an advantage for host defense
against Mtb. These cytotoxic granule
contents are required for CD8™"
T-cell-mediated antimicrobial activity
(18). Perforin forms a pore into infected
macrophages and delivers granzyme and
granulysin into the infected cell. Granulysin
itself has direct antimicrobial effects against
Mtb (17) by altering the bacterial membrane
permeability (25). On the basis of its critical
role in mediating antimicrobial activity,
granulysin may prove to be a biomarker for
protection in tuberculosis. The plasma levels
of granulysin correlate with successful
treatment of tuberculosis (26, 27), and the
expression of granulysin at the site of
mycobacterial infection correlates with
protection (28, 29) and vaccine efficacy (30).
Strikingly, the local delivery of granulysin
by a recombinant adenovirus reduced the
proliferation of Mtb in mice, highlighting
the therapeutic potential of cytotoxic
molecules (31).

More recently, it was shown that all
three granular proteins are essential in
mediating antimicrobial activity against
Escherichia coli. In this cell-free model,
granulysin perturbs the bacterial cell
membrane to permit the entry of granzymes
into the cytosol and initiate the production
of bactericidal oxygen radicals (22).

The isolation of polycytotoxic T cells
requires permeabilization of the cell
membrane. Thus, our functional studies

Figure 4. (Continued). IFN-y" (solid circles) cells were incubated with Mtb-infected (multiplicity of infection [MOI], 5) autologous CD1* APCs at different
effector/target (E:T) ratios as indicated. After 48 hours, the number of viable bacilli was determined by counting the number of colony-forming units (CFU)
in cell lysates. The figure presents the average results of four donors = SEM. (B) Different populations of effector cells (solid squares, no T cells; open
squares, nonadherent PBMCs; open circles, LAM-stimulated, IFN-y~; solid circles, LAM-stimulated, IFN-y™) were incubated in triplicate with
Mtb-infected (MOI, 5) CD1* APCs (E:T ratio, 10:1). After 48 hours, the number of viable bacilli was determined by counting the number of colony-forming
units. The figure shows a representative result of three independent donors. Error bars give the SD of the triplicates for each sample. (C) CD1* APCs
were infected with Mtb (MO, 5) and preincubated with neutralizing antibodies to antigen-presenting molecules (10 pwg/ml) for 1 hour. LAM-responsive,
IFN-y—secreting cells were enriched as in A and added to the cultures (E:T ratio, 10:1) for 48 hours before the bacterial load was determined by
counting colony-forming units. The graph presents the average result = SEM of three different donors. MHC = major histocompatibility complex.
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Figure 6. Frequency and phenotype of lipoarabinomannan (LAM)-responsive polycytotoxic T cells in latent tuberculosis infection (LTBI) and posttuberculosis
(post-TB) donors. A total of 10 X 10° nonadherent peripheral blood mononuclear cells (PBMCs) and autologous CD1* antigen-presenting cells (APCs) (3:1 ratio)
were stimulated with LAM (10 wg/ml) for 18 hours. Brefeldin was added for the final 4 hours of incubation. Cells were then stained for CD3, IFN-y, granulysin,
granzyme B, and perforin. At least 1 X 10° cells were analyzed by flow cytometry. (A) A representative result for LTBI donors (n = 28) and post-TB patients (n = 51)
is shown. (B) The individual results of all donors investigated (solid circles, post-TB; open circles, LTBI) are shown. Statistical significance was calculated using
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Figure 6. (Continued). the Mann-Whitney U test (P < 0.0001). Horizontal bars represent the mean
values. (C) The pie charts present a summary of the individual data shown in (B). (D) Nonadherent PBMCs
and CD1* APCs were stimulated as described above, and CD3™/IFN-y* polycytotoxic T cells were
further characterized by CD4 and CD8 labeling. At least 3 X 10° cells were acquired for each

sample. The graph presents one representative result of three different donors. n.s. = not significant;

SSC = side scatter.

had to rely on LAM-responsive T cells that
were isolated on the basis of release of
IFN-v. Nevertheless, the correlation
between the CD1b-restricted suppression
of Mtb growth and the frequency of

CD1b-restricted polycytotoxic T cells
suggests that this population is responsible
for the growth inhibition of Mtb. The
identification of a specific pattern of cell
surface markers, such as by forward genetic

Busch, Herzmann, Kallert, et al.: LAM-Specific T Cells Protect against Tuberculosis

analyses, should facilitate purification of
polycytotoxic T cells and lead to a broader
understanding of this subset in tuberculosis
and other infectious or inflammatory
diseases.

While the initial characterization of
CD1-restricted human T cells suggested a
phenotype comprising CD4™ /CD8" and
CD8™ T cells (12, 18, 32, 33), the recent
development of CD1b tetramers has shed
new light on the understanding of
glycolipid-reactive T cells in the peripheral
blood. GMM-specific T cells express high-
affinity, germline-encoded T-cell receptors
or more diverse T-cell receptors with low
affinity for CD1b-lipid complexes (34).
Interestingly, GMM-loaded CD1b
tetramers bind predominantly to CD4 ™"

T cells, suggesting that this subset is the
major target for mycobacterial glycolipid
antigens (35). By using an indirect
approach (IFN-vy release), we also found
that the majority of glycolipid-responsive
T cells in the peripheral blood were CD4™*
(Figure E1). Our analysis of IFN-y" T cells
that coexpress three cytotoxic molecules
clearly selected for CD8" T cells within the
heterogeneous population of LAM-
responsive T cells (Figure 6B). Therefore,
the majority of LAM-responsive T cells in
terms of IFN-vy release in the peripheral
blood are CD4 ", whereas polycytotoxic

T cells are confined to the CD8"
compartment.

Previously, we demonstrated that
CD8" Trmra express granulysin and
perforin and exert profound
antimycobacterial activity (23). The
decreased frequency of these effector T cells
correlated with an increased risk for
development of severe infections with
intracellular bacteria in patients receiving
therapy with anti-tumor necrosis factor-a
antibodies (36). CD8" Tgmra responding
to mycobacterial protein antigens were also
more prevalent in protected donors than in
patients with active disease (24). In the
present study, the frequency of glycolipid-
responsive CD8" polycytotoxic T cells
positively correlated with the ability to
prevent active tuberculosis and develop
LTBI after intense contact with an index
patient. Taken together, these findings
provide evidence that a functional subset
of CD8" T cells combining all three
cytolytic and antimicrobial effector
molecules—perforin, granzyme B, and
granulysin—contribute to protection
against intracellular bacteria in humans.
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Our results do not rule out the possibility
that polycytotoxic T cells are abundant in
post-TB patients before Mtb infection, are
then depleted during active disease, and
consequently are less frequent after
treatment. However, on the basis of recent
findings, we hypothesize that 6 months
after the completion of therapy, which was
our inclusion criterion, the T-cell memory
pool will have recovered to the predisease
level (37).

In addition to CD1b-restricted T cells,
our data indicate a role for MHC class I-
and MHC class II-restricted T cells in
contributing to the mycobacterial growth
inhibition of human bronchoalveolar cells.
It remains to be determined whether other
CD8" T-cell populations, including MHC
class I- or HLA-E-restricted subsets that
are known to exert antimycobacterial
activity, are similarly polycytotoxic
(8, 18, 38). CD8" MRI-restricted
mucosal-associated invariant T cells lyse
Mtb-infected macrophages, produce Thl
cytokines, and are enriched in the respiratory
tract of patients with active tuberculosis (39).
They express perforin, granzyme B, and
granulysin, although it remains to be
determined whether there is a distinct

polycytotoxic subpopulation simultaneously
expressing all three granular proteins.

We believe that these results have
significance for understanding the dynamics
of clinical tuberculosis and implications for
vaccine development. While it is widely
believed that Mtb infection does not protect
against reinfection, there are compelling
data that LTBI can indeed provide up to
80% protection against subsequent disease
(3, 4). That raises the question why there is
such a high rate of recurrence in patients
apparently successfully treated in areas
where TB is highly endemic. It is possible
that latent infection provides a continuous
level of stimulation required for maintaining
the pool of protective memory cells, and
successful treatment reduces the antigen load
below this critical threshold. Thus, post-TB
patients may be more appropriately assigned
to the susceptible epidemiologic category.
That suggests that vaccination of treated
patients in high endemic areas may be able to
maintain a protective level of immune
responses and reduce recurrence of
tuberculosis. It further suggests that, in future
vaccine trials, inclusion of lipid antigens that
can generate polycytotoxic T cells may
provide enhanced protection.

In summary, we introduce an
unconventional, phenotypically distinct
T-cell subset limiting the multiplication of
Mtb, the CD8" polycytotoxic T cells. Our
findings should encourage a search for
strategies to identify antigens or immune-
modulatory compounds that directly target
the expansion and functionality of CD8™
polycytotoxic T cells toward engendering
protective immunity in human
tuberculosis.
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