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Tuberculosis (TB) remains a major cause of mortality and
morbidity worldwide. Currently, a third of the world’s
population is infected with Mycobacterium tuberculosis, the
causative agent of TB, and annually there are 10 million
new cases of clinical TB and approximately 2 million deaths
[1]. TB kills more individuals each year than any other
bacterial pathogen, and alarmingly, current control practices
have not been able to significantly reduce the incidence of
the disease over the past 15 years [1]. The current vaccine
in use, Mycobacterium bovis bacille Calmette-Guérin (BCG),
has been unable to limit the transmission of the disease, and
the problem is compounded by the HIV/AIDS pandemic
and the emergence of multidrug resistant strains of M.
tuberculosis including extensively drug-resistant strains in
multiple countries [2]. There is thus an urgent need to better
understand the host response to M. tuberculosis and develop
more effective strategies to control TB.

This special issue contains original research reports
and review articles covering a number of aspects of TB
immunity. The first series of articles focuses on immune
response to M. tuberculosis in humans. These studies range
from the expression of cytolytic mediators following BCG
vaccination in children (P. L. Semple et al.), control of
antigen presentation function (A. Aquino et al.), changes
in cellular makeup during postprimary TB (K. J. Welsh et
al.), and treatment of disseminated infection in immuno-
compromised individuals (A. A. Alangari et al.). The reviews
of S. Meraviglia et al. and H. Saiga et al. describe the role of
immune effectors in mycobacterial infection, while articles

describing M. tuberculosis strain diversity (E. Nava-Agliluera
et al.), TB in myelitis (Y. Feng et al.), and humans T- and B-
cell responses to immunodominant mycobacterial antigens
(G. C. Macedo et al.) also form part of this special issue.

New insights on the interaction of M. tuberculosis with
the host are also provided in this special issue. The reviews of
M. Abebe et al., S. L. Sampson et al., and S. Ahmad describe
pathogenic mechanisms and virulence factors expressed by
M. tuberculosis, while the research articles of N. Sanarico et
al. and E. Giacomini et al. investigate the transcriptional and
cytokine response of host cells to M. tuberculosis infection.
Reviews on TB transcriptomics (C. R. Zéirate-Bladés et
al.) and granuloma liquefaction (P.-J. Cardona) provide
further insight into the disease process during M. tuberculosis
infection.

The development of new vaccines is a major goal of
TB research programs, and this special issue contains a
number of articles investigating vaccine design and testing
in animal models. G. G. Guerrero and C. Locht report
on the use of recombinant antigens to boost BCG-induced
immunity, while C. Wang et al. and M. Okada et al. similarly
investigate prime-boost approaches to develop more effective
TB vaccine regimens. The immune response following
vaccination with M. tuberculosis lipoproteins is described in
the article of C. Palma et al., and the use of cattle as a model
to study TB immunity is the focus of the review article of W.
R. Waters et al. The special issue closes with an overview of
biosensing technologies for detection of M. tuberculosis by Z.
Zhou et al.



In conclusion, the aspects of immunity to M. tuberculosis
infection, host-pathogen interaction and vaccine develop-
ment covered in this special issue may lead to future advances
in the treatment and control of TB.

James A. Triccas
Nathalie Winter

Carl G. Feng
Nicholas P. West
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Background. While vaccination at birth with Mycobacterium bovis Bacilli Calmette-Guérin (BCG) protects against severe childhood
tuberculosis, there is no consensus as to which components of the BCG-induced immune response mediate this protection.
However, granulysin and perforin, found in the granules of cytotoxic T lymphocytes and Natural Killer (NK) cells, can kill
intracellular mycobacteria and are implicated in protection against Mycobacterium tuberculosis. Methods. We compared the cellular
expression of granulysin and perforin cytolytic molecules in cord blood and peripheral blood from 10-week-old infants vaccinated
at birth with either Japanese or Danish BCG, administered either intradermally or percutaneously. Results. In cord blood, only
CD56" NK cells expressed granulysin and perforin constitutively. These cytolytic mediators were upregulated in CD4* and CD8*
cord blood cells by ex vivo stimulation with BCG but not with PPD. Following BCG vaccination of neonates, both BCG and PPD
induced increased expression of granulysin and perforin by CD4* and CD8" T cells. There was no difference in expression of
cytolytic molecules according to vaccination route or strain. Conclusions. Constitutive expression of perforin and granulysin by
cord blood NK-cells likely provides innate immunity, while BCG vaccination-induced expression of these cytolytic mediators may
contribute towards protection of the neonate against tuberculosis.

1. Introduction

It is estimated that approximately one third of the world’s
population is infected with Mycobacterium tuberculosis
(M.tb) resulting in about 1.7 million deaths from tuber-
culosis (TB) annually [1]. Mycobacterium bovis Bacille
Calmette Guérin (BCG) is the most commonly used vaccine
worldwide and the only vaccine available for the prevention
of TB. The vaccine offers good protection against childhood
miliary disease and TB meningitis [2, 3] and has been

associated with a reduced risk of acute respiratory tract
infections in neonates [4]. However, BCG affords very little
protection against pulmonary TB and other manifestations
of adult disease. It has been suggested that the strain of BCG
and the route of administration may affect the efficacy of the
vaccine [5-8] as well as determine the nature of the antigen-
specific T-cell responses [9].

Both innate and adaptive cellular immune responses
are required for an effective host defense against M.tb and
individuals with defective cell-mediated immunity (CMI)



have a predisposition towards developing TB, or towards
more severe disease [10]. T-cell derived interferon gamma
(IFN-y) is widely recognized as important in antimicrobial
protection. This cytokine is essential for the activation of
macrophages, a process required to limit the replication
of the bacilli in these cells [11, 12]. However, despite
having a full repertoire of helper and cytotoxic T-cells, B-
cells, and dendritic cells (DC) [13], circulating neonatal
lymphocytes are functionally distinct as compared with
adults. Consequently, activation is submaximal [14] and
IFN-y production in response to mycobacterial antigens
is significantly lower in neonates [15, 16]. However, the
value of IFN-y as the best correlate of protection against
TB has been challenged [17, 18]. Lymphoid cell-derived
cytotoxic molecules found in cytotoxic lymphocytes (CTL)
and natural killer (NK) cells have also been implicated in
contributing to protective immunity against intracellular
pathogens. These cells contain granules rich in granulysin,
perforin and granzyme, molecules that contribute to lysis
of infected cells. Granulysin, a member of the saponin-like
family of lipid binding proteins, has also been shown to
directly kill extracellular bacilli and, together with perforin,
was able to substantially reduce the viability of intracellular
M.tb [19].

The aim of our study was to evaluate the expression
of granulysin and perforin in NK cells and T-cells in cord
blood mononuclear cells (CBMCs) and to compare this with
peripheral blood mononuclear cells (PBMCs) from neonates
after vaccination with BCG. PBMCs from healthy adults
who were purified protein derivative of tuberculin (PPD)
responsive in vitro were used as controls. In addition, we
determined whether the route and strain of BCG vaccination
affected the expression of these cytolytic mediators. The
results show that while T-cells from CBMCs do not express
granulysin or perforin constitutively, BCG vaccination at
birth results in strong upregulation of these mediators in the
T-cells of 10-week-old infants. NK cells from CBMCs and
PBMC of vaccinated infants constitutively expressed both
markers. Variation in route and strain of BCG vaccine did
not have a significant effect on cytotoxic mediator expression
in T-cells or NK cells of PBMC obtained from 10-week-old
neonates.

2. Material and Methods

2.1. Human Subjects and Vaccination. Healthy HIV-negative
pregnant women scheduled to undergo elective Ceasarian
section, due to previous Ceasarian sections, were recruited
for umbilical cord blood (UCB) collection. This population
was selected to avoid the effects of labour on immune
responses.

Healthy 10-week-old infants were enrolled at primary
care clinics in the Cape Town region. At birth, the babies
had received either Japanese BCG (strain 172: Japan BCG
Laboratory) or Danish BCG (strain 1331: Statens Serum
Institute). The Japanese vaccine was administered either
intradermally (JID) or percutaneously (JPC), while the
Danish vaccine was given intradermally (DID). Infants with
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any acute or chronic disease, born to an HIV+ mothers, or
living with a person with active tuberculosis, were excluded.
A positive ELISA test for HIV, performed on all infants, also
resulted in exclusion.

A positive proliferative response to PPD stimulation
in peripheral blood (as defined by both microscopic cell
clustering and flow cytometric evaluation) was used to
identify healthy adults with prior exposure to mycobacterial
antigens, and potentially latently infected with M.tb. All
volunteers were HIV negative and were clinically well.
Human participation was according to the US Department
of Health and Human Services and Good Clinical Practice
guidelines. This included the protocol approval by the
University of Cape Town Research Ethics Committee and
by the UMDN] Institutional Review Board and informed
written consent from a parent of the neonate or from the
adult volunteers.

2.2. Cord Blood Mononuclear Cells (CBMCs). After inserting
a needle with collection tubing into the umbilical vein of
the placenta, the blood was allowed to flow by gravity
into a standard blood donation bag (Sabax, Johannesburg,
South Africa) containing 2000 units of sodium heparin
(Sigma- Aldrich, Steinham, Germany). In the laboratory,
the UCB was diluted with equal volumes of Ca* and
Mg* free phosphate buffered saline (PBS, Bio Whittaker,
Walkersville, MD, USA), and mononuclear cells were isolated
by density sedimentation using Ficoll-Hypaque (Sigma-
Aldrich, Steinham, Germany). Due to the large number of
erythroid precursor cells in UCB, the procedure was repeated
[20]. After the final wash the CBMCs were suspended in
RPMI (Bio Whittkaker) supplemented with 10% human AB
serum (Western Province Blood Transfusion Service, South
Africa).

2.3. BCG-Vaccinated Infant and PPD-Reactive Adult Periph-
eral Blood Mononuclear Cells (PBMCs). PBMC were sepa-
rated as described for CBMCs, except that a single density
gradient centrifugation was performed. PBMCs were cryop-
reserved until analysis: preliminary experiments showed no
significant difference between cytolytic mediator expression
in freshly isolated PBMCs and cryopreserved PBMCs from
the same donors in both adults and 10-week-old infants
(data not shown). Cell viability was determined by trypan
blue exclusion dye (Sigma Aldrich).

2.4. Stimulation of CBMCs and PBMCs. 1 x 10° cells/ml were
stimulated with 6 yg/ml of PPD (Statens Serum Institute,
DM) or 100 IU interleukin-2 (Aldesleukin, Chiron) for 7
days at 37°C in a 5% CO; humidified incubator. Unstim-
ulated cells served as a background control. The duration
of lymphoid cell stimulation was validated in preliminary
experiments where granulysin and perforin expression was
determined ex vivo and 1, 4, 6, 7, and 8/days after PPD and
BCG stimulation. Although granulysin and perforin were
detected in NK cells ex vivo, little or no expression was seen
in CD4" and CD8" T-cells until 4 days after stimulation
and optimal expression peaked at day 7 (data not shown).
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CBMCs and PBMC isolated from adults who were PPD-
reactive were also stimulated with BCG (Danish BCG strain
1331, Statens Serum Institute) at a multiplicity of infection
(MOI) of 1:1 and 5: 1, respectively, shown to be optimal in
preliminary experiments that evaluated cell death with the
viability stain 7AAD. The 7-day duration of lymphoid cell
stimulation was validated in preliminary experiments (data
not shown).

2.5. Flow Cytometric Analysis. After stimulation with appro-
priate stimuli, the cells were washed with PBS containing 1%
human AB serum and 0.1% sodium azide (Sigma Aldrich),
resuspended in the same medium (wash buffer) and counted
on a haemacytometer. Cell viability was determined by
trypan blue exclusion (Sigma Aldrich). Approximately 0.1
X 10°® viable cells were stained with CD3 FITC (Caltag,
Burlingame, CA) or CD3 PerCP (BD Biosciences) and
either CD4 APC or CD8 APC (Caltag) or CD56 APC
(BD Biosciences) for 15 minutes at room temperature.
After washing, the cells were fixed and permeabilised with
FACS Permeabilising Solution (BD Biosciences) then stained
with either rabbit polyclonal granulysin antibody (which
specifically recognises the 9 and 15-kDa forms of granulysin)
[21-23] at a concentration of 1/1000 or Perforin-FITC (BD
Biosciences) for 30 minutes at 4°C. For granulysin staining,
F(ab), goat antirabbit IgG (H+L)-PE conjugated secondary
antibody (Caltag) was added for 30 minutes at 4°C. The
cells were resuspended in the wash buffer for analysis on
a FACSCalibur using Cell Quest software. Isotypic matched
controls were used for all monoclonal antibodies while
normal rabbit serum (Sigma Aldrich) served as a control
for the granulysin polyclonal antibody. The flow cytometric
gating strategy (shown in Figure 1(a)) was employed in order
to define three distinct peripheral blood lymphocyte subsets
for quantification of either granulysin or perforin expression.
The lymphocyte gate was defined by forward and side scatter
cell characteristics (R1). Within this population, CD3* T-
cells were split into CD3"4" or CD3*8" subsets (i.e., cells
that are in both gates R1 and R2), while NK cells were
operationally defined as CD3756" (cells that are in both gates
R1 and R3) (Figure 1).

2.6. Statistical Analysis. The primary outcomes were expres-
sion of granulysin or perforin in CD4* or CD8" T-
cells, or NK cells. These outcomes were compared according
to mycobacterial infection status (naive cord blood, BCG-
vaccinated infants, and healthy PPD-reactive adults) and
according to antigen used in assays. The Mann-Whitney
two-tailed test or Kruskal Wallis test was used to determine
significance of differences, and results are stated throughout
the text as medians with interquartile range. All statistical
analysis was carried out using either GraphPad Instat (version
3.06) or GraphPad Prism software (version 4.0).

3. Results

3.1. Participants. Ten pregnant volunteers with a mean age
of 26 years (range 19-34) consented to donating cord blood.

Ten PPD-reactive healthy adults (PPD") with a mean age
of 36 years (range 24-55) were enrolled in the study. The
volunteers comprised of 5 males and 5 females. Forty five
babies, vaccinated at birth with BCG, were enrolled in
this study: 15 babies received DID whilst 31 babies were
vaccinated with Japanese BCG: 15 with JID and 16 with JPC.

3.2. Effect of BCG Vaccination on PPD-Induced Granulysin
Expression. CBMCs isolated from placental umbilical veins
of 10 neonates were stimulated with PPD for 7 days. CD4*
and CD8" T-cells and CD56" NK cells were analysed by
flow cytometry for granulysin expression. IL-2 stimulated
CBMGC:s acted as a positive control. Unstimulated and PPD
stimulated cord blood CD4" T-cells were either negative or
expressed very low levels of granulysin (Figure 2(a)). Similar
results were seen in cord blood CD8* T-cells (Figure 2(b)).
IL-2 stimulation of CBMCs in vitro induced an increase
in the percentage of granulysin positive CD4" T cells of
23.5% (12.5-62, P =.0001) and CD8* T cells of 32.5%
(10.5-55.5, P =.0001). In contrast to T-cells, unstimu-
lated NK cells expressed high levels of granulysin and the
percentage of positive cells was decreased following PPD
stimulation although this was not statistically significant (P
= .09, Figure 2(c)). Similarly, the level of granulysin in IL-
2 stimulated CD56" cells was lower at 20.5% (11.8-32.5),
compared to the unstimulated cells at 52% (34.7-59.8), and
this was statistically significant (P = .0025, not shown).

When infants were vaccinated with BCG at birth and
their PBMC evaluated for granulysin expression at 10 weeks
postvaccination, a different pattern was seen. Granulysin
was expressed in 2% (0.5-3.5) of unstimulated CD4* and
1% (1-2.5) of unstimulated CD8* T-cells (Figures 2(a)
and 2(b)). After 7 days of in vitro PPD stimulation of
PBMC, granulysin expression in both CD4* and CD8" T-
cells increased significantly to a median of 61% (46-76, P
< .0001) and 53% (9-72, P < .0001) of cells, respectively.
IL-2 stimulation of PBMC induced similar strong expression
with median of 34% (16.5-81, P < .0001) for CD4" T cells
and 69% (27.5-87, P < .0001) for CD8*T cell (not shown).
Thus, in contrast to CBMCs, PBMC of vaccinated babies
had significantly higher levels of granulysin expressing T
lymphocytes after in vitro PPD stimulation. This high level
of expression is comparable to that previously obtained in
adults [23]. Similar to CBMCs, constitutive expression of
granulysin was seen in unstimulated NK cells of PBMC from
vaccinated infants.

Healthy PPD" adult volunteer controls were also evalu-
ated for granulysin expression in NK* cells, and CD4* and
CD8* T cells. Unlike both the CBMCs and PBMC from
the 10-week-old infants, constitutive granulysin expression
was seen in 8% (5.5-22.5) of CD8* T-cells (Figure2).
The median granulysin expression in PPD-stimulated adult
PBMC was 39.5% (18-47.3) and 40.5% (28-48) for CD4"*
and CD8" T cells, respectively, and 57% (41.8-65.5) for NK
cells. Compared to unstimulated cells, granulysin expres-
sion was significantly increased in PPD-stimulated CD4*
(P< .0001) and CD8" (P =.0015) T-cells but there was
no significant difference in granulysin expression between
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FI1GURE 1: (a) Flow cytometric diagram illustrating the gating strategy for the expression of granulysin (or Perforin) in T-cells and NK cells.
RI1 represents a general lymphocyte gate including all lymphocytes in a PPD stimulated PBMC sample. R2 incorporates all CD3* T-cells
within the R1 gate, and R3 includes all cells that are CD3". Percentage cells expressing granulysin (represented on the y-axis) are evaluated
by dividing the number of cells in A by the number of cells in A + B x 100. (b) Flow cytometric dotplots of granulysin in unstimulated or
PPD-stimulated representative samples of cord blood mononuclear cells in the left column, 10-week-old infants after BCG vaccination in
the middle column, and PBMC from healthy PPD" adult volunteers in the right column. Results shown represent T-lymphocytes which are
CD4*/CD3* or CD8*/CD3* or NK cells which are CD56"/CD3". See Section 2 for details.

unstimulated and PPD-stimulated NK cells (P = .8). How-
ever, similar to CBMCs and PBMC from vaccinated babies,
constitutive granulysin expression was also seen in 54.5%
(34.8-73) of unstimulated CD56" cells from healthy PPD+
adult controls.

3.3. Effect of BCG Vaccination on PPD-Induced Perforin
Expression. A similar analysis was undertaken to determine
levels of expression of perforin. Neither unstimulated CD4*
nor CD8* T-cells from cord blood, nor unstimulated
CD4* or CD8" T cells from 10-week-old vaccinated infants
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FIGURE 2: Granulysin expression in CD4* (a) and CD8" (b) T-cells and CD56" (c) NK cells in unstimulated (US) and PPD-stimulated
mononuclear cells isolated from cord blood (CB, n = 10) or peripheral blood from BCG-vaccinated infants (10 w, n = 45) or healthy PPD*
adult volunteers (ND, n = 10). Significance is shown as PPD stimulation in CB compared to 10-week-old infants and healthy adult controls,
and 10-week-old infants compared to healthy adult controls. The box extends from the 25th to 75th percentile, the line represents the
median, and the whiskers represent the maximum and minimum values.

expressed perforin (Figures 3(a) and 3(b)). In contrast, 38%
(17-61.8) of NK-cells in CBMCs and 6% (0-48.3) of NK cells
in 10-week-old infant PBMC constitutively expressed the
cytolytic marker (Figure 3(c)). Again, PPD stimulation did
not induce expression of perforin in CD4* or CD8" T-cells
from cord blood (Figures 3(a) and 3(b)) while a reduction in
the levels of expression in CD56" NK cells to 16.5% (8-33.2,
P = .02) as compared to unstimulated CBMCs was noted.
In contrast, PPD stimulation induced significantly increased
expression of perforin in PBMC of vaccinated infants both
in CD4" T-cells (P = .04) and CD8" T-cells (P = .009) (27%
(13.8—44.3) and 38.5% (19.5-52.8), resp.) as well as in NK
cells (P< .0001) (87.5% (66-95)). Compared to CBMCs,
there was a significant difference in perforin expression after
PPD stimulation in the 10-week-old vaccinated infants in
CD4 and CD8 T-cells (P, 0.0001 for both T-cells, Figures 2(a)

and 2(b)) and in NK cells (P = .0003, Figure 3(c)). After IL-2
stimulation, 18% (14-28.5, P = .0015) of CD4* T-cells and
36% (22-40, P = .002) of CD8" T-cells expressed perforin
(not shown).

In PPD* adults, constitutive expression of perforin was
seen in 3.5% (2—11.8) of CD8" T-cells and 76.5% (57.5—
85.8) of NK cells; after PPD stimulation, 14.5% (8.8—16.8) of
CD4" T-cells and 21% (17.3-25.3) of CD8" T-cells expressed
perforin. PPD stimulation of NK cells resulted in a reduction
of perforin expression (from 76.5% to 60%).

3.4. Effect of BCG Stimulation on Granulysin and Perforin
Expression in CD4" and CD8" T Cells of CBMCs and in
PBMC of PPD* Healthy Adults. PBMC from healthy PPD*
adults and CBMCs were stimulated with Danish BCG, and
granulysin and perforin expression was determined within
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FIGURE 3: Perforin expression in CD4* (a) and CD8" (b) T-cells and CD56" (c) NK cells in unstimulated (US) and PPD-stimulated
mononuclear cells isolated from cord blood (CB, n = 10) or peripheral blood from BCG-vaccinated infants (10 w, n = 45) or healthy PPD*
adult volunteers (ND, n = 10). Significance is shown as PPD stimulation in CB compared to 10-week-old infants and healthy adult controls,
and 10-week-old compared to healthy adult controls. The box extends from the 25th to 75th percentile, the line represents the median, and

the whiskers represent the maximum and minimum values.

the respective CD3" cells. Unlike PPD, BCG stimulation
did result in an increase in both granulysin and perforin
expressions in CBMCs. There was a statistically significant
difference in granulysin expression in BCG-stimulated T-
cells compared to PPD-stimulated T-cells (P < 0.0001 for
CD4" and P =.0005 for CD8*, Figures 4(a) and 4(c))
in CBMGCs. Similarly, perforin-expressing T-cells were also
increased in BCG-stimulated compared to PPD-stimulated
CBMCs (P = .003 for CD4* and P = .004 for CDS8",
Figures 4(b) and 4(d)). 10.5% (4-25) of CD4* T-cells and
11% (6-27) of CD8* T-cells expressed granulysin after BCG
stimulation (Figure 4), and perforin expression was seen in
5.5% (2.5-17) and 8% (3.8-19) of CD4" and CD8* T-
cells, respectively, after BCG stimulation. Thus, although
the percentage of expression was considerably lower than
in healthy PPD positive adults, significant expression was
induced in both lymphocyte subsets compared to PPD stim-
ulation. In contrast, in PPD* healthy adult T-cells, equally

strong granulysin and perforin expression was obtained with
no significant difference between PPD and BCG stimulation
being noted (Figures 4(a)-4(d)).

3.5. Effect of Route and Strain of the BCG Vaccine on Gran-
ulysin and Perforin in T-Cells and NK Cells of PBMCs from 10-
Week-Old Infants. To evaluate whether the strain of BCG or
the route of administration of the vaccine affected the extent
of cytotoxic molecule expression, PBMC from 10-week-old
infants vaccinated with either Danish BCG administered
intradermally (n = 14 granulysin and »n = 3 for perforin) or
Japanese BCG administered either intradermally (n = 15 for
granulysin and n = 4 for perforin) or percutaneously (n =
16 granulysin, and n = 7 for perforin) were evaluated for
granulysin and perforin expression. Although the number
of patients evaluated for perforin expression was low, no
significant differences were found in granulysin or perforin
expression between vaccination with Japanese or Danish
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BCG. Similarly, the route of administration of the vaccine
also did not have any effect on expression of these markers
(data not shown).

4. Discussion

In the current study, we have evaluated expression of
the cytolytic mediators perforin and granulysin in both
CD56" NK cells and in CD4* and CD8" T-cell subsets
in CBMCs and observed that (i) intrinsic expression of
cytolytic mediators was limited to CD56" cells and not found
in CD4" and CD8* T-cells and (ii) induction of perforin
and granulysin expression in cord blood T-cells occurred
selectively in response to in vitro stimulation with BCG,
but not PPD. In contrast, in 10-week-old BCG-vaccinated

infants, upregulation of perforin and granulysin expression
in CD4* and CD8" T-cell was demonstrable in response
to both BCG and PPD stimulation (data not shown). In
this study, the response was independent of variation in
vaccine strain or route of vaccine delivery (data not shown),
although the sample size was small and not statistically
powered. To our knowledge, a comprehensive comparative
evaluation of NK and CD4* and CD8" T subset cytolytic
mediator expression in cord blood and in BCG vaccinated
infants has not been documented before. Previous studies
have reported that cord blood CD4* lymphocytes lack
constitutive expression of perforin [24] while most CD8* T-
cells of newborns have been shown to contain perforin and
granzyme. In contrast, we observed that unstimulated cord
blood CD8" T-cells did not express granulysin or perforin.
This difference may be explained by the fact that in our



study the CBMCs were from mothers undergoing caesarean
section. During normal vaginal delivery, cytokines including
IL-15 may be induced which could activate CD8* T cells to
acquire cytotoxic potential [25].

Considerable evidence supports the observation that
cytotoxic T-cell activation occurs during induction of the
host protective immune response to TB [26-28]. We have
previously documented CD4" cytotoxic activity in BCG-
vaccinated neonates using a chromium release assay [29].
It has previously been shown that the level of expression of
cytotoxic mediators is directly related to functional cytotoxic
activity of memory CD8" T-cells [30]. Using this approach,
we have reported on CD8" cytotoxic molecule expression
in infants who had received BCG vaccination at birth
[31]. Here we demonstrate that cytotoxic cells expressing
granulysin and perforin constitutively exist in neonatal blood
even before BCG vaccination. Perforin and granulysin are
important cytolytic effector molecules involved in lysis of
infected macrophages. Granulysin, found in the granules
of cytotoxic T-lymphocytes and NK cells, has a broad
spectrum of antimicrobial activity [19]. The molecule has
been shown to kill extracellular M. tuberculosis and, together
with perforin, is bactericidal to intracellular organisms
[19]. In addition, granulysin and perforin were significantly
increased in lymphoid cells of cattle following vaccination
with M. bovis BCG and M. bovis ARD1 compared with
nonvaccinated animals [32].

IEN-y production by CBMC NK cells is most needed
after birth [33, 34], at a time when CD4" CD45RO- T-
cells have down-regulated Thl function by transcriptional
regulation of the IFN-y promoter gene due to hyper-
methylation [35]. Intrinsic cytolytic mediator expression
provides a second mechanism for NK cell mediated pro-
tective immunity during this critical period of heightened
susceptibility to mycobacterial infection. Our observation
that BCG upregulates cytotoxic molecules in cord blood
CD4" and CD8" T-cells may also be secondary to activation
of cells of the innate immune system. Since IL-2 treatment
of the T-cells of cord blood directly upregulated perforin
and granulysin expression, the effect of BCG could be via
activation of NK cells to produce IL-2 which in turn could
affect CD4" and CD8™ T-cell activation. Support for a central
role of NK cells in the host response against TB infection also
comes from the bovine model where activated NK cells were
shown to have increased granulysin and perforin expression
and to lyse Mycobacterium bovis BCG-infected alveolar and
monocyte-derived macrophages [36].

The role of IFN-y producing CD4" T-cells in protection
against TB is well described [37-39]. Support for a role for
cytotoxic CD4* effectors in protective immunity against TB
comes from studies carried out in BCG-vaccinated cattle. In
the bovine model, memory CD4" T-cells expressing elevated
levels of perforin and granulysin strongly lysed BCG-infected
macrophages [40]. Cytotoxic CD4* T-cells have also been
shown to use granulysin to kill Cryptococcus neoformans
[41]. Furthermore, cytotoxic granulysin-expressing CD4" T-
cells have been isolated from skin lesions of tuberculoid lep-
rosy patients [42]. Recently, Murray et al. showed that BCG
vaccination induced specific CD8" T-cells which produced
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IFN-y and had increased expression of cytotoxic proteins in
response to BCG stimulation in vitro, providing evidence of
a role for CD8* T-cells as well [31]. This is supported by the
finding of reduced perforin and granulysin coexpression in
CD8* T-cells found at the site of infection in chronic TB [43].

In the present study, we observed that there was no
statistical difference in granulysin or perforin expression
in cells obtained from neonates vaccinated at birth with
either JID or DID and no difference between vaccinations
via the two routes (intradermal versus percutaneous) of
administration of the Japanese BCG. Differences have been
reported in a study using a similar but larger cohort of
infants, where JPC induced significantly more BCG-specific
IFN-y producing CD4* and CD8" T-cells and greater Th1-
specific immunity than JID or DID [9]. In addition, JPC
induced greater CD4" and CD8" T-cell proliferation. Taken
together, the data suggest that distinct factors are involved
in promoting the development of the two pathways, that
is, Th1 cytokine and T-cell proliferation and expansion of
cytotoxic cells expressing granulysin and perforin. In support
of this dichotomy, it has been shown that BCG-infected
immature DCs selectively expanded perforin-positive CD8*
T-cells with little contribution from cytokines, including
IFN-y, TNF-a, or IL-12 [44]. In contrast, IL-15 promotes
granulysin expression [36, 45] while IL-21 has been shown
to enhance lytic activity of cytotoxic T-cells and NK cells
[46]. These findings may have implications for immunother-
apeutic boosting of cytotoxic CD8" activity in TB and BCG
vaccination protocols. In addition to therapeutic strategies
aimed at inhibition of IL-4 and TGFfS [47], molecular
engineering of BCG to incorporate IL-15 or IL-21 could
result in enhanced cytotoxic activity of both NK cells and
CD8* cytotoxic T-cells.

In conclusion, data presented here demonstrate (i)
constitutive expression of granulysin and perforin cytolytic
mediators in NK cells which could provide innate protective
immunity for newborn infants and (ii) that BCG vaccination
at birth can induce a cytolytic effector function in neonates,
where CD4" and CD8* T-cells are all essentially naive.
By contrast, PPD antigenic stimulation could only induce
cytolytic effector functions in memory CD4* and CDS8"*
T-cells. While no currently available immunologic test can
predict vaccine efficacy, BCG readily elicits a type 1 cytokine
response [29, 48] and it has been proposed that additional
factors may be important for vaccine efficacy. These include
IL-4 and the Thl cytokine balance [49, 50] and induction
of cytolytic activity in memory T-cells [40, 51]. Further
research is needed to establish if BCG-induced cytolytic
mediator expression is sustained in memory CTL. It has been
postulated that protection due to BCG vaccination wanes
with time [52] which may be due to overattenuation of
BCG strains with resultant gene deletions [53] and failure to
stimulate a durable immune response.
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Group I CD1 (CDla, CD1b, and CDIc) glycoproteins expressed on immature and mature dendritic cells present nonpeptide
antigens (i.e., lipid or glycolipid molecules mainly of microbial origin) to T cells. Cytotoxic CD1-restricted T lymphocytes
recognizing mycobacterial lipid antigens were found in tuberculosis patients. However, thanks to a complex interplay between
mycobacteria and CD1 system, M. tuberculosis possesses a successful tactic based, at least in part, on CD1 downregulation to evade
CDI1-dependent immunity. On the ground of these findings, it is reasonable to hypothesize that modulation of CD1 protein
expression by chemical, biological, or infectious agents could influence host’s immune reactivity against M. tuberculosis-associated
lipids, possibly affecting antitubercular resistance. This scenario prompted us to perform a detailed analysis of the literature
concerning the effect of external agents on Group I CD1 expression in order to obtain valuable information on the possible
strategies to be adopted for driving properly CD1-dependent immune functions in human pathology and in particular, in human

tuberculosis.

1. Introduction

Cell-mediated immunity involved in host resistance against
mycobacteria and other infectious agents appears to rely to
a large extent on classical HLA-restricted responses against
microbial peptides [1] mediated mainly by interferon (IFN)
y-producing T-cells [2]. However, in recent years grow-
ing attention has been given to T-cell-mediated responses
directed against lipid or glycolipid antigens presented by four
relatively nonpolymorphic CD1molecules ([3-5], reviewed
in [6]).

Two groups of CDI1 isoforms expressed on the cell
membrane of various antigen-presenting cells (APCs) have
been identified in the course of the last 20 years. In particular,
Group I (i.e., CDla, CD1b, CDlc) and the isoform CDle,
that is confined to the intracellular compartment and is clas-
sified as Group III by some authors, are detectable in man but
not in mice. On the contrary, Group II (i.e., CD1d, a biologi-
cal entity outside the scope of the present review) is expressed

in mice and men as well, and is involved in Invariant Natural
Killer T-cell responses (specifically reviewed in [7]). The
molecular structure of CD1 is similar to that of MHC class
I. Both CD1 and MHC class I are comprised of heavy chains
of similar length, which are organized into three extracellular
domains (a1, 2, and «@3) and bind 82 microglobulin.
Group I CD1 molecules are expressed most promi-
nently on APCs of the myeloid lineage, including dendritic
cells (DCs) derived from circulating monocytes (MOs).
Peripheral blood CD17/CD14* MOs can be activated by
granulocyte-macrophage colony stimulating factor (GM-
CSF) alone or more efficiently in combination with
interleukin-4 (IL-4) (i.e., GM-CSF + IL-4, hereafter referred
to as G4) to express Group I CD1 glycoproteins [9, 10].
These molecules are the products of the CDIA, -B, and -C
genes and are known to be involved in the presentation
of nonpeptide microbial antigens to T-cells [6, 10-12]. In
particular, Beckman et al. in 1994 [13] discovered that
the CD1b-presented antigens obtained from Mycobacterium
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FIGURE 1: Dendritic Cell (DC) generation and maturation. Schematic drawing depicting the differentiation of monocytes to immature DC
(iDC), generation of mature DC (mDC) and cytokines involved in these processes. Dotted lines point to the modulating effects of external

agents.

tuberculosis were mycolic acids, that is, lipids associated with
microbial cell wall. Later, it was demonstrated that CD1
molecules are competent for presentation of a great variety
of microbial antigenic lipid structures to T-cells, so that CD1
could be tentatively considered a wide spectrum system of
anti-infectious immune surveillance [6].

Particular attention of the present review is dedicated
to the studies concerning the CD1 system predominantly
engaged in antitubercular responses, and therefore involved
in mycobacterial lipid presentation to CD1-restricted T-cells.
A fraction of responder T-cells comes from the CD4~/CD8~
phenotypic subset of CD3" T-cell receptor (TCR) a/f3 T-cells.
These cells, sometimes referred to as double-negative TCR
a/f T lymphocytes [14], proliferate and generate cytotoxic
clones following interaction with mycobacterial glycolipids,
presented by CD1b* DCs-derived from G4-preactivated
MOs. However, CD1-restricted CD8" or CD4*TCR «a/f3 T-
cell clones [15, 16] and TCR y/§ T-cells [3, 17] have also been
demonstrated. Thus, responder cells that potentially play
a role in CD1-restricted responses to nonpeptide antigens,
have been found to belong to all of the major phenotypic
subsets of T-cells. Noteworthy is the general observation
that CD1-restricted recognition of bacteria-associated lipids
results in killing of the infected cells as well as of the
microorganism, thus providing presumably a way to prevent
infection spreading in the host [15, 18].

The induction of effector T-cells against microbial anti-
gens is accompanied by the presence of autoreactive CD1-
restricted T-cells directed against self-lipid antigens [19].
These lymphocytes appear to cooperate in early suppression
of invading microorganisms, in the induction of CDI-
restricted memory T-cells and in the maturation of DCs
able to produce substantial amounts of IL-12. In turn, IL-
12 stimulates T-cells to produce IFNy (reviewed in [20])
and plays an important role in antitubercular immunity
[21]. Autoreactive CD1-restricted T-cells have also been
accused to take part in the immune mechanisms under-
lying multiple sclerosis (MS) and Guillan-Barre syndrome
[22, 23]. However, detection of autoreactive cytotoxic T
lymphocytes in patients affected by autoimmune disease,

does not necessarily mean that these cells play a role in the
pathological events affecting target organs.

Up to now, it has not been definitely established whether
tuberculosis prevention could be achieved through vaccinial
procedures based on M. fuberculosis-associated lipids as
sensitizing agents. Improvement in the course of the dis-
ease has been noted in guinea pigs sensitized with lipid
extracts of M. tuberculosis 24, 25]. Moreover, a recent study
published by Felio et al. [26] showed that human Group I
CD1 transgenic mice are competent for mounting a CD1-
restricted adaptive immune responses to mycobacteria, thus
allowing further preclinical investigations on lipid-based
antitubercular vaccines in mouse models.

In view of a potential role of Group I CD1 glycoprotein-
dependent presentation of mycobacterial lipids to T-cells, it is
reasonable to hypothesize that pharmacological or biological
agents able to modulate CD1 expression could modify host’s
responses against infectious diseases, including infections
caused by M. tuberculosis. Therefore, the aim of the present
short survey is to illustrate the data presently available in
the literature, relative to the influence that can be exerted
by external agents on Group I CD1 molecule expression. In
particular, the reported studies will consider human MOs
driven in vitro or in vivo to differentiate into immature
and thereafter mature DCs (Figures 1 and 2) competent for
peptide or nonpeptide molecule presentation to T-cells.

2. In Vitro and In Vivo Assays of CD1 Induction

A classical experimental design to explore the functional
pathways involved in the differentiation and maturation of
human myeloid DCs in vitro system, starting from purified
CD14* MOs obtained from peripheral blood mononuclear
cells (PBMNC), can be described as follows (Figure 2):

Step 1. In vitro cultivation of MOs with G4 for 3-6 days (or,
in some cases, for up to 7 days). This treatment is able to
induce “immature DCs” (iDCs) showing high expression of
CDla, CD1b, and CDlc glycoproteins on cell membrane,
competent for lipid antigen presentation to CD1-restricted
T-cells.
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FIGURE 2: Effect of external agents on group I CD1 glycoprotein expression.

Step 2. In vitro culture of iDCs with lipopolysaccharide (LPS)
and/or various cytokines (e.g., TNFa, IFNa, TGEp, etc.) for
additional 2-3 days, leading to mature CD83* DCs (mDCs),
fully competent to behave as classical APCs.

In a large number of studies published in more than 15
years, iDCs have been also generated from cord blood CD34*
cells cultured in vitro with a cocktail of cytokines containing
GM-CSE. In addition, several investigations have been con-
ducted in vivo by evaluating the number of DCs in various
organs, in different clinical and treatment conditions using
immunohistochemical detection of mainly CD1a* cells.

All these methods, able to explore the functional path-
ways leading to mDCs, allowed to test the effect of a number
of exogenous agents on the expression of Group I CDI1
molecules induced in host’s cell population involved in
resistance against pathogens, including mycobacteria.

In order to offer a concise picture on the external control
of CD1 expression, the present review provides information
on the complex relationship between mycobacteria and CD1
levels, and four tables summarize schematically what we
presently know on the regulation of CD1 expression by
pharmacological and biological agents. Moreover, with the
intent to provide a simplified information on the experi-
mental strategy utilized for studying the influence exerted by
exogenous agents on CD1 expression during myeloid DCs
induction and maturation, we decided to adopt the codes
that are illustrated in Figure 2.

3. CD1 Expression

It is generally agreed that transcriptional control of gene
expression and posttranscriptional regulation of mRNA
function are usually under the control of proteins targeting

specific DNA sequences (i.e., transcription factors) and
microRNAs, respectively. In particular, expression of Group
I CDI genes is under the control of transcription factors,
that have been described in detail for CD1a glycoprotein by
Colmone et al. [27]. A minimal 1000-bp region upstream of
the translation start site has been identified as necessary for
proximal promoter activity required for CDIA transcription.
This region contains multiple sites that were considered
to be coordinatively involved in CDIA gene expression on
the basis of a series of experiments performed by means
of deletion and site-specific mutant analysis. In particular,
a critical role appeared to be played by a potential cAMP
response element (CRE), 965bp upstream of the CDIA
translation start site. It was found that the CRE-binding
protein 1 (CREB-1) and the activating transcription factors-
2 (ATF-2) that are enlisted among the ATF/CREB family
members, are able to bind this site in vitro and in vivo in
various cell types, including human MOs [27]. Moreover,
the results of these studies speak in favour of ATF-2-induced
inhibition counterbalanced by a stimulatory activity on gene
transcription by CREB-1, possibly through a competition
of CREB-1 and ATF-2 for CRE binding. The hypothesis
of opposite control performed by two transcription factors
acting on the same gene promoter appears to be supported
by the studies published by Niwano et al. [28] who proposed
a similar mechanism for endothelial nitric oxide synthase.

In the present survey of the literature, we noticed the
emerging role played by miRNAs on hematopoiesis (revie-
wed in [29]). Therefore, we have considered the possibility
that miRNAs could affect CD1 expression. An in silico ana-
lysis was performed using the miRanda (http://www.mic-
rorna.org/) and TargetScan (http://www.targetscan.org/) alg-
orithms for miRNA target prediction. Under miRanda



analysis, miRNA list indicates conserved miRNAs with good
mirSVR scores [8]. As illustrated in Table 1, this analysis
revealed that mRNAs transcribed from all three Group I
CDI genes can be targeted and potentially regulated at
the 3'UTR region by a number of different miRNAs. In
particular, 10 miRNAs have been found to share a potential
capability of controlling the transcriptional activity of two
CD1 genes. Six miRNAs (i.e., 33a, 33b, 421, 495, 590-3p,
and 590-5p) could target both CDla and CDlc, whereas
miRNA-224 could be active on CDla and CDI1b, and 3
miRNAs (i.e., 129-5p, 185 and 203) appear to be theoretically
competent to target CD1b and CD1c. However, up to now
no study able to validate the in silico prediction patterns is
available from the literature. Nevertheless, a number of miR
genes have been found to be involved in the regulation of
immune responses [30, 31] and acute inflammation [32].
Moreover, quite recently Kuipers et al. [33] described that
microRNAs control maturation, function, and maintenance
of DCs in the epidermis (i.e., Langerhans cells, LC) in vivo. In
addition, exchange of genetic material between prokaryotic
and eukaryotic multicellular organisms has been described
[34]. Therefore, since pathogenic microorganisms, including
mycobacteria contain a large amount of small noncoding
RNA [35, 36], it is reasonable to hypothesize that invading
microbes could control gene expression of host eukaryotic
cell through their miRNA-like molecules to acquire a survival
advantage.

4. Mycobacteria and CD1 Expression

Anti-tubercular immunity relies on humoral and cell-
mediated immune responses against M. tuberculosis-
associated epitopes of various origin, and possibly includes
CD1-presented lipid antigens recognized by dedicated T-cell
subpopulations [37]. More than eighty years ago, attenuated
strains of M. bovis (i.e., Bacillus Calmette-Guerin, BCG)
were developed and utilized as antitubercular vaccine,
since they share a variety of antigenic molecules with
virulent pathogenic bacilli [38]. Although BCG vaccine
reduces the risk of severe forms of tuberculosis in early
childhood, unfortunately it is not very effective in preventing
the pulmonary infection in adolescents and adults, the
populations with the highest rates of tuberculosis disease.
Moreover, M. tuberculosis is changing and evolving, making
the development of new vaccines [39] more crucial to
control the disease that is continuously expanding, favored,
at least in part, by AIDS pandemia.

In the last years, a considerable amount of experimental
studies has been dedicated to investigate the complex rela-
tionship between the infection with virulent M. tuberculosis
or BCG and functional activity of the CD1 system. A
number of studies confirm that lipid antigens recognized
and presented by Group I CD1 glycoproteins include fatty
acids isolated from M. tuberculosis cell wall [40]. Among
others, they comprise the fatty-acid-derived mycolic acid, the
lipopeptide didehydroxymycobactin [41], the isoprenoid-
like structure mannosyl phosphomycoketide [42], and the
acylated sulfoglycolipid Ac2SGL [43].
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TaBLE 1: miRNAs with putative binding sites in the 3'UTR of CDIA,
CDIB, and CDIC genes.

Gene Algorithm
miRanda? Target Scan®
19a, 21, 28-5p, 31, 21, 26-5p, 31, 338,
33a, 33b, 146a,
146b-5p, 214, 217 33b, 1252-3p, 138,
CDIA e 146a, 146b-5p, 197,
361-5p, 383, 421, 448,
495, 590-3p, 590.5p 205, 224, 421, 448,
708, §73 495, 590-5p, 708
129-5p, 137, 185, 203,
CDIB 224 543 129-5p, 137, 203, 543
26a, 26b, 33a, 124, 22, 26a, 26b, 33a,
33b, 124, 125a-5p,
125a-5p, 125b,
125b, 129-5p, 132,
129-5p, 181a, 181b,
185, 190b, 203, 212,
181c, 181d, 190, 190b,
216a, 216b, 218,
203, 216a, 216b, 218, 1950 221 22, 300
CDIC 219-5p, 300, 326, P, 227, &5 J00

326, 330-5p, 3764,
376b, 410, 495, 425,
433, 455-5p, 489, 494,
505, 506, 539, 542-3p,
543, 590-5p, 599,
1297

?Conserved miRNAs with good mirSVR scores [8].

"miRNAs broadly conserved among vertebrates (bold) or conserved only
among mammals.

330-5p, 340, 367,
376a, 376b, 381, 410,
421,433, 455-5p, 494,
495, 505, 506, 539,
543, 590-3p, 1297

In this context, CD1b appears to play a particularly
important role, since CD1b-restricted T lymphocytes recog-
nize a large variety of mycobacterial lipids [44], including
M. tuberculosis Ac2SGL antigens [45]. Moreover, CDI1b
groove is much larger than that associated with the other
CD1 isoforms, so that it can adjust long chain foreign
lipids, including long mycobacterial mycolates that are not
presented by the other CD1 molecules [46]. On the basis
of all these findings and taking into account additional
information from the literature (reviewed in [6, 46]), it is
reasonable to consider Group I CD1 as a relevant part of the
complex antigen-presenting systems involved in the T-cell-
dependent immune response machinery against mycobac-
teria. Actually, in human leprosy lesions CDI1 expression
correlates with host immunity as manifested by active
cellular immunity to M. leprae [47]. A number of clinical
and experimental data indicate that long-lived immunity to
M. tuberculosis relies largely on antigen-specific CD4* and
CD8" T-cells that could play consistent roles in vaccination
strategies [48]. Therefore it is reasonable to hypothesize
that CDl1-restricted effector T lymphocytes, that show a
limited repertoire but are able to recognize large amounts
of lipid antigens based on antigenic cross-reactivity [49],
would contribute to antitubercular immunity. Ulrichs et
al. [50] collected PBMNC from patients with pulmonary
tuberculosis, from asymptomatic individuals with known
contact with M. tuberculosis documented by conversion of
their tuberculin skin tests, and from healthy tuberculin skin
test negative subjects. In vitro, in presence of autologous
CD1" iDCs, the extent of CDI1-restricted T-cell responses
to a lipid extract of M. tuberculosis was tested by means
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of proliferation and IFNy production by effector T-cells.
The results showed that T-cells from asymptomatic M.
tuberculosis-infected donors were significantly more respon-
sive than those obtained from uninfected healthy donors.
Moreover, essentially no CD1-restricted T-cell response was
detectable in lymphocytes collected from patients with active
tuberculosis prior to chemotherapy. However, significant
antilipid immune reactivity became detectable in blood
samples drawn two weeks after the start of treatment, as a
possible consequence of chemotherapy-induced relief of the
inhibitory effect exerted by mycobacteria on cell-mediated
immunity [51].

In order to better define the possible role that can be
played by CD1-dependent antimycobacterial immunity, it is
important to identify the target of CD1-restricted effector
T-cells and the modality of target suppression. Of note are
the findings illustrated by Vincent et al. [52] who used CD1-
restricted human o/f T-cells generated by autologous DCs in
presence of microbial detergent extracts from M. tuberculosis,
E. coli, or Y. enterocolitica. Effector T-cells were found to be
active in terms of proliferation and IFNy release when tested
against target cells presenting microbial lipid antigens via
CD1a, CD1b, or CD1c molecules. However, similar activity,
although to a lower extent, was detected in absence of
foreign lipids, thus indicating that sensitized lymphocytes
were also endowed with effector function against self-lipids.
The authors propose that CD1-restricted T lymphocytes fit
in two T-cell populations, that is, naive T lymphocytes able
to mount an adaptive response to microbial lipids as well
as memory/effector T-cells. The latter population, charac-
terized by reactivity against self and foreign lipids, would
be particularly dedicated to rapid initial immune responses
against invading pathogens and yet able to undergo clonal
expansion responsible for long-standing cellular memory
to foreign lipid antigens. Actually, Nguyen et al. [53] have
recently reported that upon experimental vaccination of cat-
tle, CD1b-restricted memory T-cell response can be elicited
by the mycobacterial glycolipid glucose monomycolate.

The effector function of T lymphocytes against micro-
bial targets, including M. tuberculosis follows a rather
complex pattern (reviewed in [20]). When primed T-cells
interact with CD1" mycobacteria-infected target cells, they
kill directly mycobacteria through granulysin/perforin-based
mechanism release [54], or they induce Fas-dependent
apoptotic death of target cells without killing the intracellular
infectious agent. In this case mycobacteria are released
and infect adjacent macrophages and DCs where invading
bacilli are possibly killed, depending on microbial burden.
In addition to direct cytotoxic effects, CD1-restricted T-
lymphocytes release Thl cytokines (i.e., IFNy and TNF«)
that activate the microbicidal functions of macrophages and
DCs [20].

Recently, the role of IFNy released by CD1-restricted
effector T-cells has been subjected to detailed analysis by
Lee and Kornfeld [55]. These authors reported that IFNy
released by T-cells inhibits bacterial replication in infected
macrophages carrying low intracellular burden of mycobac-
teria, thus contributing to host defenses against tuberculosis.
However, when macrophages are engulfed with high bacteria

load, IFNYy facilitates host cell death, thus promoting necrosis
and spreading of the infection, with potentially adverse
effects on the course of the disease.

A large body of experimental data is presently available
from the literature showing that mycobacteria have developed
highly sophisticated strategies to escape host’s resistance
based either on innate or adaptive immunity (reviewed
in [56]). Tuberculosis is predominantly a lung disease
characterized by long chronic course due to persistent and
sometimes dormant infection. It is well documented that
upon contact with inhaled M. tuberculosis, both alveolar
macrophages, that do not express CD1 molecules, and CD1*
DCs phagocytose mycobacteria. But most of the microor-
ganisms are taken up by macrophages that are by far more
efficient than resident lung DCs in the ability to phagocytose
and possibly kill bacteria [57]. However, the fate of M.
tuberculosis within the infected alveolar macrophage depends
on the state of activation of the phagocyte. Actually, the
bacillus is able to survive preferentially within a macrophage
subpopulation displaying an anti-inflammatory phenotype
with a reduced oxidative burst. Moreover, phagocytosed
mycobacteria end up in a phagosome, the maturation of
which is arrested at an early stage [58], at least in part by
mycobacteria-released glycolipids, such as lipoarabinoman-
nan and phosphatidylinositol mannoside [59]. M. tubercu-
losis inhibits phagosomal acidification, prevents phagosome-
lysosome fusion and survives within macrophages by avoid-
ing lysosomal delivery thanks, at least in part, to coronin
1 that is actively recruited to mycobacterial phagosomes
[60]. Since alveolar macrophages do not express CDI1
molecules, and mycobacterial peptide antigens confined
to phagosomes are excluded from the classical MHC-I
presentation pathway, they cannot be targeted by MHC-
I- or CDl1-restricted cytotoxic lymphocytes. Therefore, in
the lung environment, host’s defenses against mycobacte-
ria are mainly activated through apoptosis induction of
infected alveolar macrophages followed by cross-priming
of resident DCs endowed with the appropriate machin-
ery for peptide and lipid/glycolipid antigen presentation
to T-cells [61]. However, mycobacterial infection inhibits
specifically macrophage apoptosis [62], thus preventing DC
cross-priming and consequently providing an additional
mechanism of impairment of host’s T-cell defenses based on
bacterial antigen recognition.

Infection with M. tuberculosis can also adversely affect
DC function by interfering with their expression pattern
of antigen-presenting molecules. Therefore, among the
different escape mechanisms operated by mycobacteria, of
particular relevance for the present survey are the complex
autocrine and paracrine devices that the microorganism uses
to control the induction of Group I CD1 molecule expression
in infected and adjacent noninfected MOs. In 1998 Stenger et
al. [63] exposed in vitro MOs from healthy donors to G4 for
3 days, obtaining iDCs expressing high levels of Group I CD1
glycoproteins. Thereafter, iDCs were heavily infected with M.
tuberculosis that was able to suppress entirely CD1 expression
within 24 h independently from any cytokine intervention.
On the other hand, Prete et al. [64] reported later that in vitro
coculture of BCG with untreated MOs was able to induce



GM-CSF release by infected cells leading to limited CD1b
expression. Modest upregulation of Group I CD1 antigen
expression was also described by Roura-Mir et al. [65] in
untreated MOs after in vitro infection with M. tuberculosis
at 2 or 10 bacteria per cell. These authors report that their
findings could be explained, at least in part, through Toll-like
receptor-2 (TLR-2) signaling induced by mycobacterial cell
wall lipids. A possible, although limited induction of CD1
expression by mycobacteria has also been described in vivo.
Videira et al. [66] found that prophylactic administration
of intravesical BCG to prevent tumor recurrence in bladder
cancer patients, was followed by upregulation of CDIA,
CDIB, CDIC, and CDIE gene transcripts in cells obtained
from urothelium biopsies. This effect was significantly higher
in patients with a more favorable response with respect
to that observed in patients with early tumour recurrence
[66]. Marked accumulation of CD1a* LC after mycobacterial
stimuli was also described in leprosy skin lesions [67]. On
the other hand, in vitro maturation of MOs to CDla*
DCs under the influence of G4 and LPS was found to be
sensibly impaired when MOs were collected from patients
with pulmonary tuberculosis [68]. The intriguing Janus-
like behavior of mycobacteria relative to CD1 expression has
been investigated in 2001 by Prete et al. [69] and Giuliani
et al. [70], who found that BCG induced in vitro a limited
expression of CD1 in untreated MOs from healthy donors,
but inhibited markedly G4-induced CD1 upregulation in
the same cells. Thereafter, further investigations confirmed
that in vitro infection with mycobacteria downregulates CD1
expression [71, 72]. In particular, upon exposure to G4,
MOs infected with M. smegmatis failed to express CD1a and
evolved directly into CD83* mDCs [73]. In 2007, Prete et
al. [74] provided direct experimental evidence that in vitro
exposure of healthy MOs to BCG induced release of both
GM-CSF and IL-10, and that the interplay between the two
cytokines was presumably involved, at least in part, in the
Janus-like behavior of BCG. Actually, early GM-CSF release
was responsible for the limited autocrine and paracrine CD1
induction. On the other hand, slightly delayed appearance
in culture medium of IL-10 produced by BCG-infected MOs
contributed to the severe limitation of further increase of
CD1 proteins, even in the presence of exceedingly high
concentrations of added GM-CSE. More recently, Gagliardi
etal. [75] reported that mycobacteria trigger phosphorylation
of p38 mitogen-activated protein kinase (p38 MAPK) in
human MOs, leading to CD1 expression impairment. In
fact, pretreatment with a specific p38 MAPK inhibitor allows
infected MOs to differentiate into CD1" DCs, which are
fully capable of presenting lipid antigens to specific T-cells.
Further studies have been conducted on the possible role of
cytokines in restraining the GM-CSF-induced upregulation
of Group I CD1 glycoproteins in mycobacteria infected MOs.
Quite recently, Remoli et al. [76] confirmed the results
of the studies described by Prete et al. [74] showing that
IL-10 produced by MOs infected with M. tuberculosis is
responsible for in vitro suppression of CD1. Moreover,
consistently with the results obtained previously by the same
group [75], they suggested that IL-10 release by infected
MOs was induced by the activation of p38 MAPK signal
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transduction pathways. Several reports from the literature
indicate that mycobacteria activate IL-10 gene and promote
IL-10 release from MOs, phagocytes, and DCs through
different intracellular pathways, including PI3K/AKT and
p38 MAPK [77-81], phosphorylation and activation of
dsRNA-activated serine/threonine protein kinase [82] and
glycogen synthase kinase 3 [83]. Noteworthy is the role of
proline-glutamic acid/proline-proline-glutamic acid family
of proteins of M. tuberculosis that can stimulate macrophages
to secrete IL-10 via activation of the TLR-2 leading to an early
and sustained activation of p38 MAPK, which is critical for
IL-10 induction [84]. The role of MAPK in the impairment
of CD1 expression by mycobacteria has been also confirmed
and emphasized very recently by Balboa et al. [85] who found
that mycobacteria-induced loss of CD1b molecules partially
involves TLR-2/p38MAPK activation.

Several other molecular mechanisms distinct from those
relative to impairment of CD1 gene transcription could be
involved in mycobacteria-induced decrease of CD1 expres-
sion or of antigen presentation efficiency. The complex
cycle of CD1 biosynthesis, cell surface expression, and
lipid loading [12, 44, 86] highlights the several means by
which mycobacteria can interfere with CD1 expression on
cell membrane and antigen presentation to T-cells. After
biosynthesis in the endoplasmic reticulum, CDle remains
in the cell, whereas all other CD1 molecules reach the cell
surface through the Golgi and trans-Golgi network where
they bind to self-lipids. Direct loading of lipids may occur
at the plasma membrane, as described for glycosphingolipids
that bind to CD1b on the cell surface at neutral pH.
Thereafter, glycosphingolipids are recognized without inter-
nalization or processing and stimulate specific T-cells [87].
Moreover, various cell-surface CD1a proteins are stabilized
by exogenous glycosphingolipids and phospholipids present
in serum [88].

As a rule, processing and presentation of microbial
CDI1-bound lipid antigens require that CD1 molecules,
loaded with self-lipids, undergo a recycle process. CD1-
self lipid complexes are internalized, traffic through the
endosomal compartments, where loading and/or exchange
with exogenous lipid antigens occur, then the new CD1-
nonself lipid complexes re-emerge on plasma membrane.
This process resembles peptide sampling by MHC class
II proteins, although MHC class II molecules may reach
the endocytic compartment directly from the trans-Golgi-
network, without first travelling to the cell membrane.

Cell surface CD1 molecules are internalized according
to two distinct mechanisms. Specifically, CD1la molecules,
which lack a tyrosine-based internalization motif, are
internalized to the early endosomes [89] through a
clathrin/dynamin-independent manner and recycle back to
the plasma membrane through a mechanism that relies on
small GTPases, such as Rab22 and ADP-ribosylation factor
6. Both CD1b and CD1c molecules, instead, have a tyrosine-
based motif in their cytoplasmic tail and are internalized
through clathrin-coated pits via the adaptor protein 2 (AP-
2). Thereafter, CD1b is transported to the late endosomes
and, after binding to AP-3, traffics to the lysosomes and then
recycles to the plasma membrane. On the other hand, CDlc,
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after reaching the sorting endosomes, routes to the early
endosomes, and, although to a lesser extent, to the late endo-
somes and lysosomes, and then recycles to the plasma mem-
brane. It follows that CD1c operates a comprehensive survey
for lipid antigens throughout the endocytic system [90].

The entire CD1 recycling pattern reveals that a large
variety of molecular targets could be affected by M. tuber-
culosis. In addition to that, it must be considered that
intracellular lipid loading presumably requires the functional
intervention of a number of helper and adaptor molecules,
including saposins and apolipoproteins [91, 92] and CDle
itself [93, 94]. Moreover, acidic pH promotes lipid binding
to CD1b proteins, thus suggesting that pH fluxes during
endosomal recycling regulate the conformation of the CD1
heavy chain to control the size and rate of antigen capture
[95]. Within this context, it is worth of note the finding
that mycobacteria impair phagosome acidification [58] thus
reducing the extent of mycobacterial lipids bound to CD1b
for T-cell presentation.

5. HIV and CD1 Expression

Interestingly enough, not only the mycobacterial infection,
but also HIV or HTLV-1 infection or intracellular presence of
HIV products are able to interfere with CD1 expression. For
example, HIV-1-Nef was found to interfere with the intra-
cellular trafficking of CD1a [96], although recombinant Nef
added to iDCs increases CD1a expression [97]. Moreover, it
must be pointed out that viable HIV-1 particles infect target
CD4" T-cells via CD1b* exosomes [98]. On the other hand,
in 30 to 45% of HIV-infected white and African subjects,
peripheral blood MOs exposed in vitro to G4 followed by
LPS gave rise to CD1la™ mDCs releasing IL-10 but not IL-12
[99]. In addition, DCs from HTLV-I-infected monocytes fail
to present adequate amounts of CD1a glycoprotein [100].
Preliminary investigations of experimental design (ED)-
1 type (see ED codes illustrated in Figure2) performed
in our laboratory, revealed also a possible link between
HIV infection and CD1 system, presumably relevant to
the increased susceptibility of HIV-infected individuals to
mycobacteria. A vector expressing tat DNA (PCV-TAT, [101])
under the control of the major adenoviral late protein, and
a control empty vector (PCV-0) were kindly provided by
Barbara Ensoli MD of the Italian National Institute of Health.
Peripheral blood MOs of healthy donors were incubated
with G4 alone or with G4 + a supernatant obtained from
the human T-cell leukemia line Jurkat transfected with
PCV-0 (sup-PCV-0) or with PCV-TAT (sup-PCV-TAT). The
results of a representative experiment demonstrated that tat-
induced factors released by transfected cells are able to down-
regulate CD1b expression. In fact, after 5-day exposure to
G4 in vitro, iDCs generated in the absence of supernatants
or in the presence of sup-PCV-0 showed 72% and 79%
CD1b* cells, respectively. In contrast, when iDCs were
generated in the presence of sup-PCV-TAT, the percentage
of CD1b"cells dropped significantly to 54% (Franzese et al.,
in preparation). Moreover, if monoclonal antibodies against
IL-10 were added to G4 + sup-PCV-TAT at the onset of iDC
generation, the percentage of CD1b* cells raised to 81%.

These results along with previous findings indicating that
TAT induces IL-10 in MOs [102] and that IL-10 downreg-
ulates CD1 expression [74-76, 103—106], are consistent with
the hypothesis that IL-10, generated in the presence of TAT,
plays a critical role in compromising CD1b expression.

6. Chemical, Biological, and Physical Agents
Affecting CD1 Expression

6.1. Drugs. A number of natural and synthetic compounds
of pharmacological interest are able to modulate the expres-
sion level of Group I CD1 proteins on immature and/or
mature DCs, either in vitro and in vivo, as reported in Table 2.

As expected, most of the immunosuppressant and anti-
inflammatory agents, including corticosteroids, nonsteroidal
anti-inflammatory drugs (NSAID), and anti-asthma com-
pounds, down-regulate cytokine-induced CD1 expression of
MOs and impair their functional activity. However, local
application of Pimecrolimus on skin in atopic dermatitis, is
followed by increase in the number of CD1a* cells. Moreover,
in vitro exposure of CD34* peripheral blood progenitor
cells to Tacrolimus favors the expression of CD1a induced
by 14-day treatment with cytokines. Notable exceptions to
the inhibitory effects of anti-inflammatory drugs is also
represented by Piceatannol (a stylbene compound similar to
resveratrol) and terpenes that were found to increase CD1a
expression after G4 treatment in vitro of MOs obtained from
healthy donors. Of sensible relevance to the problem of MS
therapy and identification of disease pathogenesis is the find-
ing that Glatiramer acetate (GA), alone or in combination
with IFNJ, is able to down-regulate CD1 expression in vitro
or in vivo. Similar inhibitory effects have been described in
vitro with vitamin D3 that shows beneficial effects in MS
management. These observations appear to provide further
support to the hypothesis that significant participation of
CD1-restricted T-cell responses against self lipid antigens is
involved in the neuronal damage occurring in MS.

Among chemotherapeutic agents, antitubercular (rifam-
picin) or antiretroviral (entecavir) drugs tend to up-regulate
CD1 expression, whereas zidovudine (AZT), that inhibits
iDC proliferation, diminishes the overall availability of
CDla" cells. In the area of antineoplastic therapy, reduction
of cytokine-induced CD1 levels by various agents is the
dominant finding, as shown in vitro by histone deacetylase
(HDAC) inhibitors, tyrosin kinase inhibitors (i.e., imatinib
and sorafenib) and antiestrogens, and in vivo by thalidomide
in multiple myeloma (MM) patients.

More difficult to interpret is the activity of a classical
agent largely utilized in mood disorders including bipolar
affective disorders, such as lithium. The drug downregulates
the in vitro cytokine-induced CD1la expression in MOs of
healthy donors. However, limited CD1a expression is elicited
by G4 in MOs collected from patients with bipolar disorders.
In this case, in vivo treatment of donor patients with lithium
restores full responsiveness of their MOs to G4 exposure in
vitro.

6.2. Cytokines and Autacoids. Table 3 illustrates the limited
information available from the literature on the effect
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TABLE 2: Pharmacological modulation of CD1 molecule expression.
Drug class Agent Therapeuticuse ~ CDI*  EDP Ref* Observations
Angiotensin Losartan
(AT1-R) . D ED-1
;ilctzptoorfists PD123319 Hypertension U ED-1 [107] Assay performed on day 7.
§ (AT2-R)
. Suplatast Inhibitor of ED-1 In ED-1 the assay was performed on day 7.
Anti-asthma tosilate Th-2 responses D ED-2 [108] DCs were obtained from pts with asthma.
D ED-1 [109] MOS, obtaln.ed from bipolar pts, were
) o Bipolar incubated with G4.
Anti-depressant Lithium . ) o
disorders In vitro generated DCs from lithium-treated
U WDC  [109]  pts showed higher CD1a expression than DCs
from untreated pts.
Mechanism: CD1 down-regulation is likely
b ED-1 [110] mediated through the GSK-3/ pathway.
. Tamoxifen ED-1
Anti-estrogens Toremifene Breast cancer D ED-2 [111]  Assay performed on day 7.
In bronchial mucosa of asthmatic pts there is
Beclomethasone an increase of CD1a* DCs. Following
dipropionate Asthma D IvDC  [112]  long-term treatment with BDP the number of
) (BDP, inhaled) CD1a*DCs went to normal levels of
Anti- non-asthmatic pts.
inflammatory
corticosteroids ED-1 Strong CD1a down-regulation. Mechanism:
D ED-4 [113]  high IL-10 via Extracellular signal-regulated
Dexamethasone kinases (ERK) phosphorylation.
(DEX) Inflammatory
diseases CD34" cord blood stem cells were cultured
with SCS, Flt3-ligand and GM-CSF
(Pre-DC). After 5 days, TNFa and IL-4 were
added (differentiation stage). On day, 10
CD-40 ligand and anti-human CD40-ligand
were also added (maturation stage). DEX,
b OED (114] added during differentiation stage, suppresses
CD1a at the end of the immature (day 10)
and at the mature stage (day 12). On the
contrary, CD1a was expressed at normal
levels when DEX exposure was limited to the
2 day maturation stage.
ED-1 . .
The MO-derived DCs were obtained from
ED-3  [115]
neonatal cord and adult blood.
ED-4
Various CDla" cells derived from bronchoalveolar
. . NC OED [116]  lavage showed lower APC function if treated
including DEX . S
with DEX in vitro.
Test on CD1b: the drug does not affect the
functional activity of the T-cell clone capable
. of recognizing the mycolic acid of M.
Anti-tubercular Rifampicin U ED-1 [117] tuberculosis origin, presented by CD1b
agents 118 .
proteins.
Test on CD1b: effect obtained at clinical
concentration of the drug.
Antiviral AZT givattl;gastrélent NC ED-1 119 AZT inhibits DC proliferation, thereby
Entecavir b U ED-1 120]  reducing the total number of DCs.
treatment
. L . ED-4 Mechanism: possibly via IL-10 induction,
Bisphosphonates  Zoledronic acid Osteoporosis D ED-2 [121] antagonized by geranylgeraniol.
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TasLE 2: Continued.

Drug class Agent Therapeutic use CD1*  ED" Ref* Observations
Sodium chlorate reduces GAG sulfation on
.. Sodium MO surface. Reduction of sulfated CSB
Disinfectants Chlorate b ED-1 (122] impairs IL-4 mediated DC differentiation and
CD1a expression.
MS-275 Sodium Antitumor D ED-4 [123] ?r/fﬁil};ii?(:;ml;(l)\gi_bklf’:sil:i;lsi?lrfllir{lﬁ;for and
HDAC inhibitors  valproate ED-1 . L Y
autoimmune disorders.
The agent prevents CD1 upregulation
Na butyrate b ED-1 [124] induced by activation of TLR-2.
Imiquimod Topical use in
Immuno (imidazo squamous cell D WDC  [125]  Inskin biopsies after topical treatment.
stimulant agents quinoline) carcinoma
In cancer The maturation step was performed with
OK-432 treatment U ED-2 [126]  OK-432 which promotes a higher expression
of CD1a in respect to that obtained with LPS.
Gold sodium . ED-1 DCs were obtained fr.om healthy .donors.or.
. Rheumatoid RA pts. The suppression of DC differentiation
thiomalate .. D ED-2 [127] . . . L
(GST) arthritis (RA) ED-4 and function might explain the in vivo effect
of GST on RA patients.
Glatiramer DCs were obtained from untreated and
. GA-treated MS pts. The possible additive
ac.etate (G.A) + Multip l € D ED-1 [128] effects of GA and MIN on MO-derived DCs,
minocycline sclerosis (MS) ED-4 ..
(MIN) seem to support the use of such combination
Immuno therapy in MS.
suppressive MOs were obtained from untreated or treated
agents MS pts and from healthy donors.
Combination therapy with IFNS+ GA
GA +IFNf MS b wbe  [129] resulted in a more pronounced decrease of
circulating CD1a compared to monotherapy
with TENB.
Assay was performed on day 7. DC were
MS D ED-1 [130]  obtained from MS pts. Synergistic effects of
GA and IFNS.
Monomethyl- MMF interfered with the MO-derived DC
. ED-1 . . L .
fumarate Psoriasis D ED-4 [131]  differentiation, resulting in impaired
(MMF) maturation of these cells.
No interference with the function of DCs,
. . Atopic NC ED-1 [132] whereas the activation of effector T-cells was
Pimecrolimus - S
dermatitis inhibited.
U WDC  [133] In epidermal cells (biopsy) after topical
treatment.
. ED-1 Reduction of MHC-I, MHC-II and Ag
Rapamycin —— U ED-4 [134] uptake.
suppressant S
Sinomenine PP U ED-1 [135] The drug prevents LPS-induced DC
maturation.
ED-1
. D ED-2 [136] Effect on LPS-induced DCs in vitro.
Tacrolimus ED-4
(FKS06) Topical f epid 1CDla", i
D WDC (137] Qplca trf:atmentq .epl erma a’, 1 pts
with atopic dermatitis.
Generation of DCs from CD34" peripheral
blood progenitors obtained by culturing the
U OED [138] cells with GM-CSF, TNFa, stem cell factor for

14 days. FK506 was added throughout the
culture starting on day 0.
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TaBLE 2: Continued.
Drug class Agent Therapeutic use CDh1*  ED® Ref* Observations
D1 St
b Kidney disease ED-2 o Y trpto Y exp
its immunosuppressive properties.
Mechanism: increased levels of reactive
Insecticides Rotenone D ED-1 [140]  oxygen species that seem to trigger the
differentiation process of DC.
Mqltldrug MK571 [multl Possible use in D ED-4  [141] MRP} transporter activity is important for
resistance (MDR)  drug resistance MDR DC differentiation.
protein protein 1 Langerhans-like DCs were obtained from
antagonists (MRP1) . . .
block human acute myeloid leukemia cell line
PSOéS?;] , NC  OED MUTZ-3, cultured with TGF-B1, GM-CSF
block (P-gp and TNFa« for 10 days, and MDR antagonists
ocker) were added on day 4, 7, and 10.
MOs from psoriasis pts. Reduction of
Monoclonal . . ED-1 antigen-presenting capacity of DCs,
antibodies Infliximab Anti-TNFa b ED-4 (142] proliferation and IFNy release by psoriatic
T-cells.
The new nitric oxide releasing-ASA
Acetylsalicylic . ED-1 (NCX-4040, NCX-4016) did not affect the
NSAID acid (ASA) Inflammation b ED-4 [143] expression of CD1a during maturation stage
(ED-4).
Niflumic acid NFA inhibits LPS-induced DC maturation by
(NFA) Inflammation D ED-4 [144]  inhibiting co-stimulatory molecule
expression and IL-12p70 production.
Microsomal
triglyceride . BMS212122 Anti-lipid D ED-1 [145] MTP 1nh1b1"t0.rs dov'ln—regulate sel'f as well as
transfer protein exogenous lipid antigen presentation.
(MTP) inhibitors
DEA-NO, U ED-1
NO donors SIN-1, NC ED-2  [146]  The drugs are TNFa« receptor inhibitors.
DETA-NO ED-1
MO-derived DCs were obtained from healthy
. . . donors. MOs exposed to atorvastatin in
Statins Atorvastatin Dyslipidemia U OED [147] combination with IFNea, showed an increased
levels of CD1a compared to IFN« alone.
DCs were obtained from MS pts. Lovastatin
Lovastatin D ED-2  [148]  was added after G4, simultaneously with
TNFa.
Pam CSK Immune Induction of CD1a* cells in freshly isolated
TLR agonists resiquimod response U OED [149]  BM CD34* progenitor cells cultured with
(R848) modifier TLR agonists without cytokines.
D ED-1 [150] In ED-1 the assay was performed on day 7.
Imatinib Antitumor ED-4 Mechanism: NF-kB and AKT inhibition.
Tyrgs%ne Kinase In vitro effects of imatinib, added to the
Inhibitors N .

D OED [151] culture together with different cytokines, on
the development of mobilized human CD34*
peripheral blood progenitor cells into DCs.

. Antitumor D ED-1 [152] In ED-1 sorafenib was added on day 5.
Sorafenib
ED-2 Mechanism: P13MAPK and NF-kB inhibition.
All . .
Various trans-retinoic Various U ED-1 [153] In ED-1 ATRA was associated with GM-CSF

acid (ATRA)

without IL-4.
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TaBLE 2: Continued.

CD1* ED Ref* Observations

Drug class

Agent

Therapeutic use

Retinoic acid

Am80 treatment ameliorated macro- and
microscopic damage in dextran sodium

(AmS80) Various D ED-1 [154] sulfate-induced colitis in mice, and
suppressed the colitis induced elevation of
IL-12.
MOs were obtained from peripheral blood of
Multiple D OED [155] MM pts treated or not with thalidomide. For
Thalidomide myeloma (MM) in vitro DCs generation standard cytokines
were used.
- In skin biopsies of sarcoidosis pts treated or
Sarcoidosis U VDC [156] not with thalidomide.
Trimethyl Biopsies of lesional skin were performed in
psoralen + Psoriasis D IvDC  [157]  pts with psoriasis, before treatment, after 2
PUVA weeks of treatment or at the end of treatment.
Dehydro- Slight down-regulation. The assay was
epiandro- D ED-1 [158]  performed on day 7. Reduction of IL-10
sterone (opposite effect respect to DEX).
Terpenes: Anti-
Calamenene inflammatory, U ED-2 [159]
T-cadinol anti-septic
Terpenes: MOs were cultured with G4, followed by
Epicubenol, Anti-septic U OED [160]  another 2 days with the drugs. Surprisingly
Ferruginol both induce IL-10 generating Treg.
Anti MOs were cultured with G4 for 6 days,
. followed by another 2 days in the presence of
. inflammatory, . .
Piceatannol immunomodu- piceatannol alone. On the contrary high
(stilbene latory and U OED [161]  concentration of resveratrol, another stilbene
derivative) Y derivative, markedly reduces CD1b
anti- . . .
. . expression on G4-induced iDCs (Fuggetta et
proliferative . )
al,, in preparation).
Ginseng .
Vegetal products saponins (M1 Various U ED-2 [162] After G4 DCs were treated on day 6 only with
M1 or M4.
and M4)
1,25(0OH)2D3 hampers the maturation of
D ED-1 [163]  fully active immunostimulatory MHC-II*,
CD1at, CD80"DCs from MOs.
Alpha dihydroxy CD34" cells were collected by apheresis either
Vitamins vitamin D3 MS ED-1 from cancer pts after chemotherapy or from
D OED [164] healthy donors after G-CSF treatment. For
DC generation the cells were cultured with
standard cytokines.
DCs were obtained from MS pts. Beneficial
action of vitamin D in MS may be associated
b ED-2 [165] with its inhibition on both differentiation and
maturation of DCs.
Accompanied by overexpression of miR-378
D ED-4 [166] and low expression of miR-155 that could
have a role in DC function.
D ED-1 [167] D3 up-regulates colpny stimulating factor 1
and downregulates its receptors.
Assay was performed on day 7. Inhibition of
b ED-1 [168] DC differentiation and maturation.
C%ICIPOtrIOl Topl.cal'm D OED [169] In vivo treated psoriatic skin.
(vit. D3 analog) psoriasis

?Evaluation of CD1a expression if not otherwise specified: U: upregulation; D: down-regulation; NC: no change.
PExperimental design code (see Figure 2).

“Reference number.
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of prostaglandins and serotonin on CDla expression in
different experimental conditions in vitro. In all cases, the
agents show suppressive activity.

When cytokines are considered, GM-CSF and IL-4 are
not enlisted in Table 3. Actually, this cytokine combination
is used by most of in vitro tests, to induce iDCs that express
high levels of CD1 proteins (Figures 1 and 2). In particular,
GM-CSF is the most potent inducer, whereas IL-4 reinforces
the effect of GM-CSF but is scarcely active if used alone.

A number of data from the literature is presently available
on IFNs that show predominant inhibitory effects on CD1
system. While IFN« can be involved in the transition from
iDCs to mDCs (Figure 1), IFN downregulates CD1 protein
expression either in vivo or in vitro. In addition this cytokine
was found to reduce the functional activity of mDCs.
Since IFNf has acquired a definite role in MS treatment,
these results add further support to the hypothesis of the
involvement of CD1 system in MS pathogenesis.

Consistent inhibitory effects on CD1 expression are man-
ifested by IL-6 and IL-10 in various experimental conditions.
It must be pointed out that in many cases down-regulation
of G4-induced CD1 expression provoked by various agents
appears to be mediated by the release of IL-6 and more
frequently by the release of IL-10 that operates according to
an autocrine pattern.

Of interest, finally is the mechanism by which TGFfS
appears to maintain CD1la expression on LC generated in
vitro from purified CD34" cells. In this case, the expression
of CD1a, that is normally found to be elevated in immature
LCs, declines with LC maturation. Since TGFf prevents LC
maturation, it allows the long-term presence of high CD1la
levels in LCs.

6.3. Biological and Physical Agents. With the exception of
the placental growth factor, all biological and physical agents
illustrated in Table 4 provoke down-regulation of cytokine-
induced CD1 protein expression. The mechanism underlying
the effect of various lipids including some contained in
human serum, indicates a common target consisting in
peroxisome proliferator-activated receptor (PPAR)y that
appears to be activated by these molecules in various exper-
imental conditions. The observation that human serum,
either for the presence of different lipoproteins or for
the presence of IgG and S2-microglobulin (Table 4), pro-
vides inhibitory effects, poses undoubtedly the question
of the efficiency of the CD1 system in vivo in infected
patients.

Of considerable interest is the finding that various super-
natants of human tumor cell cultures contain inhibitory
factors. Although mycoplasma contamination of cultured
cells could be, at least in part, responsible for these findings
(see Table 5), it cannot be excluded that this type of suppres-
sion of antigen-presenting function could be of relevance in
tumor-induced immune suppression.

The in vivo impairment of CD1a expression by ultraviolet
light is not surprising, since the general immune-suppressive
effects of this type of radiation has been demonstrated in
different effector functions of the immune system.
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6.4. Infectious Agents or Microorganism Products. In vitro and
in vivo studies concerning modulation of CD1 system by
bacterial and chlamydial infections generally demonstrated
a CD1 upregulation (Table 5). It is reasonable to speculate
that, in certain experimental conditions, TLR-2 activation
by microorganisms could be involved [29]. Surprisingly,
however, is the finding that antral biopsies performed in H.
pilori-infected children reveal CD1a/b upregulation respect
to normal subjects, whereas in vitro exposure of MOs to
formalin-killed H. pilori prevents CD1 induction by G4.

Of particular note is the finding that CDla is up-
regulated in vitro by G4 more vigorously in MOs obtained
from MS patients bearing an infectious disease, with respect
to MOs obtained from noninfected MS patients. This
observation has been put in relationship with the clinical
finding that subjects affected by MS are at particular risk of
relapse in the course of bacterial infections. Again, this seems
to provide support to the hypothesis of a significant role that
could be played by CD1 system in MS.

Differently from the in vivo and in vitro effect of the
bacteria and chlamydia reported in Table 5, infections with
various protozoa, with at least two types of helminthes,
and viruses such as HHV-8 and Cytomegalovirus leads
to impairment of CDI expression in various types of
experimental design. This is not surprising since the general
immunodepressive activity of these infections has been
known for several years.

When microorganism products are considered, only
attenuated Dengue-2 live vaccine, malaria-associated AMA-
1, and staphylococcus superantigen are able to up-regulate
cytokine-induced CD1 expression. Toxins and malaria
hemozoin provide opposite effects on the system. A par-
ticular feature that distinguishes the activity of pertussis
toxin from the other microorganism products resides in its
unusual property of suppressing CD1a expression selectively,
without reducing the levels of the other components of
the system (i.e., CD1b and CDlc). It is not excluded that
this could allow selective analysis of CDIA gene regulation
distinct from that of the other CD1 genes.

Finally, of relevance is the finding that LPS is able to
down-regulate G4-induced CDla. LPS, that is considered
the standard agent for generating mDCs from iDCs (Figures
1 and 2), is a common constituent of pathogenic or
nonpathogenic microorganisms, being present in the cell
wall of gram-negative bacteria. Therefore, it is reasonable to
consider that this molecule could play a significant role in
the clinic, possibly through its modulating activity on CD1
expression and DC maturation.

7. Conclusions and Perspectives

Fine tuning of biological functions governed by a complex
signaling network is commonly seen in living organisms, and
the CD1 system does not represent an exception to this rule.
This opens up several options to intentionally manipulate the
CD1 expression in order to enhance or depress antigenic lipid
presentation according to the therapeutic needs. The results
of the literature analysis presented here clearly demonstrate
that a large variety of different externally acting agents,
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TasLE 3: Effect of autacoids or cytokines on CD1 molecule expression.

Molecule CD1? ED® Ref.c Observations
Autacoids

D ED-4 [170]

D ED-1 [171]

Purified CD14" cells from PB of healthy

) D ED-2 donors mobilized with G-CSF for allogeneic
Prostaglandin LD ED-3 transplantation.
PGE,
D ED-4
D ED-1 [172]
D ED-1 [173]
D ED-1 [174]
Cyclopenter}one MOs + G4 for 7 days. CP were added during
Prostaglandins : :
(CP) (15d-PGJ2 D ED-1 [175] the last 24 h of culture without adding
’ maturation factors. In these experimental
12-PG]2, PGA2, nditions, CP induced tosi
PGD2, and PGE2) co ons, uced apoptosis.
?;fﬁ;(é?i;y_ D ED-1 MOS. 5-HT effects mediated via 5-HTR, ;.
trvptamine D ED-4 [176] iDCs and mDCs exposed to 5-HT for 24 h
P ’ did not show alteration of CD1a expression.
5-HT)
Cytokines
MOs cultured for 7 days with
[FNa2a b OED [177] (GM-CSF+IL-4+TNF-a) +/— I[FNa2a.
IFNa2b D OED (178] MOs cultured with GM-CSF +/— IFNa2b
for 5 days.
MOs obtained from PB of pts with renal cell
cancer before, during, and after therapy
with the indicated cytokines, or from
IFNa + -2 or WDC healthy sub}ects were cultured with G4 for 8
IL-12 alone NC OED [179] days. The yield of DCs from cancer pts was
lower than that from healthy subjects.
However, the phenotype of DCs generated
from MO of pts was comparable to that of
DCs generated from MO of healthy subjects.
D ED-2 [148] MOs from PB of untreated pts with MS.
MOs from PB of untreated or
b ED-1 [180] IFNp1a-treated pts with MS.
IFNB1a MOs from PB of untreated pts with MS.
D ED-4 [181] Analysis was performed on CD1a/b/c
molecules.
D ED-1 [182]
Evaluation of % of CD1a*HLA-DR* MNC
D IvDC [183] in PB of MS pts, either untreated or treated
with IFNf1a, and in healthy subjects.
1 +
D ED-4 [184] Pur.lﬁed CD14" cells from PB of healthy
subjects.
MOs from PB of untreated or
IFNS1b D ED-1 [185] IFN1a-treated pts with MS and from
healthy subjects.
(186,
IFNy D ED-1 187] MOs + G4 for 12 days.

1-18 NC ED-1 [188]
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TaBLE 3: Continued.

Molecule CD1? ED®

Ref.c Observations

IL-3 U OED

CD14" osteoclast precursors from PB of
[189] healthy donors cultured with (M-CSF+
RANKL) +/— IL-3 for 7 days.

IL-6

sIL-6Ra/IL-6 D
fusion protein D
(FP6)

OED

GPA~CD15 CDI14 CDla IL-6R" myeloid
progenitors (generated after incubation of
cord blood-derived CD34*CD38" cells with
SCF+FLT3-L+TPO+IL-3 for 6-7 days) were
cultured with (SCF+FLT3-L+TPO+IL-3)
+/— IL-6 or FP6 for 11-14 days.

[190]

1L-6
sIL-6R/IL-6 fusion OED
protein (FP6)

CD36-CD15"CD14~CDla"IL-6R" myeloid
progenitors (generated after incubation of
[191, cord blood-derived CD34*CD38" cells with
192] SCF+FLT3-L+TPO+IL-3 for 7 days) were
cultured with (SCF+FLT3-L+TPO+IL-3)
+/— 1L-6 or FP6 for 7 days.

-6 D OED

Purified CD34*hematopoietic progenitor
cells from PB of G-CSF-treated Pts with
MM were cultured with
(FLT3-L+TNFa+GM-CSF+SCF+IL-4) +/—
IL-6 (added on day 0 or day 7 of culture) for
14 days. CD1a evaluation on day 14.

(193]

MOs. Mechanism, 11-6-induced expression

(194] of G-CSF receptor.

D IVED
IL-10
D OED

D OED

Psoriatic skin after systemic IL-10
administration.

MOs cultured with (GM-CSF+IL-13) +/—
IL-10 for 7 days.

MOs cultured with (GM-CSF+IL-13) +/—
IL-10 for 7 days.

(195]
[196]

[197]

IL-13 U OED

MOs cultured with G4 or with
GM-CSF+IL-13 for 7 days. Higher CD1a
upregulation with GM-CSF+IL-13.

[198] MOs cultured with G4 for 7 d and then with
IL-13 or TNFa or IL-4 for 48 h. IL-13 as
affective as TNFain inducing maturation of
imDC.

Platelet factor 4 D ED-1

[199]

TGF-B1 U OED

Purified CD34* hematopoietic progenitor
cells from cord blood cultured with
(FLT3-L+TNFa+GM-CSF+SCF) +/— TGF-
S1 for 1014 days. Cells generated in the
presence of TGF-$1 resemble immature LC
with high CD1a antigen expression.
Mechanism: maturation of LC leading to
CD1a down-regulation is prevented by
elevated E-cadherin expression induced by
TGF-f1.

(200]

#Evaluation of CD1a expression if not otherwise specified: D: down-regulation; U: upregulation; LD: limited down-regulation; NC: no changes.

bExperimental design code (see Figure 2).
“Reference number.

either of synthetic or natural origin, can affect profoundly
the expression levels of CD1 glycoproteins, with a possible
consequence on DC-mediated lipid presentation to T-cells.
Actually, Group I CD1 glycoproteins are mainly involved
in the presentation of M. tuberculosis-derived lipids to
CD1-restricted T-cells. Pharmacological amplification of the

system could provide a significant help for vaccination
and treatment modalities concerning millions of subjects
presently exposed to tuberculosis threat. In particular, the
rapidly expanding area of small RNAs capable of controlling
directly or indirectly the expression level of an extremely
high numbers of genes, could be carefully considered for
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TaBLE 4: Effect of biological or physical agents on CD1 molecule expression.

Type of biological Agent CD1® EDP Ref. Observations
agents
Modest upregulation. PLGF antagonizes
Placental erowth LPS-induced down-regulation of CD1a in
Growth factors factor (PLgGF) U ED-2 [201] iDCs.
Mechanism: inhibition of NF-kB signal
transduction pathway.
. (202, . . .
Heat-shock proteins HSP-27 D ED-1 203] Mechanism: IL-10 induction.
Anti-OVA rabbit Mechanism: interaction with FcyRI and
Immuno-complexes I6G + OVA D ED-1 [204] FeyRIL
Peptide ligand of
melanocortin-4 D ED-4 [205] mDCs from treated precursors show
Ligand proteins receptor impaired ability to prime T-cells.
(NDP-MSH)
sLAG-3 (CD223) ED-1 CD1a down-regulation. Mechanism
soluble MHC-II D ED-3 [206] (hypothesis): phosphorylation of PLCy2,
ligand p72syk, or AKT molecules.
High individual variability of CD1a
. induction after G4. Lipoproteins (VLDL >
o Lipids b ED-1 [207] LDL > HDL) and PPARy activation reduce
Lipids the number of G4-induced CD1a" cells.
Lysophosphatidic Mechanism: LPA is a potent natural ligand
acid (LPA) b ED-1 [208] for PPARy.
Oxidized phospholipids (generated during
Oxidized D ED-1 1209] inflammation) down-regulate CD1a/b/c and
Phospholipids block histone modifications required to
activate mDCs.
Hepatoma cell CD1la down-regulation by hepatoma but not
s pernatant D ED-1 [210] normal liver cell supernatants. Induction of
up Treg Mechanism: possibly IL-10-dependent.
. From CD34" progenitor cells: severe
Mal 11 o .
r?)clliré:snt e inhibition of CD1a and APC function of
P Human renal cell D OED 211] induced CDs.
carcinoma lines Mechanism: possibly due, at least in part, to
IL-6 and macrophage colony stimulating
factor.
Supernatant of K562, HL-60 and DAUDI on
Leukemia cell D ED-1 [212] CD1a expression. Mechanism: at least in
supernatant part, due to IL-1f secreted by MOs in
response to leukemic cell products.
Melanoma cell ED-1 QDIa/!D/ c. .Me(fhamsm: IL-10 releasr; .
D [213] induction in vivo reduced CD1-positive cells
supernatant wDC . .
in metastatic melanoma.
LC generated in vitro from cord blood
. . i .
D OED (214] CD34 progenitors are CDla deﬁc1§nt
when cultured with melanoma cells in a
transwell design setting.
Reduction of CD1a by supernatant of tumor
Supernatant from cell lines was much less active respect to
primary or supernatants of primary tumors. Similar
long-term D ED-1 [215] results obtained with CD34*

cultured tumor
cells

progenitor-derived DCs. Mechanism: at least
in part mediated by PGE2 released by
primary tumor cells.




16

TaBLE 4: Continued.
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Type of biological
agents

Agent

CDh1*

ED®

Ref.c

Observations

Nucleotides

cAMP, cGMP

ED-1

[216]

cAMP increase was mimicked by the
adenylate cyclase activator forskolin or
cAMP analog 8 bromo-cAMP; cGMP
increase was mimicked by 8 bromo-cGMP;
increase of both was induced by PDE
inhibitor IBMX. Down regolation of CD1a
is followed by impairment of LPS-induced
mDC function.

Serum and serum
components

Human serum

IgG

B2-microblobulin

ED-1

ED-1

ED-1
ED-4

ED-1
ED-4

(217]

[218]

[219]

[220]

[221]

[222]

Human serum lipids: impairment of
CD1a/b/c transcription. Reduced induction
of CD1c-restricted T-cell responses.
Mechanism: PPARy activation.

Human serum: Mechanism: PPARy
activation and IL-10 induction.

Autologous serum (iDCs from MOs or from
CD34* precursors).

Down-regulation of CD1a/b/c and
upregulation of CD-1d transcripts.
Mechanism: 1gG-mediated activation of Fcy
receptor FcyRlIla (CD32a).

This study starts from the observation that
intravenous immunoglobulin attenuates
MS.

Down-regulation of CDla and mDC
function. Mechanism: inhibition of MAPK,
ERK, MEK, and NF-kB, and activation of
STATS3.

Physical agents

Ultraviolet light

UVAI
(340—400 nm)

UVB

IvDC

IvDC

wDC

IvDC

[223]

[224]

[225]

[226]

Decrease of CD1a" LC in a epidermis 3 days
after ultraviolet exposure.

UV irradiation induces CD1a* LC
down-regulation and IL-10 induction in
vivo in skin. This is prevented in vivo by
Zn-containing or octylmetoxy cinnamate
sunscreen preparations.

CDla* Langerhans cell loss after exposure of
human epidermis and dermis to UVB,
accompanied by infiltration with IL-10
producing macrophages.

Organ culture in vitro of human cornea
(immunohistochemistry): low-dose UVB
(100 mJ/cm?) decreases HLA-DR and CD1a
expression of organ-cultured human
corneas and induces moderate corneal
injuries, and might be useful for preventing
allograft rejection.

#Evaluation of CD1a expression if not otherwise specified: U: upregulation; D: down-regulation.
bExperimental design code (see Figure 2).

“Reference number.
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TaBLE 5: Influence exerted by infectious agents or microorganism products on group 1 CD1 antigen expression.

Infectious

Agent CD1® ED® Ref. Observations

Agent
Helicobacter pilori D ED-1 [227] In vitro exposure to paraformaldehyde-fixed
E. coli bacteria. IL-10 independent.

Bacteria In vivo detected by antral biopsies (lamina

. S propria): increased CD1a and CD1b in
Heltcgbacter pileri U IwDC [228] infected children with respect to normal
(in vivo) . . .
subjects. Expression of local immune
responses.
Propionibacterium U ED-2 [229] Heat-kll.led bacteria ad.ded on day 6 to iDCs
acnes of pts with acne vulgaris.
Increased CD1a expression in in vitro
. generation of mDCs from MS pts with
Various U OED [230] bacterial infections versus MS pts without
infections.
Myeloid DCs collected from cervical mucosa
. Chlamydia of chlamydia-infected woman show myeloid
Chlamydia trachomatis v vbe [231] DCs with increased CD1a expression with
respect to that of healthy women.
Ng EZﬁ ltaiSrTcaell If mycoplasma is removed, culture
Mycoplasma P D ED-1 [232] supernatants are no more able to
culture
down-regulate CD1a.
supernatant
Leishmania L. donovani infection in vitro impairs
. D ED-1 [233] induction of CD1a/b/c expression in terms
donovani . -
of gene transcript and protein.

Protozoa Leishmania or soluble Leishmania antigen
Leishmania D ED-1 [234] inhibited CD1a expression, but did not
amazonensis ED-4 prevent further DC maturation toward

CD83* mDCs.
In vitro G4-induced iDCs were infected with
. . L. donovani or L. major on day 7 and tested
Leishmania for CD1a/b/c/d expression 8 h later.
donovani and D OED [235] ¢ expressi :
Leishmania major Down-regulation of mainly Group I CD1
molecules at the transcriptional (QRT-PCR)
and surface expression levels was detected.
Toxoplasma In vitro infection of untreated MOs with T.
gondii NC OED [236] gondii does not induce CD1a.
Necator In vitro G4-induced CD1a in mDCs is lower
. . D OED [237] when MOs were obtained from infected pts
Helminthes Americanus
versus normal donors.
Fchinococcus ED-1 (238, Hydatid cyst components (AgB- and SHF)
ranulosiss D ED-4 239] down-regulate CD1a and further prevent
$ IL-12 production, increasing IL-10 release.

Vi ( Human Herpes Reduced mDC activity and sixfold reduction

iruses (for Virus-8 (alive or D ED-1 [240] in IL-12 (p70) production with consequent

HIVe HTLV-I . . . . .

see text) UV-inactivated) impairment of T-cell-mediated responses.

CD1a assay at day 7, before adding LPS (to

evaluate iDC CD1a expression).

Down-regulation of CD1a occurs also with
Cytomegalovirus D ED-1 [241] UV-inactivated virus. Moreover,

HCMV-infected mDCs were unable to
induce a T-cell response, in line with the
immunodepressive effects of HCMV
infection.
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TaBLE 5: Continued.
Infectious b .
Agent Agent CD1® ED Ref.c Observations
Micro-
Organism
products
Selective suppression of CD1a (mRNA and
Bordetella . . protein) but not of CD1b and CDlc.
pertussis Pertussis toxin b ED-1 [242] LPS-induced mDCs are functionally
normal.
C. albicans supernatants contain a
Candida glycoprotein termed “Secretory IL-12
albicans Supernatant D ED-1 [243] Inhibitory Factor”, able to down-regulate
CD1a expression and IL-12 production by
iDCs and DCs.
DC maturation step 2 was attained with live
Dengue-2 (live attenuate vaccine LAV2 or DEN2 without
Dengue attenaated U ED-2 [244] adding LRS. Heat—lnactlvgted virus was used
vaccines) as a negative control for virus infection.
CD1a assay was performed after incubation
at 32°C for 48 h.
Hemozoin ED-1 Mechanism: increased PPARy expression
Malaria (malaria D ED-4 [245] (qQRT-PCR) following hemozoin-induced
pigment) activation in MOs.
mDCs of P. vivax infected pts show lower
Atypical CD1a expression than that of mDCs
Membrane developed in vitro from MOs of noninfected
Antigen-1 v ED-4 [246] controls. In vitro exposure to AMA-1
(AMA-1) increases CD1a levels in mDCs developed in
vitro from MOs of infected donors.
Mycotoxins T-2 toxin D ED-1 [247] Strong inhibition.
CD1a* cell number in the epidermis was
significantly higher in the lesional skin with
Staphylococcus Staphylogoccus U IwDC [248] respect to that in non-lesional skin from
aureus superantigen . - . .
atopic dermatitis pts or to that in the skin
from normal donors.
LPS (from Salmonella) was added to
MOs+G4 culture on day 0 instead of on day
Various 5-9, as usually used for inducing iDC
bacteria LPS D ED-1 [249] maturation to mDCs. Mechanism: in part by

induction of IL-10, and mostly by
MAPKp38 activation followed by ERK and
NEF-kB inactivation.

4Evaluation of CD1a expression if not otherwise specified: U: upregulation; D: down-regulation.

PExperimental design code (see Figure 2).

“Reference number.

planning new types of antimycobacterial vaccines. It is
reasonable to predict that properly designed siRNA(s) could
be combined in a near future, with BCG or BCG-like vaccines
in order to obtain gene silencing vaccines able to inactivate
the intracellular signals responsible of Group I CD1 protein

suppression.

Abbreviations

Ac2SGL: Acylated sulfoglycolipid

APC:  Antigen-presenting cells

ASA:  Acetylsalicylic acid

ATF-2:  Activating transcription factor
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ATRA:  All trans-retinoic acid

AZT: Zidovudine

BCG: Bacillus Calmette-Guerin

BDP: Beclomethasone dipropionate

CRE: cAMP response element

CREB-1: CRE-binding protein

DC: Dendritic cells

DEX: Dexamethasone

ERK: Extracellular signal-regulated kinases

G4: GM-CSF + IL-4

GA: Glatiramer acetate

GM-CSF: Granulocyte-macrophage colony
stimulating factor

GST: Gold sodium thiomalate

HDAC: Histone deacetylases

iDC: Immature dendritic cells

IFN: Interferon

IL: Interleukin

LC: Langerhans cells

LPS: Lipopolysaccharides

MAPK: Mitogen-activated protein kinase

mDC:  Mature dendritic cells

MDR:  Multidrug resistance

MIN: Minocycline

MM: Multiple myeloma

MMF:  Monomethyl-fumarate

MOs: Monocytes

MRP1:  Multidrug resistance protein 1

MS: Multiple sclerosis

MTP: Microsomal triglyceride transfer
protein

NFA: Niflumic acid

NSAID: Nonsteroidal anti-inflammatory
drugs

PBMN:  Peripheral blood mononuclear cells

PPAR:  Peroxisome proliferator-activated
receptor

pts: Patients

RA: Rheumatoid arthritis

TCR: T-cell receptor

TLR: Toll-like receptors

TNEF: Tumor necrosis factor.
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Postprimary tuberculosis occurs in immunocompetent people infected with Mycobacterium tuberculosis. It is restricted to the lung
and accounts for 80% of cases and nearly 100% of transmission. Little is known about the immunopathology of postprimary
tuberculosis due to limited availability of specimens. Tissues from 30 autopsy cases of pulmonary tuberculosis were located.
Sections of characteristic lesions of caseating granulomas, lipid pneumonia, and cavitary stages of postprimary disease were
selected for immunohistochemical studies of macrophages, lymphocytes, endothelial cells, and mycobacterial antigens. A higher
percentage of cells in lipid pneumonia (36.1%) and cavitary lesions (27.8%) were positive for the dendritic cell marker DEC-205,
compared to granulomas (9.0%, P < .05). Cavities contained significantly more T-regulatory cells (14.8%) than found in lipid
pneumonia (5.2%) or granulomas (4.8%). Distribution of the immune cell types may contribute to the inability of the immune

system to eradicate tuberculosis.

1. Introduction

Mycobacterium tuberculosis (MTB) is endemic in every
part of the world. This organism accounts for nearly 2
million deaths annually, making it the leading bacterial cause
of death worldwide [1]. Once thought to be controlled,
tuberculosis (TB) incidence is rising in many areas caused
in part by the emergence of drug-resistant strains and the
HIV epidemic. Furthermore, nearly one-third of the world
is latently infected with MTB, making eradication of the
organism difficult.

MTB infection begins as primary TB with the depo-
sition of bacilli in the alveoli, which are phagocytosed
by alveolar macrophages [2]. Numerous animal models of
primary TB are available and much is known about the
immune responses that drive granuloma development [3].
Macrophage production of TNF-a and chemokines recruits
systemic monocytes which form the nascent granuloma.
Adaptive immunity develops after infected dendritic cells
(DCs) migrate to a draining lymph node [4, 5]. Neu-
trophils may also facilitate the presentation and migration

of mycobacterial antigens to draining lymph nodes [6]. IL-
12 production by DCs promotes the development of IFN-
y Thl cells that activate macrophages, thereby stabilizing
bacterial growth [3]. The development of an acquired
immune response results in the formation of a mature
caseating granuloma that consists of central necrosis and
infected macrophages surrounded by epitheliod and foamy
macrophages and an outer layer of fibrosis associated with
lymphocytes [7]. Most of such lesions heal, but viable organ-
isms persist. Patients at this stage of infection are considered
latently infected because they lack clinical symptoms and
have stable chest X-rays, and sputums are negative for acid-
fast bacilli [8]. The TB bacilli persist, despite the strong
immune response needed to generate granulomas. This is
possibly explained by the finding that the acquired immune
response to MTB is delayed in comparison to other infectious
diseases [9].

A fraction of latently infected individuals develop
reactivation of infection or are reinfected from the
environment [10]. Such infection of a previously immune



or sensitized person produces a very different type of disease
known as postprimary TB (also referred to as adult type or
secondary infection). Postprimary TB is typically restricted
to the lung where it produces cavities that are responsible
for 80% of all TB disease and virtually 100% of transmission
of the bacilli from person to person [11]. Postprimary TB
occurs characteristically in young immunocompetent adults
with sufficient immunity to control primary TB [12].

It is a paradigm of contemporary research that caseating
granulomas are the characteristic lesion of both primary
and postprimary TB and that cavities form by expansion
of caseating granulomas with softening and liquefaction of
their contents that are discharged as they erode into bronchi.
We previously reported studies of untreated primary and
postprimary TB that contradicted this paradigm [13]. Based
on our observations from preantibiotic era derived samples,
we hypothesized that postprimary TB begins as a lipid
pneumonia in which infection is restricted to foamy alveolar
macrophages. Therefore, resultant cavities appeared to result
from necrosis of tuberculous pneumonia in individuals
who had no histologic evidence of caseating granulomas.
The present studies were undertaken to characterize the
cellular makeup of each of the characteristic stages of human
pulmonary TB in immunocompetent adults. We examined
slides of the lungs of 30 people who died of pulmonary
TB and selected representative sections of each of the major
stages of the disease. These were (1) caseating granulomas
of primary TB, (2) lipid pneumonia, and (3) cavitary
lesions. These sections were studied with immunohisto-
chemical markers of T-cell subsets, macrophages, DCs, and
endothelial cells based on published studies of these markers
in animal models of TB. Immunohistochemical analysis
of MTB antigens and acid fast bacilli (AFB) staining was
included to explore our hypothesis that a progressive buildup
of mycobacterial antigens precedes and contributes to the
rapid necrosis of caseous pneumonia [11]. These studies
were accomplished with a multispectral imaging microscope
and image analysis software that facilitates accurate differen-
tiation and quantitation of multiple cell types with precise
quantitation of immunohistochemical markers.

The results demonstrate distinct patterns of immune cells
in each of the stages of pulmonary TB. Foamy macrophages
(FMs) found in lipid pneumonia and in the walls of cavitary
lesions were frequently positive for the DC marker DEC-205.
An increased percentage of T-regulatory (Treg) cells in the
cavity walls of TB provide evidence of an active role in the
disease process. It is hypothesized that the local accumulation
of immune cells with suppressive properties may contribute
to the chronic nature of MTB infection.

2. Methods

2.1. Tissue Specimens. Formalin-fixed, paraffin-embedded
tissue blocks from patients with postprimary TB were
obtained from the First Infectious Disease Hospital, St.
Petersburg, Russian Federation. Specimens were from
archived cases of autopsies of patients who had died of
pulmonary TB and were culture positive for MTB or
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had positive stains for acid-fast bacilli. Thirty cases of
postprimary TB patients were available for investigation.
Although detailed information is not available, all patients
were HIV negative. All cases were stained with hematoxylin
and eosin and acid fast stained by the Ziehl-Neelsen method
per standard protocols.

This study was conducted according to the princi-
ples expressed in the Declaration of Helsinki. The study
was approved by the Institutional Review Board of UT-
Houston Medical School IRB protocol number HSC-MS-
10-0109, Immunopathology of Tuberculosis. We studied
microscope slides of tissues from patients with tuberculosis.
All materials were byproducts of regular autopsy practice and
were obtained after completion of all medical needs. The
specimens were deidentified for the study.

2.2. Immunohistochemistry Staining for Immune Cell Markers.
Five-um tissue sections were deparaffinized and stained
with monoclonal antibodies for CD4 (Leica-Microsystems,
Bannockburn, IL), CD8 (Dako, Carpinteria, CA), CD20
(Dako), CD31 (Leica-Microsystems), CD68 (Dako), DEC-
205 (Santa Cruz Biotechnology, Santa Cruz, CA), and Foxp3
(Abcam, Cambridge, MA). Mouse monoclonal antibodies
were used for all immune cell markers. A rabbit polyclonal
antibody to purified protein derivative (Abcam) was used
for the detection of MTB. The pretreatments, dilutions,
and incubation times are shown in Table 1. After washing,
sections were incubated for one hour with antimouse (Dako)
or antirabbit (Biocare Medical, Concord, CA) polyclonal
antibodies labeled with HRP.

2.3. Photography and Image Analysis. All images were taken
using the Nuance multispectral imaging system (CRI,
Woburn, MA), which allowed enumeration of cellular
phenotypes in defined areas of pathology. Three distinct
pathologic manifestations of TB were analyzed that included
granulomas, lipid pneumonia, and cavitary lesions. Images
from at least 5 cases of the defined pathological manifesta-
tions were captured with the 10x objective. Quantification
of immune cells expressing specific markers was performed
with the tissue and cell segmenting functions of Inform
software (CRI), according to the manufacturer’s instructions.
The total number of cells in an image was determined using
the hematoxylin stain.

3. Results

3.1. Granulomatous Pathology. Three distinct patterns of
pathology of pulmonary TB were analyzed. The first type
is the caseating granuloma characteristic of primary TB.
Similar caseating granulomas were observed in primary TB,
miliary TB, and chronic fibrocaseous postprimary TB. A
representative image is shown in Figure 1(a). A central region
of caseous necrosis is surrounded by foamy and epitheliod
macrophages, often presenting with Langhan’s giant cells
(Figure 1(b)). The percentages of different immune cell
markers obtained by quantitative image analysis are shown
in Table 2. Granulomas contained an abundance of CD68+
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TaBLE 1: Conditions for immunohistochemistry staining of immune cell markers and MTB.

Marker Pretreatment Dilution Incubation time?
CD4 steam for 20 minutes in EDTA, pH 8.0 1:25 45

CD8 steam for 20 minutes in EDTA, pH 8.0 1:125 30

CD20 5 minutes under pressure in citrate buffer, pH 6.0 1:800 20

CD31 5 minutes under pressure in citrate buffer, pH 6.0 1:100 30

CD68 5 minutes under pressure in citrate buffer, pH 6.0 1:2000 20
DEC-205 steam for 20 minutes in EDTA, pH 8.0 1:50 overnight
Foxp3 5 minutes under pressure in citrate buffer, pH 6.0 1:100 30

MTB Proteinase K 1:100 60
“minutes.

FIGURE 1: Granuloma histopathology. (a) Typical caseating granuloma, with central necrosis flanked by epitheliod cells and foamy
macrophages. The periphery of the granuloma consists of lymphocytes, 100x. (b) Langhan’s giant cell, 400x. (c) Abundant CD4+ cells
in the granuloma include both lymphocytes and macrophages, 100x. (d) CD8+ cells were mainly located in the periphery of the granuloma,
100x. (e) B-cells, identified by the CD20 stain, were noted in the outer layer of the granuloma. (f) Granulomas stained heavily for the CD68
marker, 100x. (g) Macrophages at the periphery of the granuloma stain positive for the dendritic cell marker DEC-205, 400x. The insert
demonstrates a digitally zoomed region to detail the DEC-205 staining. (h) T-regulatory cells, identified by the Foxp3 marker (arrow), were
found in the lymphocytic layer of the granuloma, 400x. (i) CD31 stain shows well-vascularized tissue at the periphery of the granuloma,

200x.



macrophages and CD4+ lymphocytes (Figures 1(f) and
1(c)). CD8+ lymphocytes, as well as B-cells identified by the
CD20 marker, were found in the lymphocytic outer region
of the granuloma (Figures 1(d) and 1(e)). The outermost
layer of the granuloma near the alveoli consisted of FMs
that were frequently positive for the DC marker DEC-
205 (Figure 1(g)). Foxp3, a marker for Treg cells, were
occasionally noted interspersed between other stained lym-
phocytes (Figure 1(h)). The periphery of granulomas was
well-vascularized as assessed by the CD31 stain (Figure 1(i)).

3.2. Lipid Pneumonia. The alveoli were filled with FMs
positive for the CD68 marker with lymphocytes present in
the alveolar walls (Figures 2(a)-2(c)). Cells in the alveoli
occasionally had a “dry” appearance with areas of fibrosis
(Figure 2(a)) or a homogenous consistency of necrotic
material (Figure 2(c)). Bronchial obstruction was frequently
present [13]. CD4+ cells were present at significantly less
frequency compared to numbers seen in granulomas (P
< .05, Table 2 and Figure 2(d)). CD8+ cells were frequently
observed in the alveolar walls as well as the alveoli
(Figure 2(e)). B-cells were rarely noted in the regions of lipid
pneumonia but were observed to occur in large clusters in
regions that bordered the lipid pneumonia (not shown).
The FMs in the alveoli were frequently positive for the DC
marker DEC-205 (Figure 2(g)). Treg cells were noted in the
alveoli but were scarce elsewhere (Figure 2(h)). Disrupted
lung architecture of developing caseaous necrosis was readily
apparent on the CD31 stain of vascular endothelial cells
(Figure 2(i)).

3.3. Cavitary Lesions. An example of a cavity that appears
to be developing by necrosis and fragmentation of lipid
pneumonia is shown in Figure 3(a). The cavity wall is made
up of necrotic debris, foamy macrophages, and lymphocytes.
Abundant fibrosis develops as the lesion becomes chronic
(Figure 3(b)). The lymphocytes lining the walls of mature
cavities were a mixture of CD4, CD8, and CD20 positive
cells (Table 2 and Figures 3(c)-3(e)). The FMs lining the
cavity wall were strongly positive for the DC marker DEC-
205 (Figure 3(g)). Numerous Treg cells were present around
the cavities (Figure 3(h)). The walls of the cavitary lesions
contained abundant granulation tissue (Figure 3(i)). None
of the cavitary lesions were directly associated with caseous
granulomatous pathology.

3.4. Localization of MTB Antigens and Acid-Fast Bacilli. MTB
were rarely observed in granulomas by either Zhiel-Neelsen
staining or immunohistochemistry for MTB. Representative
images from cases of lipid pneumonia and cavitary lesions
are shown in Figure 4. Early lipid pneumonia demonstrated
evidence of mycobacterial antigens throughout alveoli, but
very few acid-fast bacilli were seen (Figures 4(a)—4(c)). As the
lipid pneumonia undergoes necrosis, both abundant tuber-
culin antigens and bacilli are evident (Figures 4(d)—4(f)).
Cavities had roughly equal amounts of antigen and bacteria,
most of which were localized to regions representing the
cavity wall (Figures 4(g)—4(i)).
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4. Discussion

A central question in TB research is why the immune
system successfully controls primary TB but fails to clear
a postprimary TB cavity and thus halt transmission of
infection. A problem is that investigators have little to study
since few specimens of human pulmonary TB are available
to them. Recent descriptions of specimens recovered from
surgical cases of patients with cavitary TB are available [14].
This project was built on earlier studies that described the
histopathology of the stages of postprimary TB [13]. To
our knowledge, this study is the first recent description of
postprimary TB that includes Tregs and cells with the DEC-
205 marker.

Histopathologic examination of the 30 cases in this study
supported our previous hypothesis that postprimary TB
begins as a lipid pneumonia [13]. Other authors suggest that
cavities develop when granulomas rupture into the airways
and that lipid pneumonia is a complication of cavitary
TB [2, 3, 15]. Analysis of the development of cavities is
beyond the scope of this paper. Nevertheless, a key question
of postprimary TB is how MTB survive and proliferate
in alveolar macrophages in restricted areas of lung while
the entire rest of the body remains highly immune. The
present studies provide some clues. Foamy macrophages
positive for the DC marker DEC-205 accumulate in the
alveoli with CD8+ lymphocytes in the alveolar walls and
alveoli. Ordway and colleagues [16] reported that FMs from
murine granulomas were strongly positive for the DC marker
DEC-205. Interestingly, a high percentage of FMs found
in lipid pneumonia and those lining the cavity walls were
positive for DEC-205. The FMs in mice were reported to
have additional markers of DCs such as CD11c, MHC class
I, and CD40 as well as high levels of antiapoptotic markers
[16]. The significance of FMs expressing DC markers is
not yet clear. However, MTB-infected DCs can harbor
the bacilli for extended periods of time and do not have
efficient mechanisms of eliminating MTB [17-19]. FMs with
characteristics of DCs may therefore provide a permissive
environment for the growth of mycobacteria. Furthermore,
FMs may be a tissue source of immunosuppression that
inhibits the cell-mediated immunity necessary to clear MTB.
For example, FMs secrete high levels of transforming growth
factor-beta (TGF-f) that can cause apoptosis of immune
effector cells [20]. Additionally, FMs produce high levels of
inducible nitric oxide synthetase, which has been associated
with suppression of T-cells in murine MTB infection [21].
Therefore, FMs may be a contributor to the local immuno-
suppression responsible for the inability of the immune
system to eliminate postprimary TB.

Organisms in cavities typically grow in massive numbers
on the inner surface of a cavity but nowhere else in the
body even though other parts of the body, particularly
the lung, are continually exposed to large numbers of
virulent organisms being coughed into the environment. The
surface of a cavity has been described as an area of “failed
immunity” [22]. This study found a significantly increased
percentage of Treg cells in the cavitary wall compared to
other tissue manifestations of TB. Treg cells, identified by
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TABLE 2: Percentage of cells positive for immunological markers.

Primary TB Postprimary TB Postprimary TB
Granuloma Lipid pneumonia Cavitary lesion
Marker

CD4 30.7 £ 4.1 10.1 + 3.1° 23.1 + 4.6*°
CD8 17.8 + 4.2 19.6 + 3.8 27.7+7.1
CD20 20%£0.5 23+0.7 7.8 +1.2%0
CD68 494 +£5.0 64.0 = 12.5 55.1 + 14.8
DEC-205 9.0 +3.5 36.1 + 8.5 27.8 +8.5%
Foxp3 48+ 1.1 52+1.2 14.8 + 4.3%0

Images of the different tissue manifestation of TB were taken using the 10x objective from at least 5 regions of multiple cases. The total number of cells was
determined using the hematoxylin stain. The data are presented as the percentage of cells positive for a given marker, £SD.

2P < .05, comparison to granuloma.

bp < .05, comparison to lipid pneumonia.
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FIGURE 2: Lipid pneumonia. (a) Alveoli are filled with macrophages and the alveolar walls have high numbers of lymphocytes, 100x. (b)
Macrophages in the lipid pneumonia have a foamy appearance, 400x. (c) The cells in the alveoli may undergo necrosis to produce a
homogenous appearance, 100x. (d) Relatively few CD4+ cells are present in lipid pneumonia, 400x. (e) Abundant CD8+ cells are noted
in the alveoli as well as in the alveolar walls, 400x. (f) Foamy cells stain strongly with the CD68 marker. (g) Foamy macrophages in the lipid
pneumonia are frequently positive for the dendritic cell marker DEC-205, 400x. The insert shows a detailed image of a DEC-205-positive
macrophage. (h) T-regulatory cells were observed in regions of lipid pneumonia (arrow), 400x. (i) The CD31 stain highlights the disrupted
lung architecture, 100x.
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F1GURE 3: Immunopathology of cavitary lesions. (a) Early cavitary lesion, surrounded by lipid pneumonia, 100x. (b) Chronic cavitary lesion.
The cavity wall consists of necrotic material, foamy macrophages, and fibrous tissue with abundant lymphocytes, 100x. (¢) Numerous CD4+
cells make up the lymphocytic portion of a cavity wall, 100x. (d) CD8+ cells in the wall of a cavity, 100x. (e) CD20+ cells in the wall of a
cavitary lesion, 100x. (f) The cells lining the cavity are CD68+ macrophages, 100x. (g) Foamy macrophages lining the cavity wall are positive
for the dendritic cell marker DEC-205, 400x. Insert demonstrates a region detailing the staining for DEC-205. (h) Numerous Foxp3+ cells
(arrow) were found in the cavity wall, 400x. (i) Abundant granulation tissue in the wall of a cavitary lesion noted with the CD31 stain, 100x.

expression of the transcription factor Foxp3, are essential
for preventing self-reactive immune responses and limiting
immune-mediated tissue damage during infection [23, 24].
However, the role of Tregs in infectious diseases such as
TB is complex. Tregs produce inhibitory cytokines, such
as IL-10 and TGEF-p, that protect host tissue by limiting
excess inflammation but may conversely limit clearance of
pathogens [25]. Peripheral blood Treg cells are decreased
in newly infected contacts of TB patients, possibly due
to accumulation in infected lung [26]. As the infection
progresses, Tregs expand to regions of disease sites, as well
as in blood [27-30]. Differential expression of Foxp3 in
PBMCs was predictive of active TB versus latent infection
[31]. Of significance, Foxp3 cells decreased T-cell-mediated
responses to mycobacterial antigens in human TB [32].
Depletion of Treg cells during a murine model of infection
enhanced MTB elimination [33, 34], providing further

evidence that Treg cells inhibit the clearance of MTB. A
recent study demonstrated that small numbers of MTB-
specific Tregs inhibit the accumulation of CD4 and CD8 T-
cells in the lungs of infected mice [35]. The findings from
our study demonstrate high numbers of Treg cells in a tissue
manifestation of TB from which the bacilli are frequently
not eradicated, providing further support to the hypothesis
that accumulation of Tregs at the sites of MTB infection
suppresses the activation of protective immune responses.
However, it should be noted that Treg activity was not the
limiting factor in the effectiveness of BCG vaccination of
mice [36]. However, since mice do not develop cavities, the
interpretation of such studies for the human host response to
cavities must be taken with caution.

These studies also confirmed earlier observations that
large amounts of antigens of MTB demonstrable by
immunohistochemistry are present in alveoli of the lipid
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(g)

FIGURE 4: Comparison of immunohistochemistry (IHC) for MTB and Zhiel-Neelsen acid fast staining. Early lipid pneumonia (a)—(c). (a)
H&E stain demonstrates macrophages and lymphocytes within the alveoli, 100x. (b) MTB are noted on the IHC, 400x. (c) Few AFB are
observed by Zhiel-Neelsen staining, 400x. Lipid pneumonia undergoing abrupt necrosis (d)—(f). (d) Cells in alveoli undergo necrosis and
have a homogenous appearance, 100x. (e) Abundant mycobacterial antigens noted on the IHC stain for MTB, 400x. (f) Numerous acid-fast
bacilli are observed, 400x. Cavitary TB (g)—(i). (g) H&E stain showing a cavity with a piece of detached lung and necrotic debris, 40x. (h)
The wall of the cavity is strongly positive for MTB antigens, 400x. (i) Acid-fast bacilli are found lining the cavity wall, 400x.

pneumonia [13]. In this stage, there was far more MTB
antigen in alveoli than organisms observed by acid-fast stain-
ing. Much of it was present in structures that were distinct
from aggregates of AFB. We hypothesize that mycobacterial
antigens accumulate progressively in alveoli during this
stage of disease. This is similar to the accumulation of
MTB antigens in alveoli of slowly progressive pulmonary
TB in mice [13]. We have proposed that this build up of
mycobacterial antigens including glycolipids is an essential
precursor to the abrupt necrosis that produces cavities [7, 37,
38].

This study has a number of important limitations. Tis-
sues from autopsy cases of patients who died of pulmonary
TB were received as deidentified paraffin-embedded blocks.
While we were told that the tissues came from untreated or
inadequately treated patients, detailed clinical information
on a case-by-case basis is not available. Nonetheless, this

study provides important details of the cellular phenotypes
in characteristic tissue manifestations of postprimary TB.

5. Conclusions

In summary, better understanding of the pathology of
the multiple stages of postprimary disease has facilitated
investigations of manifestations of the disease that have
heretofore been unapproachable by modern science. The
key questions are how does MTB establish and survive
in two privileged sites in the upper lobes of lungs of
hosts who are strongly immune in all other parts of the
body. The first site is an endogenous lipid pneumonia in
which MTB survive only in foamy alveolar macrophages
in parts of the lung. The second is a mature cavity in
which MTB proliferate in massive numbers on the cavitary
surface, but nowhere else. The present studies demonstrate



that these questions can be approached with modern
quantitative immunohistochemical technologies and that
different host responses are operative at each stage of the
disease. The results demonstrate that both types of privileged
sites are characterized by an increased percentage of cell
phenotypes with immunosuppressive properties that may
be a critical component responsible for the inability of the
immune system to clear MTB. It is anticipated that a better
understanding of the immunopathology of MTB, and the
molecular mechanisms governing the transition from latent
to active disease will ultimately lead to more effective control
of TB.
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IFN-y has been used in the treatment of IL-12Rf1 deficiency patients with disseminated BCG infection (BCGosis), but the optimal
dose to reach efficacy is not clear. We used IFN-y in the treatment of a 2.7-year-old patient with IL-12Rf1 deficiency and refractory
BCG-osis. IFNy was started at a dose of 50 ug/m? 3 times per week. The dose was upgraded to 100 mcg/m? after 3 months,
then to 200 mcg/m? 6 months afterwards. Serum mycobactericidal activity and lymphocytes number and function were evaluated
throughout the study. There was no clinical response to IFN-y with 50 or 100 ug/m?* doses. However, there was some response to
the 200 ug/m? dose with no additional adverse effects. The serum mycobactericidal activity was not significantly different during
the whole treatment period. Lymphocytes proliferation in response to PHA was significantly higher after 3 months of using the
highest dose as compared to the lowest dose. The tuberculin skin test reaction remained persistently negative. We conclude that in
a patient with IL-12Rp1 deficiency, IFN-y at a dose of 200 pg/m?, but not at lower dosages, was found to have a noticeable clinical

effect with no additional adverse effects.

1. Introduction

Investigation of a human syndrome known as Mendelian
susceptibility to mycobacterial diseases (MSMD) (OMIM
209950) has, in the past 15 years, led to the identification
of a series of genetic defects in the IL-12/IFN-y axis. These
include defects in three autosomal genes controlling the
response to IFN-y: IFNGRI, encoding the ligand binding,
first chain of the IFN-y receptor; IFNGR2, encoding the
signaling, second chain of the IFN-y receptor; STATI,
encoding the signal transducer and activator of transcription
1 downstream from IFN-y receptor. They also include defects
in two other autosomal genes controlling the production of
IEN-y: IL12B, encoding IL-12p40 shared by IL-12 and IL-

23; IL12RB1, encoding the first chain of the IL-12 and IL-23
receptor (IL-12Rf1). In addition, there is one X-linked gene
that encodes nuclear factor-kB essential modulator (NEMO)
[1-3].

IL-12RB1 defect was first described in 1998 [4] and
is the most common among the known genetic disorders
that predispose to mycobacterial infections. The spectrum
of infections reported in these patients is, however, sur-
prisingly narrow. These patients display selective suscep-
tibility to weakly virulent Mycobacteria, such as environ-
mental mycobacteria (EM) and live bacille Calmette-Guérin
(BCG) vaccine (an attenuated substrain of Mycobacterium
bovis), and Salmonella. They showed almost no increased
susceptibility to other pathogens including other bacteria



and ubiquitously distributed viruses and fungi [5]. Evidence
suggests that the immune system is redundant in its response
to many intracellular microorganisms. For other organisms
like varicella zoster virus, Thl activation and IFN-y pro-
duction was found to be stimulated by IFN-«a not IL-12
[6].

In a very recent report, that included the largest cohort
of patients with IL-12RS1 deficiency (141 patients) [7], the
mean age of onset of the first infection was 2.4 years. The
severity of the disease varied significantly from subjects who
were asymptomatic until adulthood to patients who died
in early childhood from complications of the disease. The
mortality rate was 32% among symptomatic subjects and
the mean age of death was 7.5 years, mostly secondary to
BCGosis or EM disease.

In patients with IL-12Rf1 deficiency who do not respond
to prolonged therapy with multiple anti-mycobacterial
drugs, the mycobacteria frequently develop resistance to
some of these medications. The management of those
patients subsequently becomes very difficult and frequently
they will not recover using antimycobacterials alone. Since
the most important reason of those patients’ failure to
control mycobacterial infections is the inability of their T
cells and NK cells to produce IFN-y in response to IL-12
stimulation, IFN-y is an attractive candidate therapy that can
be tried in those patients [8]. However, the optimal dose and
duration of using IFN-y are not clear.

2. Subject and Methods

2.1. Study Patient. Our patient was referred to us at 6 months
of age with left axillary lymphadenitis that grew the vaccine
strain of Mycobacterium bovis (BCG), a routine vaccine given
in day one of life in Saudi Arabia. There was no granuloma
formation on the lymph node biopsy. She was otherwise
well apart from intermittent fever and night sweats. Her
parents were not consanguineous but from the same tribe.
She had a 5-years-old brother who had left axillary BCGitis
in infancy that resolved promptly after treatment with
isoniazid alone for 6 months. She also had a 7-years-
old sister who has been completely healthy. She did not
respond to isoniazide and rifampicin. Sensitivity results then
showed that the organism was resistant to both, so she was
started on ethambutol 300 mg OD, cycloserine 250 mg OD,
and moxifloxacin 200 mg OD for which the organism was
sensitive. Meanwhile, immunological investigations revealed
that our patient’s lymphocytes have no IFN-y production
in response to IL-12+BCG as compared to controls (those
investigations were performed in Dr. Casanova’s lab in
Paris. Her parents were travel controls). Her brother had a
similar cellular phenotype (i.e., no IFN-y production after
BCG and BCGHIL-12 stimulation in whole-blood assay)
(Table 1). In addition, no cell surface-expressed IL12RB1
could be detected from their PHA-T cell blast (data not
shown). Genetic testing confirmed that she and her brother
have homozygous 1336delC mutation in the ILI2RBI gene,
leading to complete IL12RB1 deficiency. Her sister was
functionally and genetically normal. To our knowledge this
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TaBLE 1: In vitro Lymphocytes’ IFN-y production in different
conditions.

IFN-y (pg/ml)

Stimulant

Control Father Mother Sister Brother Patient
Medium 0 62 62 0 0 0
BCG 738 202 68 47 35 0
BCG+IL12 44461 6000 4233 988 13 0

is the only family with this specific type of mutation to be
reported [7].

2.2. Study Plan. After parental consent, baseline and fol-
lowup investigations were obtained including CBC, ESR,
liver enzymes, lymphocytes subsets, and tuberculin skin
test (TST) every 3 months. Immunoglobulin levels, serum
mycobactericidal activity, and lymphocytes proliferation in
vitro were performed every 6 months.

The patient was seen in the clinic every 6 weeks. IFN-
y-1b (Imukin, Boehringer Ingelheim) was started at a dose
of 50 ug/m? subcutaneously 3 times/week. If there is no
significant response within 3 months the dose will be
doubled to 100 mcg/m?, at the same frequency.

2.3. Cellular Studies. Blood samples were taken from the
patient before starting treatment with IFNy (S1), 6 months
(S2) and 12 months (S3) after starting treatment. PBMCs
were isolated from whole blood by density centrifuga-
tion (Lymphoprep, Nycomed, Oslo, Norway) and assayed
for in vitro proliferative responses by the thymidine
incorporation method against phytohemagglutinin (PHA)
(Sigma, St. Louis, Mo.) and IL2 (R&D System, Abington,
UK).

The proliferation results are expressed as mean count per
minute of triplicate cultures for the antigen concentration
giving maximum response minus the mean count-per-
minute values for 12 wells without antigen (medium only).

2.4. Serum Mycobactericidal Assay. Two specimens of the
patient’s serum were collected at 6 months and 12 months
of the study period, 2 hours after anti-mycobacterial drug
administration, to determine the serum inhibitory and
bactericidal titers against the patient’s mycobacterial isolate
as well as mycobacterium bovis BCG vaccine strain (Statens
Serum Institute, Copenhagen S, Denmark) and mycobac-
terium tuberculosis H37RV reference strain (ATCC, Atlanta,
GA, USA), as previously described [9].

3. Results

Our patient was started on IFN-y at a dose of 50 ug/m? three
times a week in addition to her anti-mycobacterial medica-
tions as above (Figure 1). Three months later, the patient’s
condition was slightly worse, so ethionamide 250 mg OD was
added to her drug regimen and IFN-y dose was upgraded
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- IF IFN-y 50 yg/m? Amikacin
_ St started added 1IFN-y 200 pg/m?
- 1IFN-y 100 pg/m? Amikacin IFN-y supply
- Ethionamide added discontinued finished
3mo 6mo 9mo 12mo
Worsening Worsening No change Deteriorating
Improving Died

FiGure 1: Time line of the patient’s course. Above are the changes in medications and below are the changes in clinical condition from the
beginning of IFN-y introductions till the patients’ death 15 months later.

to 100 ug/m> three times a week. Six months from the

beginning of the study her clinical condition continued
to worsen and she developed a left chest wall abscess. At
that time amikacin was added to her drug regimen for 6
weeks only. She was continued on the same dose of IFN-
y. Nine months from the beginning of the study there was
no clinical improvement. She was on four anti-mycobacterial
medications as mentioned above. At this point the dose was
upgraded to 200 ug/m>. One month later the enlarged lymph
nodes and the chest wall abscess started to discharge pus
that was positive for acid-fast bacilli on ZN stain and the
culture grew Mycobacterium bovis. The patient felt better
and the abscesses and the discharging lymph nodes healed.
One month later she developed right pleural effusion, but
remained clinically stable. Cultures from the effusion were
negative. After 12 months from the beginning of the study
we ran out of IFN-y and the patient continued on her
usual anti-mycobacterial medications. She then started to
deteriorate gradually. Three months later she developed
massive pneumonia and died. The only adverse effect from
IFN-y therapy that was noted throughout the study at the
different doses was fever (up to 39°C) and lethargy up to
8 hours from giving the injection. Her CBC, liver enzymes,
lymphocyte subsets, and immunoglobulin levels were not
significantly changed and her ESR fluctuated between 80—
107 mm/hr throughout the study period.

The spectrum of proliferative responses of T cell follow-
ing stimulation with PHA and IL-2 is shown in Figure 2.
The percent increase of T cell proliferation in response to
PHA (1:10 dilution) rose from 17% at baseline to 26% at
6 months of the study, reaching 32% at 12 months (P = .02)
after increasing the dose of IFN-y to 200 ug/m?. There was,
however, no change after IL-2 stimulation, where percent
increase of T cell proliferation was 20%, 18%, and 17% at
baseline, 6 months, and 12 months, respectively.

There was no significant difference between the serum
mycobactericidal activity at 6 months and at 12 months.

40 T-cell proliferation when stimulated with

IL2 and PHA

35
30 +
25
20
15 +
10
5 -
(U T T T
S2 S3

Control S1
FIGURE 2: The percent increase in T cell proliferation stimulated
with PHA and IL2 in control and the three samples from the patient:
(S1) before treatment, (S2) 6 months after treatment (S3) 12
months after treatment. The percent increase in Sample, (S3) stim-
ulation with PHA was significantly higher than the response before
treatment (S1) (P = .02), while no significant difference with IL2.

[0 1L2% increase
E PHA% increases

4. Discussion

Our patient had a severe phenotype of IL-12Rf1 deficiency.
In addition, the organism was resistant to anti-BCG antibi-
otics. Therefore, it was more stringent to try IFN-y as a
therapeutic agent. IFN-y was tried initially at a dose of
50 ug/m? 3 times a week based on the experience of using
it in other conditions like chronic granulomatous disease
(CGD) [10]. However, it was not surprising that it did not
work at this concentration with our patient since, unlike
patients with CGD, she is not able to produce IFN-y and
the pathophysiology of the disease is completely different.
The clinical effect noted after using the high-dose IFN-y



(200 ug/m?) may be attributed to this medication. This could
be supported by the deterioration in the patient’s condition
after cessation of IFN-y. Since there was no difference in the
mycobactericidal activity between 6 months and 12 months
of the study period, the changes in the patient’s clinical
condition are unlikely to be due to the anti-mycobacterial
medications.

The increase in the lymphocyte proliferation in response
to PHA at 12 months as compared to 0 and 6 months
may be secondary to indirect stimulation of the patient’s
lymphocytes with the high-dose IFN-y. However, the per-
sistently negative tuberculin skin test suggests that IFN-y
therapy did not improve specific DTH to mycobacterial PPD
antigens. Since there were no additional adverse effects with
the 200 ug/m? dose of IFN-y, our experience with this patient
may encourage physicians to start directly with this dose
especially when there is no good response to maximum anti-
mycobacterial therapy after few months of treatment.

Achieving clinical resolution is very important in the
management of patients with IL-12RS1 deficiency and
BCGosis. Patients with BCG disease rarely have recurrence or
develop EM disease, if they responded to multidrug antibi-
otic treatment [7]. On the other hand, patients frequently
develop recurrence of salmonellosis, sometimes involving
the same serotype. Interestingly, more than a quarter of
the genetically affected siblings remain asymptomatic. This
strongly suggests that the IL-12 pathway is redundant for
the primary immune response against Mycobacteria and
Salmonella in a substantial proportion of patients.

IFN-y was tried in some patients with IL-12Rf1 defi-
ciency and BCGosis. There are only two reports of three
patients where IFN-y was tried. The first report includes 2
patients with BCGosis treated with IFN-y for 18 months in
addition to antimycobacterials [11]. One patient survived
and the other died. The patient who responded had main-
tained a normal number of Th cells during treatment and
had good proliferative response to mycobacterial antigens
in vitro compared to the other patient. The second report
included one patient who had BCGosis for 13 years and
failed multiple first- and second-line antimycobacterials. She
was having chronic diarrhea and her serum showed no in
vitro bactericidal nor bacteriostatic activity against BCG. She
fully recovered when IFN-y was used for one year plus the
addition of intravenous anti-mycobacterial treatment to her
regimen [9]. Two other patients with similar presentation
were treated similarly by the same group and did well (direct
communication with Dr. Rosenzweig).

In many countries around the world BCG vaccine is given
at birth or few months afterword. In Saudi Arabia, BCG
vaccine is given in day 1 of life. This was mainly because
of high incidence (243/100,000 in 1978) and problems
with compliance with vaccination schedule. Subsequently,
the incidence dropped to 90/100,000 in 1990 and now
11/1000,000 (Ministry of Health statistics). Recent studies
showed that giving BCG vaccine at birth induces significant
mycobacterial immune response as early as 2 months of life.
When this response was tested at about 9 months of age it
was found to be maintained and comparable to infants who
received the vaccine at 2 or 4.5 months of life [12, 13].

Clinical and Developmental Immunology

In conclusion, in one patient with IL-12RS1 deficiency,
IFN-y at a dose of 200 yg/mz, but not at lower dosages, was
found to have a positive clinical effect with no additional
adverse effects. This medication holds promise in the
management of such patients especially if used early in the
course of disease. Multicenter studies are needed to establish
the effectiveness, dose, and duration of IFN-y treatment on a
large number of patients.
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Protective immunity against mycobacterial infections such as Mycobacterium tuberculosis is mediated by interactions between
specific T cells and activated antigen presenting cells. To date, many aspects of mycobacterial immunity have shown that innate
cells could be the key elements that substantially may influence the subsequent adaptive host response. During the early phases of
infection, innate lymphocyte subsets play a pivotal role in this context. Here we summarize the findings of recent investigations on
y0 T lymphocytes and their role in tuberculosis immunity.

1. Introduction

Tuberculosis (TB), caused by Mpycobacterium tuberculosis
(MTB), is one of the most prevalent and commonest
serious infectious diseases worldwide, afflicting almost 10
million people annually [1]. The disease, fuelled by Human
Immunodeficiency virus (HIV) infection and poverty, is
out of control in developing countries, and the emergence
of drug-resistant strains threatens TB control in several
other regions of the world [1, 2]. The current available
vaccine, Bacillus Calmette-Guerin (BCG) as well as existing
therapeutic interventions for TB, are at present suboptimal.
Thus, new vaccines and immunotherapeutic strategies are
urgently required to improve TB control efforts [3]. A
better understanding of the immunopathogenesis of TB
could facilitate the identification of correlates of immune
protection, the design of effective vaccines, the rational
selection of immunotherapeutic agents, and the evaluation
of new drug or adjuvant candidates [3, 4].

Generally, effective immune responses to pathogenic
and commensal microorganisms require T lymphocytes
be endowed with effector properties appropriate to each

challenge. In this context, CD4 T lymphocytes differentiate
in the peripheral tissues to adopt a variety of fates such as
the T helper (Th)-1 cells, which produce interferon (IFN)-
y and Th-2 cells, which produce interleukin (IL)-4. Specific
cell-mediated immunity is critical in the host defense against
mycobacteria, but many aspects of mycobacterial immunity
involve other levels of responses. TB is primarily a disease
of the lung, and dissemination of the disease depends on
productive infection of this critical organ. Upon aerosol
infection with MTB, the acquired cellular immune response
is slow to be induced and to be expressed within the lung.
MTSB has a variety of surface molecules and soluble products
that interact with the innate immune compartment, and this
interaction along with the autoregulation of the immune
response by several mechanisms results in less-than-optimal
control of bacterial growth. Antigen-specific pé T cells
represent an early innate defense that may play a role in
antimycobacterial immunity. Studies done in humans and
animal models have demonstrated complex patterns of yé T
cell immune responses during early mycobacterial infections
and chronic TB. In this paper, we focus on the role of yd
T cells in the innate defense and the immune regulation



of mycobacterial immunity, as well as on their possible
involvement in the new immunotherapies.

2.8 T Cells: An Overview

The concept of a strict dependent relationship between
cells from innate and adaptive immunity changed the point
of view about the regulation of immune system. During
the most part of host reactions, both adaptive and innate
sections cooperate in the host’s protection and tissue damage.
However, the infection by microbial agents often occurs in
the peripheral tissues whereas specific naive T lymphocytes
are confined to lymphoid areas. Thus, the innate cells
recruited or resident in the tissues play a crucial role in the
containment of infection and the deployment of adaptive
immune response [5]. Like a8 T lymphocytes, y§ T cells
carry antigen T-cell receptors (TCR) that vary in the physical
properties of their ligand-binding sites [6]. Indeed, y6 TCR
have a great potential of diversity at their putative ligand-
binding sites as well as a8 T and B cells. This means that y§ T
cells have a potential to recognize different pathogenic agents
through the recognition of common molecular patterns.

0 T cells constitute a whole system of functionally
specialized subsets that have been implicated in the innate
responses against tumors and pathogens, the regulation of
immune responses, cell recruitment and activation, and
tissue repair [7]. The concept of y§ T cells as “first line
of defense” has been recently reviewed as a nonredundant
system of responses based on an innate immunity program
involved in systemic and specific responses depending on
the inflammatory microenvironment, on microbes features
and on signals that are engaged. This concept address facets
of a complex behaviour where several enigmas started to be
resolved. In humans and other primates, 6 T cells represent
a small percentage among peripheral blood lymphocytes (1—
5%) and represent a special case of CD3+ T cells relying
on their known separate set of receptor genes [8]. Thus,
y0 T cells are a specialized and independent population of
lymphocytes, and basing on TCR recombination different
settings of 0 T cells may be now classified. The first yd
T cell lineage appearing in the human foetal thymus uses
the V41 chain paired with different Vy chains, and these
preferentially home in epithelial tissues as the intestine [9].
V61 T cells constitute only a minor proportion of human
blood while they are a large population of the human
intraepithelial cells and have been found to enrich various
human epithelial tumors and lymphomas [10]. V81 T cells
recognize stressed cells via presentation of self-lipids by
CD1 and/or expression of stress-induced molecules through
the NKG2D receptor. In contrast, Vy9Vé2 T cells are the
major subset of the adult peripheral blood of humans,
ranging from 80/90% of yd T cell pool. They typically
recognize phosphomonoester molecules synthesized in the
mevalonate (MVA) and 1-deoxy-D-xylulose 5-phosphate
(DOXP) metabolic pathway [11]. These lymphocytes have
been defined “nonconventional” T cells, owing to several
distinguishing features that are shared with both innate and
adaptive immune cells. Since their discovery, pé T cells have
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been shown to play a significant role against pathogens and
tumors and they were placed in the innate immunity as cells
of immunosurveillance. In antitumor response, yd T cells
show a high production of IFN-y in the early development
of tumor [12, 13]. 8 T cells may recognize and kill tumor
cells through the engagement of NKG2D expressed on their
surface which binds MICA and MICB or retinoic acid early-
1, respectively, in humans and in mice. These ligands are
up-regulated on several tumor cells including melanoma
cells acting as target for their destruction by locally resident
intraepithelial lymphocytes (IEL) as well as other cytotoxic
lymphocytes. The binding can provide a costimulatory signal
for cell lysis [14-16].

Several studies have reported in vitro reactivity of both
human V42 and V41 against a broad range of tumor cell
lines, normal cells infected with viruses, parasites, and bac-
teria [7]. In respect to transformed cells, the range of tumor
cell lines recognized by Vy9Vé2 T cells is now extended to
either haematopoietic or solid tumors [16-18]. Both subsets
of human y§ T cells are able to recognize and destroy tumor
cells as well as produce proinflammatory and Th1 cytokines
through different mechanisms. A direct implication of these
cells in vivo diseases is well accepted. However, distinct
mechanisms in the recognizing and the functions of V§2
and V31 T cells have been demonstrated, according also to
different tumors, infections, and environments.

The highly restricted T cell receptor V region repertoire
of p0 T cells is certainly one of the most salient features
distinguishing these lymphocytes from conventional MHC
restricted a8 T cells. Most Vy9V82 T cells react against
the same related set of nonpeptidic, phosphorylated anti-
gens [15, 16] that are produced by both microbial and
endogenous metabolites, whereas Vy9V4o1 T cells seem to
recognize heterogeneous yet undefined antigens, presumably
unrelated to Vy9V4§2 agonists. Vy9V32 T cell antigens are
recognized in a TCR-dependent manner and are referred
to as phosphoantigens. The most potent antigen appears
to be the hydroxydimetihyl-allyl-pirophosphate (HDMAPP),
an intermediate of DOXP pathway, restricted to plant
cells and some microorganisms. Metabolic intermediates as
isopentenyl pyrophosphate (IPP) can also activate Vy9V4§2
T cells although at concentrations of 100000-fold higher
than those for microbial agonists. These compounds derive
from the MVA pathway used by mammalian cells and
some bacteria and are essential for sterol synthesis, cell
growth, and membrane integrity. Aminobisphosphonate
(ABPs) compounds may also stimulate Vy9Vé2 T cells
through their ability to inhibit farnesyl pyrophosphate syn-
thase, an enzyme acting downstream of IPP synthesis along
MVA pathway, promoting intracellular accumulation of IPP.
Finally, the alkylamines remain a debated class of antigens.
Some studies strongly suggest that like ABPs, alkylamines
promote intracellular accumulation of Vy9V§2 agonists
derived from MVA pathway [19]. Although phosphoantigen-
mediated activation of Vy9V42 T cells clearly requires the
expression of TCR, as indicated by gene transfer approach,
how precisely this occurs remains unclear to date. The cell-
cell contact required for the activation implicates either
that phosphoantigens induce the structural modification of
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TCR or that are presented by surface molecules at present
undefined. Interestingly, Vy9V32 T cells have been recently
shown to recognize a complex formed between apolipopro-
tein Al and ATP synthase, a mitochondrial enzyme that
is translocated on the surface of normal hepatocytes and
some tumor cell lines, in a TCR-dependent fashion [20].
Among other costimulatory factors, human Vy9Vé2 T cells
express frequently activating or inhibitor NK receptors such
as NKG2D or CD94/NKG2A that seem to be the major
contributing receptor to Vy9V4§2 T cell activation/inhibition
[21]. In the plethora of activation signals of human yd T cells,
an important pathway is represented by Toll-like receptors
(TLR). TLRs have emerged as central regulators of innate
immunity being receptors specifically sensing molecular
patterns of microbes, leading to immediate cellular responses
through the activation of transcription factors, notably NF-
kb, AP-1, and IRF [22]. Although certain TLRs are expressed
on myeloid cells, several reports have shown functional
expression on B, aff and y§ T cells [23]. It has been reported
that TLR ligands including TLR3 ligand poly (I:C) and
TLRO ligand CpG enhance the activation of y§ T cells in
vitro via promoting type I IFN production in myeloid and
plasmacytoid dendritic cells (DCs), respectively [22]. More
recently, it has been shown that highly purified y§ T cells
expressed more TLR3 mRNA than aff T cells, thus opening
the possibility that y§ T cells might respond directly to
TLR3 ligands in the absence of APC [24]. Taken together,
these results confirm that y§ T cells may play a crucial role
in innate immune response and studies on the different
signals activating or enhancing their functions may help to
improve the understanding of these cells and their usage in
the immunotherapy.

Although immunological memory is a hallmark of
adaptive immune response, Vy9Vé2 T cells seem to show
some features of memory cells. Studies in monkeys suggested
that phosphoantigen-specific Vy9Vs2 T cells, expanded
during a primary TB vaccination, showed an accelerated
response after a secondary challenge [25]. The ubiquitous
nature of exogenous and endogenous phosphoantigens for
Vyové2 T cells also suggests that the development of
memory state may be quite different from conventional
cells, which are programmed to respond to foreign peptide
antigens. After antigen exposure, Vy9V42 T cells undergo
the same change of CD8 T cells. Basing on the expression
of CD45RA and CD27 molecules on their surface, it is
possible to distinguish 4 subsets of VyoVé2 T cells as
naive, central memory (Tcwm), effector memory (Tgm), and
terminal differentiated effector cells (Trmra). VyoVE2 T
cells acquire CD45RO expression like early memory CD8 T
cells and are termed central memory Vy9Vé2 T cells. They
lose CD27 and CD28 expression and re-express CD45RA
becoming terminally differentiated cells. Approximately 90%
of Vy9V§2 T cells in the adult have a memory phenotype
[26]. Effector memory Vy9Vé2 T cells represent a readily
available pool of antigen-primed Vy9V§2 T cells which enter
the peripheral tissues, where they can eventually further
differentiate into CD45RA+CD27— cells, produce cytokines,
and exert cytotoxicity contributing to the containment of
invading microbial pathogens.

In TB, the establishment of the disease and its clinical
manifestations are closely linked to host’s immune response.
The spectrum of the immune response in TB ranges from
a protective response in latent TB, to the absence of
response and the dissemination of mycobacteria in miliary
TB. In pulmonary TB, there is an effective antimycobacterial
response with a clinically progressive disease involving innate
and adaptive immune compartment [27]. MTB cannot evade
the induction of cell-mediated immunity; MTB has evolved
to survive it, and survive it does—even if the initial infection
is successfully controlled, many infected individuals develop
a latent infection that can persist for decades. On the other
hand, some heavily MTB exposed individuals show no signs
of infection: no pathology, no symptoms, and no apparent
adaptive immune response. It is possible that in these cases,
the innate immune response has eliminated the pathogen at
the earliest stage [28]. Indeed, early immune mediators as
IFN-y are produced initially by NK cells and y8 T cells before
adaptive T cells are instructed by IL-12 and IL-18 secreted
by antigen presenting cells (APC) as DCs and macrophages.
For this reason, we will focus the attention on y§ T cells
that represent an optimal bridge between innate and adaptive
immune response [29, 30]. Interestingly, the activity of a
subset of human p8 T cells in vitro and in vivo can be
stimulated by many nonpeptidic molecules (some drugs are
currently being tested in Phase I cancer trials). The relatively
low in vivo toxicity of many of these drugs makes possible
novel vaccine and immune-based strategies for infectious
diseases. Collectively this scenario indicates that different
pathways and cell types interact to mediate innate immunity
against MTB providing mechanisms that could likely be
target for future therapeutic interventions in TB.

3. 98 T Cell Response in MTB Infection

In infections, responses of yd T cells to MTB were described
as early as in 1989 [31]. Later, a range of studies described
a marked expansion of this subset in the blood of (TB)
patients and also with a range of other infections as
leprosy, malaria, salmonella, and Streptococcus pneumoniae.
Mycobacterial phosphoantigens were identified as potent
stimulators of Vy9Vé2 T cell functions [15]. Specifically,
VyoVs2 T cells predominate in mycobacterial infections
whereas V81 T cells are preferentially expanded in HIV
patients and in immunocompromised subjects probably
undergoing CMYV reactivation [32, 33]. Parallel to the studies
in murine models, an association between mycobacterial
and human Vy9V§2 T-cell responses was rapidly estab-
lished. y& T-cell clones were isolated from synovial fluid of
rheumatoid arthritis patients, which had been stimulated
with mycobacterial antigens and were found to proliferate
to mycobacterial antigens [34]. In vivo, p8 T cells were
observed in granulomatous skin reactions of leprosy patients,
and p6 cell lines derived from these persons proliferated to
mycobacterial extracts [35]. Direct evidence for the ability
of MTB to activate yd T cells was provided by studies of
Kabelitz et al. which determined by limiting dilution analysis
that the majority of peripheral blood yd T cells proliferated



in response to a killed preparation of MTB bacilli [36].
Subsequently, the predominance of Vy9V4§2 T cells in TB
infection was confirmed [37]. Being MTB an intracellular
pathogen residing within mononuclear phagocytes, many
studies on the role of these cells in the activation of 3 T cells
following the infection of MTB rapidly appeared. Monocytes
infected with MTB were found to be efficient accessory cells
for pd T cells in a non-MHC restricted manner [38]. In vitro,
Havlir et al. demonstrated that monocytes infected with live
MTB bacilli were particularly effective in expanding Vy9V§2
T cells, compared to heat-killed bacteria and soluble protein
antigens of MTB [39]. Similarly, MTB-infected alveolar
macrophages, the first target of inhaled MTB, served as non-
MHC-restricted accessory cells for yd T cells. There were
differences, however, between alveolar macrophages and
monocytes. At the high alveolar macrophage to T-cell ratios
normally present in alveolar spaces, expansion of resting y3§
T cells was inhibited by alveolar macrophages in a dose- and
cell-contact-dependent manner. However, upon invasion by
MTB, alveolar macrophages are certainly capable of serving
as accessory cells for y8 T cells, providing a mechanism for
y0 T-cell activation in the lung. y§ T cells are dependent
on costimulators for proliferation, cytokine secretion, and
expression of cytolytic effector function. Like their «STCR+
counterparts, yd T cells are dependent upon interactions of
CD40-CD40L, CD28-B7.1/7.2, and CD2, as well as adhesion
molecules (CD2-LFA-3, LFA-ICAM) for co-stimulation, and
these second signals are readily provided by accessory cells
such as monocytes and alveolar macrophages [40]. Whether
accessory cells process and present mycobacterial antigens to
MTB activated yd T cells, and thus serve as true antigen-
presenting cells, has yet to be determined.

The major effector functions of T cells in the immune
response to MTB are cytokine secretion, cytotoxic effector
function (CTL), and cell-contact-dependent “help”. The goal
of these effector functions is to help to contain mycobacterial
growth and to stimulate memory immunity. Studies with
MTB antigen-activated pd T-cell clones or primary cells
determined that there was some heterogeneity in cytokine
profile among clones [41]. There was no clear-cut Th-1
versus Th-2 dichotomy, nor there were major differences
found in cytokine patterns between (& TCR+ and yd T-
cell clones). In general, most pd T-cell clones produced
IEN-y, a cytokine associated with protective immunity
to MTB, and a marker of the proinflammatory cytokine
environment characteristic of the cellular immune response
to intracellular bacteria. Some studies have used intracellular
staining for cytokines and determined that in response to
phosphoantigens, y§ T cells produce both TNF-« and IFN-y
[42]. When MTB-activated CD4+ and yd T-cell populations
from healthy tuberculin-positive donors were analyzed for
patterns of cytokine production in response to MTB-infected
monocytes, both subsets secreted large amounts of IFN-y
[43]. Intracellular IFN-y levels were similar between CD4+
and yd T cells, suggesting more efficient IFN-y release by
0 T cells. In contrast, CD4+ T cells produced more IL-
2 than y8 T cells, which correlated with diminished T-cell
proliferation of yd T cells compared with CD4+ T cells.
CD4+ and yd T cells from some healthy donors produced
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IL-4, reemphasizing the absence of a Th-1 versus Th-2
dichotomy among these two T-cell subsets.

Although activated yd T cells produce IL-2, they produce
far less IL-2 than CD4+ T cells, which accounts for their
poor proliferative ability and need for exogenous IL-2 to
induce p& T-cell expansion [44]. Furthermore, IL-15 is a
T-cell growth factor for yd T cells, and is produced by
mononuclear phagocytes, thus providing a link between
MTB-infected macrophages and y§ T-cell activation in the
absence of CD4+ T-cell responses [42]. The balance between
these two factors (CD4 versus macrophage “help”) may
account for the variability one observes in yd physiology.
Finally, contribution of Vy9V4§2 T lymphocytes to immune
protection against MTB is based also on the cytotoxic
effector functions of these cells. It was reported earlier that
Vyové2 T lymphocytes kill macrophages harboring live
MTB through a granule-dependent mechanism, resulting in
killing of intracellular bacilli; moreover, it has been reported
that these cells reduce the viability of both extracellular and
intracellular MTB through granulysin and perforin, both
detected in Vy9V4e2 T lymphocytes. These findings have
suggested that Vy9Vé2 T lymphocytes directly contribute to
a protective host response against MTB infection [45].

A controversial feature of Vy9Vé2 T lymphocytes is
based on their capability to mount a memory response
against a microbial reinfection or reactivation. Vy9V4§2
T lymphocytes mount a response against MTB infection
during the early phases of infection, and a strong expansion
of this T cell subset has been observed in different reports,
but their functional response against mycobacterial infection
seems not limited to an innate reaction. As mentioned above,
Vyové2 T cells follow a phenotype differentiation similar
to aff T cells and probably a certain memory response is
generated. Relevant studies in mice cannot be performed
because murine y§ T cells do not express the homolog of
Vy9V 62 TCR, and there is no functional equivalent for these
cells, so far, identified in mice. A pioneering study showed the
capability to mount a memory response after microbial rein-
fection or reactivation [25]. Indeed, to examine a primary
role of 8 T cells during mycobacterial infection, macaques
inoculated with BCG were analysed for the change in the y¢
T cell repertoire. Striking expansion of Vy9V42 T cells were
detected in the blood after BCG inoculation, whereas there
was no apparent increase in other yd T cell subsets. This
expansion indicated the development of primary response
of these cells during mycobacterial infection. Apart systemic
Vyové2 T cells, other pools of expanding Vy9Vd2 T cells
have been observed in pulmonary and intestinal tissues
after intravenous BCG inoculation and only a small amount
of these cells were observed in lymph nodes suggesting
that tissues but not peripheral lymph node tissues could
expand in response to mycobacterial infection. Of note,
after a second inoculation of BCG, a marked re-expansion
of Vy9V82 T cells appeared in the blood. The expansion
of these cells after a reinfection was 2-9 times larger than
those seen during the primary infection. Furthermore, the
expansion was persistent for as long as 7 months after
the second BCG challenge [25]. This evidence provide that
VyoVé2 T cells underwent polyclonal expansion during
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a primary mycobacterial infection can mount a memory
recall response after a secondary challenge. Another impor-
tant result has been reported by other reports suggesting that
the route and the dose of mycobacterial infection related
to the expansion of pd T cells. Systemic BCG inoculation
induced a dose-dependent expansion of circulating y6 T
cells as well as CD4 and CD8 T cells whereas, in the
pulmonary compartment, the systemic infection resulted in
a predominant increase in numbers of y§ T cells. In contrast,
pulmonary exposure to mycobacteria induced a detectable
expansion of CD4, CD8, and yé T cells only in the lung but
not in the blood [46, 47]. The pattern and kinetics of & T cell
responses during mycobacterial infection might contribute
to characterizing immune protection against TB and testing
new TB vaccines in primates.

4. yé T Cells Cross-Talk with DCs during
Mycobacterial Infections

Recent knowledge about the interaction between apparently
different compartments of immune system changed the way
to consider the immune response and its regulation. Studies
in animal models suggest that even the smallest population of
immune cells in a site of infection can exert large biological
effects up to systemic level. This recent concept is due
to the continuous interaction between local and recruited
innate immune cells with APCs. Indeed, yé T cells and DCs
participate in early phases of immune response against MTB.
Continuous cross-talk between y8 T cells and myeloid cells is
evident in histological studies, in vitro culture experiments,
and in animal models. Indeed, yd T cells participate in early
immune response against MTB producing cytokines (IFN-
y and TNF-a) and chemokines, prompting cytotoxicity or
modulating other cell in mice [48].

The first evidence of an influence exerted by y§ T cells
on DCs system came from studies by Ismaili et al., showing
that human 8 T cells activated in vitro by phosphoantigens
are capable of inducing maturation of monocyte-derived
DCs [49] and this process involved both membrane-bound
(i.e., CD40L) and soluble (i.e., TNF-a and IFN-y) T cell-
derived signals [49-51]. Recent studies support the notion
that DCs strengthen the cellular immune response against
mycobacterial infection [52-56]. Even if the critical role of
DCs in the initiation of immune response has been firmly
established [57], their involvement in immune responses
occurring at sites of MTB infection needs further elucida-
tions. DCs are highly represented at sites of MTB infection
at the onset of the inflammatory response [58], and it is
conceivable that immature DCs present in the lung mucosa
are specialized for antigen uptake and processing. After
interaction with pathogens, they mature and migrate to
lymphoid organs where they prime naive T cells through cell
surface expression of MHC and costimulatory molecules and
the secretion of immunoregulatory cytokines such as IL-12.

Although infection with mycobacteria has been reported
to induce maturation of DCs, in vitro infection of human
mDC by virulent MTB strain H37Rv has been shown to
impair their maturation, reduce their secretion of interleukin

(IL)-12, and inhibit their ability to stimulate T cell prolifer-
ation [51, 59]. In vivo experiments demonstrated that MTB
affects DC migration and antigen presentation, promoting
persistent infection in mice [60]. These findings suggest
that MTB can interfere with the host immune response
by hampering several functions of DCs, and in particular
suppressing the migration of mDCs and modulating its cell
trafficking ability, and these mechanisms may encourage
the long-term persistence of the bacilli in the host during
chronic infections. However, in more physiological situation,
such as during infection by a Vy9V§2-stimulating pathogen
unable to promote complete DC maturation, it is easy to
hypothesize that many different stimuli, besides microbial-
derived phosphoantigens, may influence the activation state
of DCs and Vy9V§2 T cells. Accordingly, in a recent paper,
Meraviglia et al. demonstrated that Vy9Vé2 induce full mat-
uration of MTB-infected immature DCs, that were otherwise
unable to complete maturation. In detail, MTB infection
caused up-regulation of CD86 and HLA-DR molecules, but
not of CD80 and CD40, while the co-culture of MTB-
infected DCs with Vy9V§2 T cells determined up-regulation
of CD80 and CD40 expression, no changes of HLA-DR
and CD86 expression, and a significant up-regulation of IL-
12p70 production, suggesting that Vy9Vé2 T cells mediate
full maturation of MTB-infected DC [61]. On the other
hand, MTB infected DCs lead to a rapid and strong activation
of co-cultured Vy9V32 T cells without requirement for any
additional stimulations. The MTB infected DC-mediated
potentiation of Vy9V§2 T cell responses could be explained
at least in part by up-regulation and/or presentation of MTB
derived phosphoantigens to Vy9V42 T cells. However, and
most surprisingly, MTB infected DCs selectively induced
proliferative, but not cytokine or cytolytic responses by
VyoVé2 T cells and this was associated to the expansion of
phenotypically “immature”, central memory-type VyoVvé2
T cells. Similar results have been obtained using BCG
infected DCs co-cultured with Vy9V§2 T cells [62]. Possible
explanation for the incomplete phenotypic and functional
differentiation of Vy9Vé2 T cells include the lack of IL-15
production by MTB infected DCs; IL-15 is a relevant
cytokine for the differentiation of yé cells [63], and its main
effect in the pathway leading to differentiation of Vy9V4§2
T cells towards effector memory cells was associated with
induction of Bcl-2 expression and resistance to cell death
[63]. Indeed, adding IL-15 to co-cultures of MTB infected
DCs and Vy9Va2 T cells caused efficient differentiation of
y0 T cells with maintenance of the central memory pool
and with generation of effector-memory and terminally
differentiated effector memory cells, which displayed potent
antimycobacterial function, as demonstrated by their ability
to efficiently reduce the viability of intracellular MTB. We
therefore conclude that mechanisms fine-tuning the DC-y¢
T cells cross talk are still not clear, including identification
of the critical receptor/ligand interactions, as well as the
underlying molecular mechanisms; therefore, further studies
are needed such as the analysis of the effect of inhibitors
of various signalling cascades coupled with transcriptome
analysis of maturing DCs at various time points after
Vy9Vé2 T cell incubation.



5. Incomplete Maturation of 8 T Cells in
TB Patients

A number of studies have attempted to determine the in vivo
role of 8 T cells in the human immune response to MTB.
Barnes et al. established that patients with pulmonary or
miliary TB had a diminished ability to expand yd T cells in
vitro in response to heat-killed MTB and IL-2, although there
was quite a range of & T-cell expansion among the different
groups [64]. Some investigators have suggested an increase in
peripheral yé T cells in patients with TB or among hospital
workers with contact with TB patients but this has not been
a consistent finding [65, 66]. Studies of T-cell phenotype in
bronchoalveolar cells from healthy PPD* subjects and from
affected and unaffected lungs of patients with pulmonary TB
found a T lymphocytic alveolitis in the affected tuberculous
lung [67]. 8 T cells were found among the lymphocytes
in this alveolitis, but their proportion was not increased
relative to af8 T cells. Thus y§ T cells are present in situ
in pulmonary TB but are not expanded compared to y§ T
cells in peripheral blood or unaffected lung. The presence
of 6 T cells in the tuberculous lung is consistent with the
findings that alveolar macrophages can serve as APCs for y§
T cells. In the study by Schwander et al., monocytes were
markedly increased in alveolar spaces of tuberculous lung
[67]. Monocytes also are efficient APCs of y§ T cells, and
hence in TB adequate accessory cell populations are available
for yé T-cell activation.

More recently, dramatic expansion of Vy9Vé2 T cells
has been found after BCG vaccination in infants, and
several phosphorylated antigens derived from mycobacte-
ria have been defined [68]. It is already known in the
context of a natural infection the consistent expansion of
Vyové2 T cells with a Tem phenotype in the peripheral
blood of patients with active TB, which was accompa-
nied by the dramatic reduction of the pool of VyoV§2
cells with immediate effector functions (Tgm and Tewmra
cells). However, this skewed representation of circulating
VyoVé2 T cell phenotypes during active TB was transient
and completely reversed after successful antimycobacterial
therapy. This explains previous findings from Dieli’s group,
showing that Vy9V§2 T cells from children affected by active
TB have an increased proliferative activity, but decreased
IFN-y production and granulysin expression [69]. After
successful chemotherapy, the VyoVé2 T cell proliferative
response strongly decreased, whereas IFN-y and granulysin
production consistently increased.

Other previous observations have indicated an increased
proliferative activity of Vy9V42 T cells from patients with
TB [70, 71] but reduced production of IFN-y, compared
with that of healthy tuberculin reactors [72]. Additionally,
Dieli et al. reported that decrease of Vy9Vé2 T cell effector
functions involves not only IFN-y production but also
expression of granulysin, a molecule known to be responsible
for the killing of MTB [69]. The reason for the loss of
VyoVé2 T cell effector functions during TB is unknown. One
possibility is that sustained in vivo mycobacterial stimulation
of Vy9V§2 T cells causes their apoptosis [73]. For example,
high levels of bacteria (such as those occur in patients with
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TB), resulting from the inability to contain and prevent their
spread, would presumably result in chronic stimulation of
effector Vy9Vé2 T cells by mycobacterial antigens and in
their apoptosis, thus providing an explanation for why this
population of 8 T cells is lost in patients with active disease
but recovers after drug therapy. Alternatively, it is possible
that reduced IFN-y and granulysin expression in children
with TB, which recovers after disease improvement, could
be the consequence of generalized illness. The finding that
IFN-y and granulysin production are restored by successful
chemotherapy, which is suggested to induce the generation
of a protective immune response, strongly supports this
possibility. Another possible explanation for the incomplete
phenotypic and functional differentiation of Vy9V§2 T cells
could be explained by the lack of relevant cytokines secreted
by MTB infected DCs. In fact, it has been previously shown
that, differentiation of Vy9V42 Ty cells into Teyv and Temra
cells occurs upon antigen stimulation in the presence of IL-
15, while any other tested cytokine, including IL-7, had no
such effect [63]. The main effect of IL-15 in the pathway
leading to differentiation of Vy9V§2 T cells towards effector
memory cells was associated with resistance to cell death
and Bcl-2 expression. Meraviglia et al. demonstrated that
the lack of IL-15 production by MTB infected DCs was not
due to the fact that MTB simply does not induce synthesis
of this cytokine, rather it actively inhibits IL-15 secretion.
Additionally, and similar to the in vitro data, their analyses
of IL-15 serum levels in healthy contact (HC) subjects and
TB patients showed that IL-15 production is not induced
in patients with active TB, but increases after completion of
chemotherapy [61]. However, the analysis of Vy9V62 T cell
functions in TB patients and especially in the site of infection
needs further investigations.

6. y4 T Cells Producing IL-17: Possible
Involvement in Mycobacterial Infection

The cytokine IL-17 has received considerable attention since
the discovery of a distinct CD4+ T helper cell subset produc-
ing it, known as Th-17 profile. This discovery provided com-
pelling reasons to explore outside the Th-1/Th-2 paradigm,
searching new answers to explain independent effector T cell
responses. A rapid succession of studies defined the Th-17
cell paradigm, in which IL-6/STAT3 activation of the tran-
scriptional regulator retinoic acid receptor-related orphan
receptor-yt (RORyt) controls the lineage fate of IL-17A-,
IL-17F-, IL-21-, and IL-22-producing T cells (collectively
known as Th-17 cells) that are highly responsive to IL-1
receptor 1 (IL-1R1) and IL-23R signaling [74]. IL-17A has
been reported to participate in host defense against various
types of pathogen [75, 76] and estimated to be an important
cytokine in the immune response against mycobacterial
infection [77]. Indeed, IL-17 is produced immediately after
pulmonary BCG infection and was also detected at later
stages of MTB infection in mice [78]. Interestingly, IL-
17-expressing cells in the mycobacterial infected lungs in
murine models are y§ T cells rather than CD4+ T cells.
As mentioned, yd T cells may play an important role in
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the effector functions and regulation of immune responses to
infection of MTB, but the precise role of IL-17 producing yé
T cells remains unclear. In a study performed on 27 patients
with active pulmonary TB and 16 healthy donors, it has
been found that proportion of IL-17-producing cells among
lymphocytes was similar between TB patients and HD,
whereas the proportions of y§ T cells in IL-17-producing
cells (59.2%) in peripheral blood were markedly increased
in TB patients when compared to those in HD. In addition,
the proportions of IFN-y producing pé T cells in TB
patients were obviously lower than that in HD. Upon re-
stimulated with MTB heat-treated antigen in vitro, fewer IL-
17-producing y8 T cells were generated from HD than TB
patients [79]. These findings were consistent with murine
investigations showing that the IL-17-producing yé T cells
were main source of IL-17 in mouse model of BCG infection,
suggesting that yd T cells might be involved in the formation
of tubercular granuloma in pulmonary TB patients [80], but
these investigations need further identification in humans.
Another study showed the differentiation and distribution
of human IL-22-producing T cells in a nonhuman primate
model of MTB infection. Since IL-22-producing T cells also
produce IL-17, knowledge about this cytokine profile may
help the understanding of the Th-17 profile. An apparent
increase in the number of T cells capable of producing IL-22
de novo without in vitro Ag stimulation has been observed in
lungs compared to blood and lymphoid tissues. Consistently,
IL-22-producing T cells were visualized in situ in lung TB
granulomas, indicating that mature IL-22-producing T cells
were present in TB granuloma. Surprisingly, phosphoantigen
HMBPP activation of Vy9Vé2 T cells down-regulated the
capability of T cells to produce IL-22 de novo in lymphocytes
from blood, lung/BAL fluid, spleen and lymph node. Up-
regulation of IFN-y-producing VyoVé2 T effector cells
after phosphoantigen stimulation coincided with the down-
regulated capacity of these T cells to produce IL-22 de
novo [81]. These findings raise the possibility to ultimately
investigate the function of IL-22 producing T cells and
to target Vy9Vé2 T cells for balancing potentially hyper-
activating IL-22 producing T cells in severe TB.

7.y T Cell-Specific Phosphoantigen
Based-Immunotherapy in TB: Lesson
from the Cancer

As mentioned above, yd T cells have antimicrobial as well as
antitumor activity through the production of proinflamma-
tory cytokines, chemokines, and cytotoxic molecules such as
perforins and granzymes. This suggests their involvement in
the control of infections in vivo and could be considered as
target for new intriguing therapeutic approaches. Moreover,
the capacity of pd T cells to interfere in DC functions
would allow their use in specific immunotherapy. Although
other nonclassical lymphocytes may support DC maturation
and contribute to the antigen presentation, y§ T cells
in humans represent an easy model to amplify the DC
system. Given that the different classes of pharmacolog-
ical agents are used in therapies for different diseases,

the possibility to make new vaccines or adjuvants based on
these compounds is very close. A variety of natural and
synthetic nonpeptidic antigens have been demonstrated to
activate p6 T cells such as IPP, dimethylallyl diphosphate
(DMAPP), geranylgeranyl pyrophosphate (GGPP) including
Nitrogen containing bisphosphonates (N-Bps). At present
two approaches showed exciting results. Tumor immune
evasion mechanisms are common and include the down-
regulation of tumor-associated antigens, MHC, and cos-
timulatory molecules. By contrast to a8 T cells, y§ T cells
are not MHC restricted and show less dependence on
costimulatory molecules such as CD28. Moreover, 6 T cells
are involved in the resistance of cutaneous carcinogenesis in
mice and display potent cytotoxicity against various human
tumor cell lines in vitro. Indeed, human Vy9V§2 T cells
expanded in vitro and transferred to immunodeficient mice,
xenografted with tumor cells, showed efficacy against B cell
lymphoma, melanoma, and renal carcinoma [82]. On this
ground, in patients with multiple myeloma or with low-
grade non-Hodgkin lymphoma, occurrences of acute phase
reaction to intravenously injection of an aminobisphos-
phonate, called Pamidronate (PAM), were attributed to the
systemic activation of pé T cells [83], and this provoked the
deliberate treatment of lymphoma patients with PAM and
IL-2. Promising results were achieved after the patients were
prescreened for substantively response to PAM and IL-2 of
y0 T cells in vitro. By several criteria, zoledronate is more
potent and efficacious than PAM. Previous studies in patients
with breast and prostate tumors showed that zoledronate
induced in vivo activation of peripheral y§ T cells into more
potent cytotoxic and IFN-y producing cells. Recently, a phase
I clinical trial in metastatic HRPC has been conducted by
Dieli et al. to determine the safety, feasibility, and response
induced by Vy9Va2 T cells in vivo, using zoledronate alone or
in combination with low-doses of IL-2 [84]. The encouraging
prospect that the activation of peripheral blood VyoVé2
T cells can be efficacious against solid tumors could be
explained by the double role played by these cells; activated
y0 T cells can infiltrate tumor sites and display cytotoxic
activity against tumor cells or they help other cells as DCs
to trigger an adequate specific CD8 T cell immune response.

Different interesting results have been shown in animal
models aimed to improve the effectiveness of vaccination
against TB. As known, although the vaccination with BCG
protects children against disseminated TB, it is now clear
that it does not protect efficiently against pulmonary disease.
Therefore, the ever-increasing incidence of TB worldwide
urges to improve this vaccine. It is widely accepted that one
of the best immunological predictors of protective and long-
lasting immunity to TB is a high frequency of MTB-specific
IFN-y-secreting cells (ISCs) in the peripheral blood [85]. A
quantitatively sizeable population of effector T cells able to
release IFN-y seems to promote the protective bioactivity
of infected macrophages. Therefore, most of current TB
vaccine candidates and injection regimens aim to increase
the frequency of these MTB-specific ISC. These candidates
comprise recombinant BCG, attenuated MTB, modified vac-
cinia virus, naked DNA, and subunit combinations of either
MTB protein antigens or recombinant fusion proteins [86].



It exists now a consensus on the ability of heterologous
prime-boosts regimens to induce high titers of MTB-specific
ISC. The priming with an optimized “starter” such as BCG
or improved BCG could likely induce a broad diversity of
memory cells. The further boost with antigens common to
the priming would expand and differentiate into effector
memory, MTB-specific ISC. The immunodominant protein
antigens from MTB include members of the “proline-
proline-glutamic acid family” proteins (Mtb39a-e), Mtb9.9,
TB10.4, so-called “6-kDa early secretory antigenic target”
(ESAT-6), and mycolyl transferase complex Ag85A, B, C [86].
Despite their good specificity, these purified antigens were
weakly immunogenic when injected alone, and therefore
needed to be combined either to other antigens (hybrid
proteins) or to adjuvants. Hybrids of the most promising
proteic antigens, namely, Mtb72F and H-1 have been gen-
erated: they corresponded to fusions Mtb39 to Mtb32 and
ESAT-6 to mycolyl transferase complex antigen 85B (Ag85B),
respectively. Hybrid H-1 is highly specific of MTB and
induces a detectable ISC population but its immunogenicity
was quite low, even after several boosts. Therefore, H-1
was combined with adjuvants such as Lipovac or IC31.
Nonhuman primates y§ T cells like those from rhesus
macaques present a TCR with similarity of 90% to the human
VyoVé2 TCR sequence, and the same pattern of specificity
for phosphoantigens [44]. Therefore, these animals represent
a model suited to investigate the role of phosphoantigen-
induced yd T cell responses in immunity to TB. A pioneering
analysis of rhesus infected with MTB demonstrated that
rhesus y§ T lymphocytes mounted memory responses to
mycobacteria. This adaptive response correlated with a faster
y0 T cell expansion in the secondary respect to primary
exposure to mycobacteria and was associated with a reduced
bacteremia and protection against fatal TB. Furthermore,
two studies have independently shown that blood yé§ T
cells from several monkey species could be monitored using
mAb reagents for human T cells. These studies confirmed
that phosphoantigen-induced proliferation of naive, central
memory CD27+, and effector memory CD27— pé T cells
require IL-2 in vivo [87]. Since macaque y§ T cells seem
to react as human Vy9V§2 T cells during BCG vaccination
or TB infection and to phosphoantigen stimulation, the
bioactivity of a synthetic phosphoantigen combined to a
subunit vaccine candidate for TB has been assessed in vivo.
Since TB mainly alters cytokine production and cytotoxic
activity but not proliferation of human y§ T cells, this
study focused on effector functions in defence against
TB: secretion of Th-1 cytokines, most notably IFN-y, and
perforin [88]. In this paper, an efficient immunogenicity
against MTB antigens in naive cynomolgus after a prime-
boost with the hybrid H-1 solubilized in Lipovac adjuvant
with or without the synthetic phosphoantigen Picostim has
been reported. Although the IC31 adjuvant was selected
for clinical trial of the H-1 subunit vaccine, in this work
the adjuvant Lipovac was preferred for its lower bioactivity,
in order to be able to detect additional adjuvant effect
on phosphoantigens. However, Picostim, a new generation
of synthetic phosphoantigens, induced immediate cytokine
production by 8 T cells (IL-2, IL-6, IFN-y, and TNF-«),
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but a subsequent anergy up to 4 months after the initial
administration. This phenomenon could be related to the
TCR down-modulation/regulation or apoptosis induced cell
death [73, 89]. However, this early y§ response translates
into differential induction of recall response eliciting the H-
1-specific aff T cell responses, which essentially comprised
recall of cytotoxic aff T lymphocytes specific for Ag85B
and few ISC aff T lymphocytes in both groups of animals.
So this study demonstrated that a prime-boost regimen
with the H-1/phosphoantigen combination added a primary
wave of adaptive immune responses from phosphoantigen-
specific y0 T cells to the secondary wave of H-1-specific aff
T cells. In summary, nonhuman primates vaccinated with
phosphoantigens associated to a subunit of antituberculosis
vaccine, mounted a differential immune response by of
or 6 T cells, where boosts anergized yd T cells but
promoted aff recall responses. Finally, these models of
usage of phosphoantigens against tumors and infections may
allow to design subunit combinations promoting memory
by both classes of lymphocytes in order to improve TB
therapy.

8. Concluding Remarks

y0 T cells appear to combine properties of both adaptive and
innate immunity. The identification of unusual compounds
that are recognized by human y§ T cells but not by aff T
cells has recently stimulated great interest in the development
of y6 T cell-based therapies. In contrast to other potential
effector cells, it is possible to envisage combined in vivo
activation and adoptive cell therapy with ex vivo expanded
p0 T cells, because several drugs as ABPs and synthetic
phosphoantigens are licensed for clinical application and in
clinical trials, respectively. Recent advances on their multipo-
tent functions, not only to the innate immune response, but
to DC and antigen presentation system, increase the interest
in a possible usage in clinical treatments. The effectiveness
of these compounds in stimulating a cytotoxic response
against tumors, as well as amplifing the antigen presentation
of soluble specific peptides through DCs, represents a new
possibility in the approaches based on immune cells.

Furthermore, the intriguing capacity of yd T cells to
naturally respond to particular infections, such as TB, put
these cells in a central place mainly in those pathologies
where the classical presentation of antigens is compromised.
However, 8 T cells are part of the multicellular immune
system that is tightly regulated by multiple pathways and
cells including the regulatory cells. We still know very
little about the nature of y§ T cell antigens, their precise
recognition mechanism, and their therapeutic relevance.
Also the mechanisms regarding DC/y8§ T cells cross talk
are still not clear, as the receptors and ligands involved in
this interaction, the molecular factors, and the possibility
to verify this interaction in a model in vivo. Future studies
should also address the possible advantage of combining yé T
cell therapy with conventional therapy or other therapeutical
approaches.
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Tuberculosis, which is caused by infection with Mycobacterium tuberculosis (Mtb), remains one of the major bacterial infections
worldwide. Host defense against Mtb is mediated by a combination of innate and adaptive immune responses. In the last 15
years, the mechanisms for activation of innate immunity have been elucidated. Toll-like receptors (TLRs) have been revealed to
be critical for the recognition of pathogenic microorganisms including mycobacteria. Subsequent studies further revealed that
NOD-like receptors and C-type lectin receptors are responsible for the TLR-independent recognition of mycobacteria. Several
molecules, such as active vitamin Ds, secretary leukocyte protease inhibitor, and lipocalin 2, all of which are induced by TLR
stimulation, have been shown to direct innate immune responses to mycobacteria. In addition, Irgm1-dependent autophagy has
recently been demonstrated to eliminate intracellular mycobacteria. Thus, our understanding of the mechanisms for the innate

immune response to mycobacteria is developing.

1. Introduction

In humans, tuberculosis is one of deadly infectious diseases.
Indeed, approximately 2 million tuberculosis patients die
every year. The risk of disease is also increased by emergence
of acquired immune deficiency syndrome and development
of multidrug-resistant mycobacteria [1]. Therefore, it is
important to understand the host defense mechanisms
against mycobacteria. Inhalation of aerosols containing
Mycobacterium tuberculosis (Mtb) causes tuberculosis. After
inhalation, Mtb invades alveolar macrophages to enter into
the host and establish the infection. The host, in turn,
ignites defense responses through sequential activation of
immunity, a combination of innate and adaptive immune
systems. In the adaptive phase of immune responses, the
importance of Th1/IFN-y-mediated responses in mycobac-
terial infection has been well established [2]. In contrast,
although macrophages are the major target of invasion
by Mtb, how the innate arm of immunity mediates host
defense against mycobacteria had long remained unknown.
However, the mechanisms behind innate immune responses
have been revealed in the past 15 years following the
identification and characterization of pattern recognition

receptors (PRRs) such as Toll-like receptors (TLRs) [3].
Furthermore, it has been elucidated that TLR-dependent
activation of innate immunity controls the development of
adaptive immune responses [4]. The involvement of PRRs
other than TLRs in the recognition of mycobacteria has
also been revealed. In addition to the induction of adaptive
immune responses, the PRR recognition of mycobacteria
induces expression of several effector molecules participating
in the innate host responses. The role of these innate effector
molecules in mycobacterial infection is being elucidated.
PRR-independent mechanisms for mycobacterial killing,
such as autophagy, have also been revealed. In this paper,
we will describe recent advances in our understanding of
effectors that mediate innate immune responses against
mycobacteria.

2. Toll-Like Receptors in
Mycobacterial Infection

Innate immune responses after mycobacterial infection are
initiated by recognition of mycobacterial components by
PRRs, with mycobacterial components activating several



TLRs (Figure 1). Genomic DNA from a Mycobacterium bovis
strain, bacillus Calmette—Guérin (BCG), have an ability to
augment NK cell activity and induce type I IFNs from
murine spleen cells and human peripheral blood lympho-
cytes. The immunostimulatory activity of mycobacterial
DNA was ascribed to the presence of palindromic sequences
including the 5'-CG-3" motif, now called CpG motif [5], and
now known to activate TLR9 [6]. The mycobacterial cell wall
consists of several glycolipids. Among these, lipoarabino-
mannan (LAM) lacking mannose end capping, lipomannan
(LM), and phosphatidyl-myo-inositol mannoside (PIM) are
recognized by TLR2 [7, 8]. The 19-kDa lipoprotein of Mtb
also activates macrophages via TLR2 [9, 10]. TLR4 is also
presumed to recognize mycobacterial components.

The in vivo importance of the TLR-mediated signal in
host defense to Mtb was highlighted in studies using mice
lacking MyD88, a critical component of TLR signaling.
MyD88-deficient mice are highly susceptible to airborne
infection with Mtb [11-13]. In contrast to mice lacking
MyD88, mice lacking individual TLRs are not dramatically
susceptible to Mtb infection. Susceptibility of TLR2-deficient
mice to Mtb infection varies between different studies [14,
15], while TLR4-deficient mice do not show high suscep-
tibility to Mtb infection [16, 17]. A report demonstrates
that TLR9-deficient mice are susceptible to Mtb infection
and mice lacking both TLR2 and TLR9 are more susceptible
[18]. These findings indicate that multiple TLRs might be
involved in mycobacterial recognition. However, a recent
report using mice lacking TLR2/TLR4/TLRY indicated that
these triple KO mice show a milder phenotype than MyD88-
deficient mice [12]. Therefore, more intensive examination
is required to reveal whether TLRs or molecules other than
TLRs activating MyD88 mediate innate immune responses
to mycobacterial infection. This study also demonstrated
that Thi-like adaptive immune responses are induced even
in Mtb-infected MyD88-deficient mice [12]. Therefore, the
TLR/MyD88-independent component of innate immunity is
involved in the induction of adaptive immune responses dur-
ing mycobacterial infection. The TLR/MyD88-independent
response might be induced by other PRRs described below.

3. Non-TLRs in Mycobacterial Infection

Several recent findings have indicated that PRRs other
than TLRs evoke innate immune responses [19]. These
include RIG-I-like receptors, NOD-like receptors (NLRs),
and C-type lectin receptors. Among these PRRs, NOD-like
receptors and C-type lectin receptors have been implicated
in the innate recognition of mycobacteria (Figure 2).

NOD2 is a member of NLRs that recognize muramyl
dipeptide (MDP), a core component of bacterial peptido-
glycan, in the cytoplasmic compartment. Macrophages from
NOD2-deficient mice show a defective cytokine production
after Mtb infection [20]. Similarly, mononuclear cells of
individuals homozygous for the 3020insC NOD2 mutation
show a defective cytokine response after stimulation with
Mtb [7]. Activation of the NOD2-mediated pathway is
induced by stimulation with live Mtb, but not by heat-killed

Clinical and Developmental Immunology

Mtb [8]. Live Mtb, which is localized in the phagosomal
compartment within macrophages, stimulates the cytoso-
lic NOD2 pathway by inducing phagosomal membrane
damage [21]. The NOD2 ligand MDP is N-acetylated in
most bacteria. However, MDP is N-glycolylated by N-acetyl
muramic acid hydroxylase (NamH) in mycobacteria. Anal-
yses using M. smegmatis namH mutant and NOD2-deficient
mice showed that N-glycolyl MDP is recognized by NOD2.
In addition, N-glycolyl MDP is the more potent NOD2
activator than N-acetyl MDP [22]. Thus, NOD2 contributed
to the recognition of mycobacteria.

Several members of the NLR family, such as NLRPI,
NLRP3, and IPAF, induce assembly of the inflammasome,
which leads to caspase-1-dependent secretion of IL-1f3 and
IL-18 [23]. The involvement of IL-1/3 and IL-18 in mycobac-
terial infection was demonstrated in studies using knockout
mice [24-27]. A recent study demonstrated that mycobac-
teria inhibit the inflammasome-dependent casapase-1 acti-
vation leading to defective IL-1f production [28]. The inhi-
bition of caspase-1 activation has further been shown to be
mediated by an Mtb gene, zmpl, which encodes a putative
Zn** metalloprotease. Thus, Mtb has a strategy that evades
the inflammasome-mediated innate immune responses.

C-type lectin receptors, such as mannose receptor, were
originally reported to mediate phagocytosis of mycobacteria
[29]. Another C-type lectin receptor, DC-SIGN, has been
shown to recognize mycobacteria, and thereby modulate the
function of dendritic cells [30-32]. Recognition of mycobac-
teria by dectin-1 has been shown to induce gene expression
such as TNF-a, IL-6, and IL-12 [33, 34]. In addition,
macrophage inducible C-type lectin (Mincle) has recently
been shown to recognize trehalose-6,6'-dimycolate (TDM:
also called cord factor), a mycobacterial cell wall glycolipid
that is the most studied immunostimulatory component of
Mtb [35, 36], thereafter modulating macrophage activation.
Thus, several C-type lectin receptors are involved in the
recognition of mycobacteria.

CARD? is involved in the signaling pathways of sev-
eral PRRs including TLRs, NOD-like receptors, and FcRy-
associated C-type lectin receptors through association with
Bcl-10 and MALT. Therefore, it is not surprising that
CARDY-deficient mice are highly susceptible to Mtb infec-
tion. However, interestingly the high susceptibility of
CARDY-deficient mice to the infection has been shown to be
excessive inflammatory responses due to defective produc-
tion of the immunosuppressive cytokine IL-10 [37]. Mincle
is a member of C-type lectin receptors associated with
FcRy [38]. Accordingly, TDM-induced immune responses
are mediated by the signaling pathway activating CARD9
(36, 39].

TLRs and C-type lectin receptors are expressed on the
plasma membrane or the endosomal/phagosomal mem-
brane, whereas NOD-like receptors are expressed within the
cytoplasm. Indeed, distinct patterns of TLR- and NOD-
like receptor-mediated gene expression profiles have been
demonstrated in infection with intracellular bacteria [40].
Thus, several PRRs recognize mycobacteria in distinct sites
within the host cells (macrophages) to synergistically induce
effective host defense responses.
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FIGURE 1: Recognition of mycobacteria by Toll-like receptors. TLR2 recognizes several mycobacterial-derived components. TLR9 recognizes
mycobacterial DNA including the CpG motif within endosomal compartments. TLR-dependent recognition of mycobacteria induces

activation of signaling pathways via the adaptor molecule MyD88, leading to activation of gene expression.
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FIGURE 2: Recognition of mycobacteria by pattern recognition receptors. Several pattern recognition receptors, such as NOD-like receptors
and C-type lectin receptors, mediate the TLR-independent recognition of mycobacteria. NOD2, a member of NOD-like receptors, recognizes
mycobacterial N-glycolyl MDP within the cytoplasm. DC-SIGN and dectin-1 are members of C-type lectin receptors, which are implicated

in the recognition of mycobacteria. In addition, Mincle has been shown to recognize TDM (a mycobacterial cell wall glycolipid).

4. Effectors for Mycobacterial Killing

The recognition of mycobacteria by several PRRs induces
the expression of several genes that mediate host defense
(Figure 3). Among these gene products, vitamin D receptor
(VDR) and Cyp27bl, a 25-hydroxyvitamin D3 1-a-hydrox-
ylase that catalyzes inactive provitamin D into the bioactive
form of vitamin D (1, 25 (OH),D3), have been shown to
be induced by TLR2 ligands in human macrophages [41].

Stimulation of macrophages with 1, 25 (OH),D3 induces
the expression of the antimicrobial peptide cathelicidin, and
thereby enhances the antimycobacterial killing activity [42].
In addition to cathelicidin, the small cationic antimicrobial
peptide defensin mediates innate immune responses to Mtb
[43, 44]. Experimental infection of the lung epithelial cell
line A549 with Mtb strongly induces production of human
-defensin HBD-2, which leads to Mtb killing [43]. HBD-2
expression has also been shown to be induced by TLR2 [45].
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FIGURE 3: TLR-dependent innate response to mycobacteria. Several TLR-dependent gene products mediate innate immune responses to
mycobacteria. Mycobacterial stimulation of TLR2 induces expression of Cyp27b1 and vitamin D receptor (VDR), both of which are involved
in vitamin D;-dependent induction of cathelicidin which directly kills mycobacteria. TLR-dependent induction of SLPI mediates disruption
of the mycobacterial cell wall. Len2, which is also induced by TLR stimulation, is internalized into the alveolar epithelial cells and inhibits

mycobacterial growth by sequestering iron uptake.

Gene expression analyses of the lung of mycobacteria-
infected mice have identified several TLR-dependent genes
that are involved in innate immune responses during
mycobacterial infection. These genes include Slpi, encoding
secretory leukocyte protease inhibitor (SLPI), and Lcn2,
encoding lipocalin 2 (Lcn2). SLPI is a secreted protein
composed of two cysteine-rich whey acidic protein (WAP)
domains [46—48]. SLPI was named after its presence in
secretions and its function as a serine protease inhibitor. SLPI
was originally shown to mediate wound healing [49, 50].
SLPI is produced by bronchial and alveolar epithelial cells
as well as alveolar macrophages and is secreted into the
alveolar space at the early phase of mycobacterial respiratory
infections. Recombinant mouse SLPI effectively inhibits the
in vitro growth of BCG and Mtb through disruption of the
mycobacterial cell wall structure. Cationic residues within
the WAP domains of SLPI are essential for the disruption
of mycobacterial cell walls. Moreover, SLPI-deficient mice
are highly susceptible to mycobacterial infection [51]. The
mechanism by which SLPI attaches to the membrane of
mycobacteria has been elucidated. SLPI recognizes mannan-
capped lipoarabinomannans and phosphatidylinositol man-
noside, which are conserved in mycobacteria. Thus, SLPI
might act as a PRR in order to bind to the mycobacterial
membrane [52].

Len2 (also known as neutrophil gelatinase-associated
lipocalin, 24p3, or siderocalin) was originally identified in
the granules of human neutrophils. Len2 is a member of the
lipocalin protein family and able to bind to small hydropho-
bic molecules, siderophore. It is a bacterial molecule made
in iron-limited environment and facilitates iron uptake by
bacteria [53-58]. The expression of Lcn2 is increased in

macrophages of LPS-treated mice [59]. In addition, it is
secreted into the alveolar space by alveolar macrophages and
epithelial cells during the early phase of respiratory mycobac-
terial infection. Len2 inhibits in vitro growth of Mtb by
binding the mycobacterial siderophore carboxymycobactin,
thereby sequestering iron uptake. Moreover, Len2-deficient
mice are highly susceptible to intratracheal infection with
Mtb. Len2 is internalized into alveolar epithelial cells by
endocytosis and colocalized with mycobacteria within the
cells. Therefore, Lcn2 presumably sequesters iron uptake of
mycobacteria within epithelial cells and thereby inhibits their
intracellular growth. Within macrophages, the endocytosed
Len2 and mycobacteria show distinct patterns of subcellular
localization, which might allow growth of mycobacteria
within macrophages [60]. Thus, Len2, which is secreted into
the alveolar space during the early phase of mycobacterial
infection, is endocytosed into alveolar epithelial cells, thereby
inhibiting mycobacterial growth [61].

5. Autophagy in Mycobacterial Infection

Phagocytosis of myobacteria and PRR-dependent recog-
nition of mycobacteria activate several effector functions
in macrophages (Figure 4). Maturation of phagosomes is
a crucial step in the elimination of intracellular bacte-
ria. The natural-resistance-associated macrophage protein
(Nrampl), which is encoded by Slcllal, is thought to
mediate transportation of divalent cations in the phago-
somal membrane and thereby sequesters iron (Fe?™) from
mycobacteria to enhance bacterial killing by macrophages
[62]. Polymorphisms of the SLCI1IAI gene have been
associated with susceptibility to several infectious diseases,
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F1GURE 4: Effectors that mediate mycobacterial killing in macrophages. Macrophages eliminate invading mycobacteria by activating several
effector functions, such as phagosomes and autophagy. Nrampl is expressed in the phagosomal membrane and presumably mediates
mycobacterial killing by sequestering iron uptake. IFN-y and the TLR4 ligand induce expression of LRG47, which in turn stimulates
autophagy in macrophages. Autophagy is responsible for mycobacterial killing by promoting fusion of mycobacterial phagosomes to

lysosomes.

including tuberculosis [63, 64]. However, in vivo studies
have shown that Nrampl-deficient mice are not more
susceptible than wild-type mice to infection with virulent
Mtb [65]. Thus, the role of Nrampl in mycobacterial in-
fection is still controversial. This might be due to the
presence of other killing mechanisms for mycobacteria in
macrophages. Indeed, autophagy has recently been shown
to be involved in host defense against several intracellular
pathogens that reside within phagosomes [66]. Autophagy
was originally identified as a homeostatic mechanism for
the catabolic reaction of cellular constitutes [67, 68]. It has
been demonstrated that autophagy mediates innate immune
responses against mycobacteria by promoting phagolysoso-
mal maturation within macrophages [69, 70]. Autophagy
is induced by IFN-y-dependent induction of a member
of the immunity-related p47 guanosine triphosphatases
(IRG) family, LRG47 (also known as Irgml) in murine
macrophages [69]. The importance of LRG47 in resistance
to Mtb infection was demonstrated in LRG47-deficient mice,
which show high susceptibility to infection [71]. A subse-
quent study demonstrated that stimulation of macrophages
with the TLR4 ligand LPS leads to the MyD88-independent
induction of autophagy, which enhances mycobacterial
colocalization with the autophagosomes. Since LPS stim-
ulation induces expression of LRG47, the TLR signaling
establishes a close relationship between innate immunity
and autophagy in mycobacterial infection [72]. In humans,
the most equivalent gene to murine Irgm1 is IRGM. IRGM
has also been implicated in the induction of autophagy in
mycobacteria-infected human macrophages [73]. Irgm1 has
been shown to associate with the mycobacterial phagosome

by interacting with phosphatidylinositol-3,4-bisphosphate
(PtdIns(3,4)P(2)) and PtdIns(3,4,5)P(3) [74]. The connec-
tion of the IRG family of proteins with autophagy has been
further demonstrated in an alternative intracellular infection
model. In this study, Irgm3 (also known as IGTP) has been
implicated in autophagy induction in macrophages infected
with Toxoplasma gondii [75].

p62 (also called A170 or SQSTM1) directly binds to
cytosolic polyubiquitinated proteins and thereby induces
their autophagic clearance [76, 77]. It has also been shown
that p62 targets intracellular Salmonella typhimurium dec-
orated by ubiquitinated proteins to induce autophagy [78].
In the case of mycobacteria residing in the phagosome, p62
delivers cytosolic ubiquitinated proteins to autophagolyso-
somes where they are proteolytically processed to products
that are able to kill mycobacteria [79]. In accordance with
this finding, it has been shown that mycobacterial killing by
ubiquitin-derived peptides is enhanced by autophagy [80].

As described above, 1, 25 (OH),D; mediates antimy-
cobacterial activity via induction of cathelicidin. A recent
report demonstrated that 1, 25 (OH),D3;-mediated expres-
sion of cathelicidin induces autophagy [81]. Thus, several
innate immune effectors are closely interacted.

6. Human Genetics in Tuberculosis

In addition to the intensive studies using murine models,
considerable advances have been made in our understanding
of the susceptibility to Mtb infection in humans through
the identification of mutations and polymorphisms of



innate immunity-related genes in tuberculosis patients. As
described above, polymorphisms of the SLCIIAI gene are
associated with tuberculosis. Subsequent studies identified
a significant distinction between tuberculosis patients and
healthy controls in TLR2 Arg753GIn polymorphism geno-
type, indicating that the TLR2 polymorphism influences the
susceptibility of Mtb infection [82]. VDR polymorphisms
have also been implicated in the susceptibility of Mtb
infection [83]. These studies suggest that several genes, which
have been revealed to be critical in innate responses in mouse
models of Mtb infection, regulate Mtb infection in humans.

7. Conclusion

Since the discovery of TLRs at the end of the 20th century,
rapid advances have been made in our understanding
of the mechanisms for activation of innate immunity.
Accordingly, innate immunity has been revealed to have a
pivotal role in host defense against mycobacteria. The TLR-
independent mechanisms for the innate immune response
to mycobacteria have also been elucidated. The emergence
of multidrug-resistant Mtb is now a major public health
problem all over the world. In this context, it is highly
critical to develop a new strategy for the treatment of
Mtb-infected patients that supplements the conventional
antimycobacterial chemotherapeutic drugs. More precise
understanding of the innate immune response to Mtb will
pave the way for the development of an effective drug
that targets the host innate immunity for the treatment of
tuberculosis.
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Recurrence and reinfection of tuberculosis have quite different implications for prevention. We identified 267 spoligotypes of
Mpycobacterium tuberculosis from consecutive tuberculosis patients in Acapulco, Mexico, to assess the level of clustering and
risk factors for clustered strains. Point cluster analysis examined spatial clustering. Risk analysis relied on the Mantel Haenszel
procedure to examine bivariate associations, then to develop risk profiles of combinations of risk factors. Supplementary analysis
of the spoligotyping data used SpolTools. Spoligotyping identified 85 types, 50 of them previously unreported. The five most
common spoligotypes accounted for 55% of tuberculosis cases. One cluster of 70 patients (26% of the series) produced a single
spoligotype from the Manila Family (Clade EAI2). The high proportion (78%) of patients infected with cluster strains is compatible
with recent transmission of TB in Acapulco. Geomatic analysis showed no spatial clustering; clustering was associated with a risk
profile of uneducated cases who lived in single-room dwellings. The Manila emerging strain accounted for one in every four cases,
confirming that one strain can predominate in a hyperendemic area.

1. Introduction or whether these are new infections contracted in the city.

One research device to help differentiate between recurrence

Tuberculosis (TB) remains a global health problem, mainly
related to poverty and concomitant diseases [1]. The
reported annual incidence of pulmonary TB in Mexico is
14.27 cases per 100,000 people; in Guerrero state, the rate is
34.56 per 100,000 [2]. Acapulco is of particular concern as a
centre for internal migration in Guerrero state, in addition to
its role in international tourism.

TB recurrence and reinfection have quite different impli-
cations for prevention. A key issue among migrants to a city
like Acapulco is whether TB infection contracted earlier in
life is reactivated, to be detected in the city as clinical cases,

and reinfection is to establish whether contemporary cases
are clustered; unless they all came from the same distant place
of original infection, clustering suggests a shared source of
infection in the locality of the study.

Molecular typing is a well-recognized tool for identifying
clustering. The sequence insertion of IS6110 is often the basis
for molecular fingerprinting, as the number of copies of
this insertion and its localization in the chromosome varies
among different strains [6]. Another sequence targeted for
molecular typing is the 36-base pair Direct Repeat (DR)
locus. Spoligotyping is a PCR-based typing method that



generates distinct patterns based on the hybridization of 43
different oligonucleotides to amplified spacer sequences that
lie between DR loci in the M. tuberculosis chromosome [7].
This estimates the frequency of recent infection with M.
tuberculosis estimated by identification of clusters of a shared
spoligotype.

This paper studies spoligotypes isolates of M. tuberculosis
from a series of patients in Acapulco, to determine the level
of clustering and to identify risk factors for clustering.

2. Material and Methods

2.1. Study Location and Population. A total of 330 patients
with pulmonary TB presented a positive diagnosis between
February 2001 and September 2002 in the municipality
of Acapulco. Receipt of funding set the start of the series
which closed with 330 consecutive participants recruited
through a review of recent medical records. The series
excluded only 30 who had left the city and who could
not be localised. Using addresses from clinical records,
researchers approached each participant and explained the
study, obtaining written consent prior to administering a
pretested questionnaire. The study provided an opportunity
to follow patients with a preliminary sputum positive result;
the Ministry of Health offered directly observed therapy,
short course strategy (DOTS) [8] for all cases.

2.2. Bacterial Strains. The 300 participants contacted yielded
273 isolates of M. tuberculosis from sputum samples collected
by the Acapulco General Hospital, the Donato G. Alarcén
Hospital, the State Public Health Laboratory and the Clinica
Avanzada de Atencion Primaria a la Salud. Processing began
with the Petroff method for preparation and decontamina-
tion of sputum samples, followed by inoculation of 0.5 mL
of each sample onto Lowenstein-Jensen media, incubated at
37°C for eight weeks.

2.3. Genotyping. Extraction of DNA required resuspension
of M. tuberculosis colonies in 1 mL of sterile distilled water,
with samples lysed at 90°C for 10 minutes and frozen
at —70°C for 15 minutes. Samples were then thawed and
incubated at 90°C for 10 minutes. Centrifugation for three
minutes concentrated bacterial contents, and the super-
natant was transferred to a new tube. Spoligotyping relied on
a commercially available kit (Isogen Bioscience BV Maarssen,
The Netherlands) for amplification of DNA from the DR
locus, the region with the highest level of polymorphism
in the M. tuberculosis chromosome [7]. PCR amplification
used 5ul of extracted DNA from each sample combined
with 1.5ul MgCl,, 2.5 mM of each dNTP, 5ul 10X buffer,
0.5U Taq polymerase, and 20 pmol of each primer (DRa:
biotin-5"-CCG AGA GGG GAC GGA AAC-3" and DRb: 5'-
GGT TTT GGG TCT GAC GAC-3') in a final volume of
50 uL. The amplification protocol required 5 minutes at 94°C
followed by 30 cycles of 1 minute at 94°C, 1 minute at
55°C, and 30 seconds at 72°C, with a final extension of 10
minutes at 72°C. The assay included two positive controls
(chromosomal DNA from M. tuberculosis H37Rv and from
M. bovis BCG P3) and a negative control (sterile H,O).

Clinical and Developmental Immunology

We hybridized the amplified DNA with 43 oligonu-
cleotides covalently linked to a nylon membrane (Isogen
Bioscience BV, Maarssen, The Netherlands) at 60°C for 1
hour in a blotter with 45 lines (Miniblotter 45; Immunetics,
Cambridge, Mass). Afterwards, hybridized DNA fragments
were incubated with streptavidin, conjugated to peroxidase
(Boehringer Mannheim), and then analyzed by chemi-
luminescence by incubating for 1 minute in 20 mL of ECL
detection reagent (Amersham, Buckinghamshire, England)
and exposing to X-ray film for 20 minutes.

2.4. Data Capture and Analysis. Data capture from the
questionnaires relied on Epi-Info (CDC, version 6.04). We
compared spoligotyping results with the SpolDB4 spoligo-
typing database from the Institute Pasteur de Guadeloupe
which, at the time of the analysis, contained 1,939 types
from 39,295 strains contributed by 122 countries [3, 9].
The analysis defined a cluster as two or more isolates with
identical genetic patterns. We used the preexisting code
for those already identified matching patterns. When the
spoligotype was not found in SpolDB4, we labeled it as “Mx”
with a number (for example, Mx1).

We estimated the Recent Transmission Index (RTI) using
the formula of RTIn — 1 [10] and RTIn, which takes into
account the number of patterns with unique genotype
(singletons) described by Luciani et al. [11]. Supplementary
analysis of the spoligotyping data used SpolTools [12]:
DESTUS (Detecting Emerging Strains of Tuberculosis Using
Spoligotypes) focused on the detection of rapidly propagat-
ing strains; spoligoforests allowed visualization of probable
relations between the spoligotypes based on a plausible
history of mutation events. The clusters of strains sharing
the same spoligotype in the diagram are nodes, labeled with
shared type (ST) numbers in SpolDB4 [3].

2.5. Risk and Point Cluster Analysis. Potential risk factors for
clustering included age (less than or older than 30 years),
sex, marital status, education, employment, ethnicity, area of
residence (urban or rural), duration of residence, number of
people in the dwelling, use of alcohol, concomitant illness,
or spouse with TB. When simple bivariate risk analysis
revealed no statistically significant contrasts, we derived risk
profiles of factor combinations associated with clustering.
We examined these risk profiles in a multivariate analysis,
beginning with a saturated model and eliminating the weak-
est association stepwise until only significant associations
remained in the final model. We report this as an adjusted
odds ratio and 95% confidence interval.

For the spatial analysis, we geoindexed cases on a map
of Acapulco at a topographic chart scale of 1:50,000 in
DXEF vector data format (Instituto Nacional de Estadistica,
Geografia e Informatica; 2001). Point cluster analysis of
quadrants relied on QUADRAT (IDRISI 32, Clark Labs,
Worcester, MA), which determines the total number, mean
number or density, variance and variance/mean ratio of
points in cases where each grid cell measures the total point
count found in that cell. The variance/mean ratio describes
the pattern of a point set, with values close to 1.0 suggesting
a random point pattern, values significantly smaller than
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1.0 suggesting a regularly distributed pattern, and values
greater than 1.0 suggesting a clustered pattern. The location
of each case was compared with the locations of the reported
TB cases. Final display relied on ArcView GIS software
(ArcView GIS 3.2, Environmental Systems Research Institute
Inc., Redlands, CA).

This study was approved by the Committee of Research
Ethics at the Centro de Investigaciéon de Enfermedades
Tropicales of the Universidad Auténoma de Guerrero.

3. Results

3.1. Spoligotyping Patterns of M. tuberculosis Isolates. Spolig-
otyping the 267 isolates produced 85 distinct genotypes, 59
of them with a unique pattern. The 208 (77.9%) remaining
isolates were grouped into 26 clusters that were shared with
at least one patient. The cluster size varied from 2 to 70
patients, however, most (21/26) included 2 to 5 patients.
The Recent Transmission Index, or RTIn, taking into account
the number of cases with unique genotypes (singletons),
was 0.78, and the RTIn — 1 was 0.68. Table 1 presents a
comparison of the Acapulco spoligotypes with data from the
global spoligotype database of the cluster genotypes; four
were new and 22 had been previously identified by this
database.

Approximately, 59% of the 85 Acapulco spoligotypes,
involving 58 (21.7%) of the 267 M. tuberculosis isolates, were
previously unreported. The main SITs (Spoligo International
Type Number)—19, 8, 53, 42, and 342—permitted the clas-
sification of isolates in representative patterns described as
families or groups [3, 13, 14]. The largest single cluster of 70
patients included 26.2% (70/267) of M. tuberculosis isolates
of Acapulco; the spoligotype pattern was the East African
Indian group (EAI2), previously reported as M. tuberculosis
Manila family [15]. Approximately 44.6% (119/267) of the
isolates descended from East African Indian family (EAI)
subgroups 1, 2, 3, and 5. Another 11.6% (31/267) came
from Latin American and Mediterranean families (LAM)
subgroups 1, 2, 3, 4, 6, and 9. A further 11.2% (30/267)
belonged to the “T” family (strain of modern TB) subgroups
1 and 2. Another 3.7% (10/267) were of the “Manu” family,
subgroups 1 and 2, and 3.0% (8/267) consisted of the
Haarlem family, subgroups 1, 2, and 3. A further 1.9%
(5/267) were group “S”, and 1.1% (3/267) were “X” family
subgroup 3 and 3 variant 1. Two cases (0.8%) were not
classified (“U”), and 0.4% (1/267) pertained to the Bovis
group, subgroup 1. We identified no isolate of the Beijing
genotype.

3.2. Detection of an Emerging Strain and Visualization of the
Relations between Spoligotypes. The S19 strain demonstrates
an elevated rate of transmission, independent of the sam-
pling fraction f (Table 2), behaving as an emerging strain
according to the method proposed by Tanaka and Francis
[16]. According to the SpolDB4 database, S19 corresponds
to the EAI2-Manila strain.

Figure 1 shows the Spoligoforest hierarchical layout, with
the lines between the nodes denoting the weights calculated
using this model. The spoligoforest contains three trees

with connected components and 26 unconnected nodes. The
biggest tree has the ST 100 strain as a root, suggesting that
it is the oldest spoligotype in this tree. Seven spoligotypes
descend from ST 100, four of which are in small clusters
(ST 54, ST 1193, ST 236, and Mx 3, with 4, 3, 2, and 2
isolates, resp.). The ST 54 and ST 236 spoligotypes form two
lineages distinct from ST 100. Comparing these spoligotypes
with the families in the SpolDB4 database, these lineages are
classified as Manu Family and EAI (East African Indian). The
Mx 45 genotype, not registered in the SpolDB4 database, also
descending from ST 100, originates another lineage. ST 53
and its descendents ST 42, ST 34, ST 47, ST 52, ST 50, ST
51, ST 291, and ST 118 belong to the LAM (Latin American
Mediterranean), Haarlem, cluster T and Clade S family of
strains. ST 342 and its descendents ST 19 and Mx 44, ST
19 belongs to the Manila family (EAI2-Manila) and is the
biggest node, representing 70 isolates and Mx 44 are not
registered in SpolDB4. Finally, ST 8 is from the EAI (East
African Indian) family, and its descendents Mx 1, Mx 2, and
Mx 46 are not registered in SpolDB4.

3.3. Epidemiological and Clinical Characteristics of the Tuber-
culosis Cases. Of 330 diagnosed TB cases in the series, 30
(9.1%) could not be found; 273 (91.0%) of the 300 contacted
yielded a positive culture of M. tuberculosis: 190 (63.3%) of
them were male, and the average age was 41.0 years (standard
deviation: 15.5, range: 15-86 years). Most (90.7%, 272/300)
were from Guerrero state, and 55.1% (150/272) of these were
from the municipality of Acapulco (Table 3). Some 59%
(172/293) lived less than 16 years in their community of
origin. The average duration of residence in Acapulco was
2.6 years (SD: 1.66, range: 1-10 years). Household had an
average of 5.1 occupants (SD: 2.83, range: 1-20 people).

Data on the start date of symptoms permitted identifica-
tion of the “first case” (index case) in the largest clusters. The
“first case” of the Manila cluster, for example, was a 35-year-
old adult addicted to drugs and alcohol who had symptoms
for 10 years and, on examination, had advanced pulmonary
TB (bacilloscopy positive, grade 3). Thirty of the 70 cases in
this cluster reported a concomitant disease, diabetes being
the most common (17/70).

The largest five clusters included 70, 31, 22, 15, and 8
cases, together contributing 70% (146/208) of the case series
(Table 4). Figure 2 shows a random distribution pattern of
spatial variances. There was no evidence of spatial grouping,
consistent with recent infection associated with factors other
than residence.

Table 5 shows the list of conventional TB risk factors,
none of which on their own showed a statistically significant
association with clustering on univariate analysis. Seven risk
profiles, combining two risk factors, did show significant
differences between clustered and nonclustered TB cases
(Table 6): males who consumed alcohol, unmarried men
under the age of 30 years, unemployed single cases, indige-
nous cases without remunerated employment, young people
in urban areas, and uneducated people living in one-roomed
dwellings. The size of the study did not permit combining
all of these profiles in a single multivariate model. Each was
therefore tested to see if it was explained by each other profile
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FIGURE 1: Spoligoforest of tuberculosis cases in Acapulco, Mexico. Nodes are labeled with the ST identifier as indicated in SoplDB4 [3], with
the cluster size enclosed in parentheses. Spoligotype not in SpolDB4 was labeled as “Mx” with a number. The size of each node increases as a
function of the number of isolates (size of the cluster); the lines among the nodes reflect the evolutionary relationships among spoligotypes
with arrows that denote the descendent. If the weight of the line was equal to 1, we drew a solid line; if the weight was greater than or equal
to 0.5 but less than 1, we used a dashed line; if the weight was less than 0.5, we used a dotted line.
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Variance/mean ratio: 0.811258 y _
suggests a regular point pattern e i —-
(1 = random, less than 1 = regular, greater than 1 = clustered) M

@ Strains with unique genotype _ y
© Cluster strains N T /e

(a) Comparison of Mycobacterium tuberculosis strains with unique patterns versus cluster spoligotypes.

Variance/mean ratio: 0.791391 oS /TN e
suggests a regular point pattern .
(1 =random, less than 1 = regular, greater than 1 = clustered) S P R ) ",

@ Strains of cluster one (manila genotype)
® Other clusters or unique genotype

(b) Comparison of Mycobacterium tuberculosis strains of cluster one (Manila genotype) with other clusters or unique spoligotype patterns.
FIGURE 2: Geographical distribution of tuberculosis cases in Acapulco, Mexico. Mapping and georeferencing of tuberculosis cases used a scale

of 1:50000. Point cluster analysis relied on the IDRISI QUADRAT module. The variance/mean ratio significantly smaller than 1.0 suggests
a regular distribution, while values greater than 1.0 suggest spatial clustering.



6 Clinical and Developmental Immunology
TABLE 1: Acapulco patterns of Mycobacterium tuberculosis spoligotypes.
SIT Spoligotyping pattern n % Clade
19 I 70 26.2 EAI2-Manila
8 | mmEmmmEEEE  mm | 31 11.6 EAI-3
53 I | 22 8.2 T-1
42 I N A 15 5.6 LAM-9
342 I A 8 3.0 EAI-5
34 I T 5 1.9 S
54 5§ | 4 1.5 MANU-2
47 I 4 1.5 H-1
398 I A 4 1.5 LAM-9
892 & mm | 4 1.5 EAI-5
20 I R A 4 1.5 LAM-1
New | sEEEEEEEEEE  §Em | 4 1.5 MX-1
New | sEEEEEEEEEE  mE m | 4 1.5 MX-2
100 | 3 1.1 MANU-1
52 . | 3 1.1 T-2
1193 ] 3 1.1 MANU-1
New ] 2 0.7 MX-3
50 | 2 0.7 H-3
236 . mm | 2 0.7 EAI-5
46 I 2 0.7 U
880 [ mmmsEmEm §Em | 2 0.7 T-1
1224 I R A 2 0.7 L1M-3
92 I . | A 2 0.7 X-3
287 I R A 2 0.7 EAI-2
New & wm | 2 0.7 MX-4
2 EEEEENEENEENENNNNNENNNNE NENEN NEN | 2 0.7 H-2
New 5§ | 1 0.4 MX-5
51 I 1 0.4 T-1
New ] 1 0.4 MX-6
New 5§ | 1 0.4 MX-7
New 5§ 5 | 1 0.4 MX-8
New I A 1 0.4 MX-9
New I 1 0.4 MX-10
291 I | 1 0.4 T-1
60 I 1 0.4 LAM-4
95 I R 1 0.4 LAM-6
New I T 1 0.4 MX-11
New I T 1 0.4 MX-12
118 I A 1 0.4 T2
New [ miEsmmmEEEEE | 1 0.4 MX-13
New I 1 0.4 MX-14
New I N B 1 0.4 MX-15
81 [ mm mm | 1 0.4 LAM-9
New & mm | 1 0.4 MX-16
New I o 1 0.4 MX-17
33 I R R 1 0.4 LAM-3
211 I R N 1 0.4 LAM-3
New I 1 A 1 0.4 MX-18
New I o A 1 0.4 MX-19
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TasLE 1: Continued.

New I I 1 0.4 MX-20
New I R A 1 0.4 MX-21
SIT Spoligotyping pattern n % Clade
New I R 1 0.4 MX-22
New ] 1 0.4 MX-23
91 | EEmmmEEEE  mim | 1 0.4 X-3 Variant 1
New - 80 - 1 0.4 MX-24
New | 1 0.4 MX-25
New I A 1 0.4 MX-26
New 5 | 1 0.4 MX-27
894 I R A 1 0.4 EAI-1
New I ¢ A 1 0.4 MX-28
New [ 5 = mm | 1 0.4 MX-29
New I R A 1 0.4 MX-30
New [ iEEEEEEEEEREREEEE] 1 0.4 MX-31
New I A A 1 0.4 MX-32
17 I R 1 0.4 LAM-2
New & mgmmsm | 1 0.4 MX-33
New I D R A 1 0.4 MX-34
New I T R 1 0.4 MX-35
New I N A 1 0.4 MX-36
778 I A 1 0.4 Bovis 1
New I T T 1 0.4 MX-37
756 & mm | 1 0.4 EAI-2
New I R R o 1 0.4 MX-38
New & mm | 1 0.4 MX-39
New I 1 0.4 MX-40
New & § mm | 1 0.4 MX-41
New I A v A A 1 0.4 MX-42
New | a8 mEEEmaE | 1 0.4 MX-43
New o A A 1 0.4 MX-44
New | gEmmmmEmgEm | 1 0.4 MX-45
New | mEEEEEEEEEE  §EE H | 1 0.4 MX-46
New | EEEEEEEEEEE  EEE ______uEN 1 0.4 MX-47
New | EEmmEEEEEEN  EEEmEEEEEE | 1 0.4 MX-48
New | BEEEEEEAEEEES SN N mEEEE | 1 0.4 MX-49
New NN EEEEEN N §§  gEEEE | 1 0.4 MX-50
Total 267 100

SIT, designation of the spoligotype in the international database. Spoligotyping patterns, binary description: (W) hybridization and (CJ) no hybridization. n,
number of strains; clade, defined mainly as described [4, 5]: EAI-2/Manila: East African Indian 2/Manila, T (ill-defined T cluster), LAM: Latin American and
Mediterranean, S: S clade, MANU: Manu family, H: Haarlem, U: Undesignated, X: X cluster, Bovis. New clusters designated as MX (Mexican).

TABLE 2: Emerging strains detected in the pulmonary TB by using spoligotypes in Acapulco.

f
0.95 0.5 0.1 0.01
Strain q value Strain q value Strain q value Strain q value
S19 0.00000000 S19 0.00000006 S19 0.00000477 S19 0.00001087
S8 0.03205437 S8 0.08223924 S8 0.17184278 S8 0.20014382

f=sampling fraction.
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TasLE 3: Characteristics of the pulmonary TB case series in Acapulco.

Variable n =300 %
Sex*

Male 190 63.3
Female 110 36.7
Age (in years)**

15-24 51 17
26-34 72 24
35-44 58 19.3
45-54 55 18.3
55-64 40 13.3
65 + 24 8
Signs and symptoms

Duration of the cough >3 months** 192 64
Lost weight** 271 90.3
Fever** 227 75.7
Hemoptysis** 151 50.3
Associated illness** 132 44
Type of associated illness** (n = 132)

Diabetes 77 58.3
Drug user 20 15.2
AIDS 12 9.1
Alcoholism 5.3
Undernutrition 2.3
Others 13 9.8
Prior TB** 26 8.7
Husband/wife with prior TB** (n = 190) 22 11.6
Recent contact with someone with TB**

Yes 112 37.3
No 150 50
Do not know 37 12.3
Indigenous** 27 9
Indigenous group™™* (n=27)

Nahuatl 16 59.3
Mixteco 9 33.3
Amuzgo 2 7.4
State of birth**

Guerrero 272 90.7
Oaxaca 11 3.7
Estado de México 4 1.3
Michoacan 3 1
Other state 10 3.3
Region of birth** (n =272)

Acapulco 150 55.1
Zone Centro 25 9.2
La Montana 7 2.6
Costa Chica 46 16.9
Costa Grande 21 7.7
Zone Norte 8 2.9
Tierra Caliente 12 44

* P value =.05,
** P value <.05.
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TaBLE 4: Characteristics of the largest clusters detected by spoligotyping in Acapulco.

Cluster size . . Immune- . Contact/ Husband/ BAAR
No. Age  Place of Indigenous  Associated . Previous P . .
Cluster (Number of (range) birth (1) roup (1) illness % (1) compromised TB % (n) TB case  wife with diagnostic
male) 8 group ? illness (1) ? % (n) TB% (n) %

Guerrero (62)

Diabetes (17)

Oaxaca (4) AIDS (2) 47
41.6  Mexico (1) N Alcoholism (2) o o N
1 7045 (15 86) DF (1) Nah (4)  43% (30) Druguser (2 10% (7) 39% (27) 8% (5) :3330
Gto (1) undernourished
Tabasco (1) (2)
Guerrero (28) +36
41.2  Oaxaca (1) o Diabetes (10) N o o
2 312D (51775 EdoMex (1) Nah(2)  45% (14) pcD) 13% (4)  26% (8) 17% (5) :35
Veracruz (1)
Guerrero (20) Diabetes (4)
3 22 (19) (2§f26) Oaxaca (1) II:I;E 85 27% (6)  Alcoholism (1) 14% (3) 41% (9) 0 :5664
EdoMex (1) Drug user (1)
Diabetes (3)
Guerrero (13) +33
4 157 8% Oaxaca (1) Nah (1) g 9y AIDS (1) 0 53%@8) 0 ++27
(19-75) . ., Mix (2) Alcoholism (1)
Michoacan (1) +++ 40
Drug user (3)
43.6 . o Diabetes (1) o +12.5
5 8(4) (23-68) Guerrero (8) Mix (2) 50% (4) Drug user (2) 0 63% (5) 0 4 88

Place of birth: DF= Federal district, Mexico; Gto= Guanajuato state, EdloMex= State of México. Indigenous group: Nah= Nahuatl, Mix= Mixteco.

in turn. Only one risk profile remained that could not be
explained by any others—uneducated cases living in single-
room dwellings.

4. Discussion

Reflecting the still very partial documentation of spoligo-
types worldwide, 58% of our spoligotypes were unique to
Acapulco; 21.7% of cases were of a type not previously
registered in the global database.

Our five most frequent spoligotypes included more than
one half (54.7%) of the cases; these types are commonly
recognized worldwide [3, 13, 14]. The T1 Spoligotype
(shared type, 53), EAI (shared type 19, 8, and 342), and
LAMY (shared type 42) currently represent 28.75% of M.
tuberculosis isolates in the global spoligotype database, being
prevalent in Europe, Africa, India, and other countries [3].

The largest cluster, including 33.6% (70/208) of the
isolates, was the Manila family. This demonstrates the public
health impact of this strain in Acapulco. This relates to
Mexico’s historic ties with Asia, as the Manila strain is found
throughout South East Asia, particularly in the Philippines
(73%), Myanmar and Malaysia (53%), and Vietnam and
Thailand (32%) [3, 15, 17]. In a study in the Philippines, 90%
(43/48) of isolates were of the Manila genotype [15]. Phylo-
genetic studies of related spoligotype strains demonstrated
that the EAI (East African Indian) genotype has shared
ancestral relations [17]. This group includes the Manila or
EAI2-Manila strain [3].

Internationally, certain M. tuberculosis strains are linked
with a large proportion of recent infection, suggesting these
strains might have greater transmissibility or higher proba-
bility to cause disease soon after transmission. These strains

are associated with families or groups of related isolates, such
as the genotypes of the Beijing family strain W, Haarlem,
and Africa [3, 18, 19]. These “cluster strains” come from
the Latin American Mediterranean families (LAM), Haarlem
(H), and M. Bovis [20]. The Manila strain, responsible
for a third of our cluster strain cases, might share this
greater transmission or progress to active disease—at least in
Acapulco.

The method used for detection of rapidly propagating
strains [16] allowed identification of an emerging strain
(strain S19), previously classified as EAI2-Manila [3]. This
result coincides with the spoligoforest result, where node S19
(n = 70) has the most rapid transmission. Spoligoforest
demonstrates all of the possible relations between spoligo-
types under the assumption of spoligotype mutation [12].
In our data set, the largest root of the tree was the ST 100
strain, which corresponds to the MANU family. Among the
principal descendants, we identified strains ST 54, ST 236,
and ST 1193. However, the majority of the 26 unconnected
nodes had not been previously registered in the SpolDB4
database.

Our proportion of clustered strains (77.9%) is higher
than in other studies. A six-year study in two urban
communities in South Africa identified 72% of the cases
as belonging to clusters [21]. Similar results came from the
Grand Canary Islands of Spain [4]. Other studies in South
Africa and in Equatorial Guinea identified a level of grouping
of 67 and 61.6%, respectively [5, 22]. A range of clustering
rates (31 to 67.7%) have been reported in cities from
industrial countries such as Spain, Italy, Holland, Denmark,
Slovenia, Canada, and United States [23-29], while France,
London, and Switzerland reported a minor portion of 18 to
27.6% cluster strains [30-32].
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TABLE 5: Bivariate analysis of conventional TB risk factors, contrasting clustered and nonclustered cases.
. Clustered Not clustered
Variable ustere ot clustere OR 95% CI
N % n %
Sex Male 135 80.6 32 19.4 1.60 0.87-2.2
Female 72 72.7 27 27.3 1
Age <30 years 55 76.4 17 23.6 0.91 0.48-1.72
>30 years 150 78.1 42 21.9 1
Marital status Single 65 83.3 13 16.4 1.64 0.83-3.2
Married 140 75.3 46 24.7 1
No formal
Education studies 39 72.2 15 27.8 0.67 0.34-1.33
Formal study 166 79.4 43 20.6 1
. Unemployed 70 74.5 24 25.5 0.76 0.40-1.43
Occupation
Employed 135 79.4 35 20.6 1
.. Indigenous 19 73.1 7 26.9 0.75 0.28-2.08
Ethnicity
Mestizo 189 78.4 52 21.6 1
. . Yes 99 76.2 31 23.8 0.82 0.45-1.47
Migration
No 105 79.5 27 20.5 1
. Urban 153 78.5 42 21.5 1.19 0.59-2.37
Area of residence
Rural 52 75.4 17 24.6 1
Duration of >17 years 123 79.4 32 20.6 1.09 0.59-2.0
residence <17 years 74 77.9 21 22.1 1
Number of >6 persons 70 72.9 26 27.1 0.66 0.37-1.19
residents per
< 1 4 16. 1
household Y6 e 6375 jo 3 Z 2461 j 0.82 0.45-1.50
Use of alcohol e > : : A1
No 137 78.7 37 21.3 1
Concomitant Yes 94 77.7 27 23.3 1.02 0.55-1.91
illness No 111 77.6 32 23.4 1
Spouse with TB Yes 15 71.4 6 28.6 0.66 0.24-1.85
No 113 79.0 30 21.0 1
TaBLE 6: Bivariate analysis of risk profiles associated with clustering.
Variable Cluster No cluster OR  95%CI
N % n %
Among cases who used alcohol Male 7 85.5 12 14.5 21 1.05-4.03
Female 68 73.1 25 26.9 1
Among cases over the age of 29 years Smglé 36 92.3 3 77 1 1.29-13.1
Married or 114 745 39 23.5 1
cohabiting
Among cases single/unmarried cases Unemployed 7 87.> ! 12:5 13.7 1.81-104
Employed 8 40.0 12 60.0 1
. Mestizo 132 81.0 31 19.0 3.2 1.07-9.1
Among cases with remunerated employment
Indigenous 8 57.1 6 42.9 1
Among cases who live in one place for less than 15 years Urban 66 78.6 18 214 30 1.22-10.0
Rural 11 55.0 9 45.0 1
Cases younger than 30 years of age Urban 4 82.7 ? 17.3 32 1.03-9.82
Rural 12 60.0 8 40.0 1
Among cases without formal education I room 22 L7 2 8.3 89 2.0-39.1
2 or more 16 552 13 44.8 1
rooms

OR= Odds Ratio, CI= Confidence Interval.
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Considering the probable existence of an index case in
each cluster, we estimated that 68% (208-26) of our 267
cases could have been due to recent infection [10]. Taking
into account the number of singletons, the estimate of RTI
was greater (78%). Migration, duration of the study [33],
predominance of a local strain, simultaneous reactivation
of an infection acquired remotely, and laboratory error
can all influence the reliability of this inference [34]. In
our study, other factors support a high proportion of
recent transmission, including the high prevalence rate, the
mobility of population [29], the bacillary load of the cases,
and the duration of their symptoms.

Although one cluster included 70 cases, most clusters
had five or fewer cases. Similar results come from the Grand
Canary Islands [4]. A study in San Francisco in 1996-97
found 73 of 221 (33%) cases in multiple clusters, implying
multiple points of infection in the community.

Analysis of why certain strains of M. tuberculosis propa-
gated effectively points mostly to delayed diagnosis [35]. The
index cases in five of our clusters were young adult males with
at least one risk factor, such as drug use or alcohol addiction
[4, 10, 25, 36]. Cases with an associated pathology have a
higher tendency to acquire a new infection of M. tuberculosis
[37] or to develop tuberculosis [38].

Our analysis of potential risk factors for clustering did
not produce clearly actionable results. The notable absence
of spatial clustering implies that place of residence is not
a useful risk indicator. Type of residence (single room)
combined with lack of formal education, on the other hand,
was the single enduring risk profile.

SpolTools permitted the analysis of M. tuberculosis
spoligotyping data to identify emerging strains and visualiza-
tion of the probable evolutionary relationships between the
spoligotypes in our series. Considering that a single emerging
strain, the EAI2-Manila genotype, can account for so many
cases, an evolution of spoligotyping could conceivably be
used to evaluate the impact of TB prevention and early
diagnosis efforts. Further studies of the virulence and drug
sensitivity of the Manila genotype may be warranted.
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Incomplete transverse myelitis (ITM) of unknown origin is associated with high rates of morbidity and mortality. This prospective,
open-label study was undertaken to determine whether antituberculous treatment (ATT) might help patients with ITM whose
condition continues to deteriorate despite receiving IV methylprednisolone treatment. The study consisted of 67 patients with
steroid-refractory ITM in whom Mycobacterium tuberculosis (MTB) was suspected clinically and in whom other known causes of
myelopathy were excluded. The study occurred from January 2003 to June 2010. Patients underwent trial chemotherapy with ATT.
Efficacy was assessed by the American Spinal Injury Association (ASIA) scoring system, the Barthel Index (BI) and the Hauser
Ambulation Index (AI) at baseline, 12 months, and 24 months, using magnetic resonance imaging (MRI). Of the 67 patients
enrolled, 51 were assessed and 16 withdrew. At 24 months, 49 patients experienced benefits as indicated by significantly increased
ASIA and BI scores. The Hauser Al index also improved with markedly decreased abnormal signals in spinal cord MRI over time.
The results from this prospective study provide beneficial clinical and MRI data on the efficacy of ATT in ITM patients and suggests
mycobacteria may be an important and neglected cause of myelitis.

1. Introduction

Transverse myelitis is a focal inflammatory disorder of the
spinal cord, resulting in motor, sensory, and autonomic
dysfunction. It is a poorly defined condition and displays
heterogeneous etiopathogenesis [1, 2]. Incomplete transverse
myelitis (ITM) is a rare syndrome easily recognized in clinical
practice, with symptoms and signs producing bilateral partial
impairment of motor, sensory, and autonomic functions,
usually with an acute or subacute onset. Inflammation is
not only the commonest basis of ITM but is also the
most difficult to identify [3]. This clinical picture can be
shared by variety of etiologies including different bacterial
or viral infections. Clinical presentations of infectious and
demyelinating diseases of the spinal cord are protean and
often nonspecific. Magnetic resonance imaging (MRI) is
sensitive but lacks specificity and most of the lesions feature
high signal intensity on T2-weighted images. There does
not seem to be any clinical, immunological, or radiological

strategies that reliably distinguish between demyelinating,
infectious, inflammatory, vascular, neoplastic, or paraneo-
plastic etiologies. Therefore, physicians must be aware of
the many potential treatable etiologies for ITM which might
mean there exists an efficient approach for the patients.

ITM is a well-recognized but rare symptom of Mycobac-
terium tuberculosis infection. However, in developing coun-
tries, mycobacteria infection remains a significant and
threatening problem. Most mycobacteria infections in
humans result in asymptomatic, latent infections [4, 5]. So
the index of suspicion for these infections must therefore be
raised to a level in ITM. Open-label use of antituberculous
treatment (ATT) was reported as beneficial in neuromyelitis
optica (NMO) patients’ refractory to immunotherapy [6].
Given the lack of proven efficacious treatments, this prospec-
tive, uncontrolled trial was designed to test ATT efficacy for
treating ITM. We assessed patient’s disability using a panel of
clinical scales at baseline and after 1 or 2 years of ATT. Disease
progression was followed by sequential MRI studies.



2. Patients and Methods

This prospective, open-label study was conducted at the First
Affiliated Hospital of Sun Yat-sen University (Guangzhou,
China), from Jan 2003 to Jun 2010. The Neurology
Department in this hospital is a referral center focused on
CNS diseases and accepts patients from other hospitals in
southern china. Sixty-seven patients qualified for inclusion
in the study, according to the inclusion and exclusion criteria
(see below). There were 24 males and 43 females. The
male to female ratio was 6:11. The median patient age was
39.07 + 18.33 years. A detailed neurological examination
was carried out, including evaluation of the motor, sensory,
visual, and sphincter systems. A Mantoux test, chest X-ray,
serum biochemistry, serum and cerebral spinal fluid (CSF)
Borrelia, and human immunodeficiency virus (HIV) testing
were performed to exclude other diseases. The CSF cell
count, glucose, and protein levels were obtained from
lumbar punctures performed prior to the onset of ATT.
A direct smear for acid-fast bacillus and a M. tuberculosis
antibody test (PPD-lgG) were also conducted. The
presence of oligoclonal bands was recorded in 26 of
the 67 patients.

Upon admission, a spinal MRI was performed on all
patients. The number of levels affected in the sagittal plane
in the T2 sequence was measured. A brain MRI was also
performed and if the MRI scan was not normal, the patient
was excluded.

2.1. Inclusion and Exclusion Criteria. This study was con-
ducted with patients in whom MTB was suspected clin-
ically but not proven based on conventional measures.
The inclusion criteria were (i) development of sensory,
motor, or autonomic dysfunction attributable to the spinal
cord, (ii) varying degrees of motor, sensory, and sphinc-
ter dysfunction (although not necessarily symmetric), but
without complete paraplegia, (iii) exclusion of extra-axial
compressive etiology by MRI, (iv) worsening symptoms
despite at least one 5-day course of IV methylprednisolone
(0.5-1g/day), and (v) negative CSF MTB cultures with
a cell count <50/mm’ and a total protein <1.5g/L. The
exclusion criteria were (i) sudden onset, (ii) history of
previous radiation to the spine within the last 10 years,
(iii) CNS manifestations of syphilis, Lyme disease, or HIV
infection, (iv) clear arterial distribution and clinical deficit
consistent with thrombosis of the anterior spinal artery,
(v) history of clinically apparent optic neuritis, (vi) brain
MRI abnormalities suggestive of MS or clinically definitive
MS, and (vii) serologic or clinical evidence of connective
tissue disease, such as, sarcoidosis, Behcet’s disease, Sjogren’s
syndrome, systemic lupus erythematosus (SLE), or mixed
connective tissue disorder.

The university ethics committee approved the study. All
patients were informed of the potential short- and long-
term drug complications of ATT. Written informed consent
was obtained from patients who agreed to participate in the
study. Patients were instructed to contact the study neurolo-
gist in the event of neurological symptoms. Before the start
of ATT treatment, all patients received a baseline evaluation.
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2.2. Study Drug Administration. Prior to ATT initiation,
all treatments with corticosteroids and other systemic
immunosuppression therapies were discontinued. Treatment
protocols consisted of three antituberculous drugs (isoniazid,
rifampicin, and pyrazinamide for 9 months), followed by
a combination of isoniazid and rifampicin for 24 months.
The doses were isoniazid at 10 mg/kg/day, rifampicin at
10 mg/kg/day, and pyrazinamide at 25 mg/kg/day. Treatment
was under extensive observation. All patients had weekly
liver function tests for the first one month of therapy
and subsequently every 3 monthly (serum bilirubin, serum
transaminases (SGOT/SGPT), and alkaline phosphatase).

2.3. Assessments. Eligible patients underwent complete phys-
ical and neurological examinations at entry, at 12 and 24
months, and as needed for assessment of acute relapses
or safety. The American Spinal Injury Association (ASIA)
standards [7] were adopted to assess subjects’ neurological
statu