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aggregation of BCG and reduced expression of several proteins
in hypoxic condition as well, suggesting a role of MDP1 in reg-
ulation of gene expression in dormant bacilli. In addition to the
role in the cytoplasm, MDP1 is exported by unknown mechanism
to the cell wall and control the mycolic acid transfer [18] and
mycobacterial adherence to lung epithelial cells [19]. Thus, MDP1
is a pleiotropic protein which has strong impacts on the mycobac-
terial virulence.

MDP1 has been also reported to be one of immunocompetent
antigens. Prabhakar et al. [20] identified this protein as an immun-
odominant protein in human healthy contacts with TB patients
through T-cell blot assay. They designated this protein as histone-
like protein of Mtb (HLPy.), which is the same molecule as MDP1.
Matsumoto et al. [21] found that CpG DNA enhances immunogenic-
ity of MDP1, such as productivity of TNF-a and IL-6 from mouse
macrophages. They showed that co-immunization of BALB/c and
C3H/He mice with MDP1 and Mtb DNA elicited I[FN-y production
specific for this protein and caused reduction of the bacterial bur-
den following Mtb challenge [21].

DNA vaccination with gene gun bombardment is a reliable
method to induce reproducible T-cell responses [22] and has been
used for identification of T-cell epitopes of Mtb antigens, anti-
gen (Ag) 85A [23-25], Ag85B [25], Ag85C [25], MPT51 [26,27],
and DosR regulon-encoded proteins [28]. Here, we identified
murine T-cell epitopes on MDP1 with a strategy using inbred
mouse strains, gene gun immunization with expression plasmid
DNA encoding MDP1, overlapping synthetic peptides spanning
the entire mature MDP1 amino acid (aa) sequence, and major
histocompatibility complex (MHC) binding peptide prediction
algorithms.

2. Materials and methods
2.1. Animals

Inbred mouse strains, BALB/c, C57BL/6, and C3H/He, were pur-
chased from Japan SLC (Hamamatsu, Japan). The mice were kept
under specific pathogen-free conditions and fed autoclaved food
and water ad libitum at the Institute for Experimental Animals of the
Hamamatsu University School of Medicine. Two to three-month-
old female mice were used in all experiments. Animal experiments
were performed according to the Guidelines for Animal Experimen-
tation, Hamamatsu University School of Medicine.

2.2. Plasmid

The DNA encoding MDP1 molecule was inserted between EcoRI
and Xhol sites located downstream of cytomegalovirus immediate-
early enhancer/promoter region of eukaryotic expression plasmid,
pCI (Promega, Madison, WI, USA). The integrity of the nucleotide
sequence was validated by automated DNA sequencing with ABI
PRISM 310 genetic analyzer (Applied Biosystems, Foster City, CA,
USA) using a dye primer cycle sequencing kit (Applied Biosys-
tems).

2.3. Peptides

Peptides spanning the entire MDP1 aa sequence of BCG (205
aa residues) were synthesized as 20-mer peptides overlapping
by 10 residues, with the exception of P6 (p46-65) and the
carboxyl-terminal P21 (p186-205) ([15], Fig. 1). MDP1 p23-31
and p46-60 peptides were synthesized by Hayashi kasei (Osaka,
Japan). All peptides were dissolved in phosphate-buffered saline
(PBS) at a concentration of 10mgml-? and stored at —80°C until
use.

2.4. Prediction of T-cell epitopes by MHC binding peptide
prediction algorithms

For the prediction of murine T-cell epitopes, follow-
ing MHC binding peptide prediction algorithms were used
through their web sites. These are, National Institutes of Health
Biolnformatics and Molecular Analysis Section (BIMAS) ([29],
http://bimas.dcrt.nig.gov/cgi-bin/molbio/ken_parker_.comboform),
SYFPEITHI program ([30], http://www.syfpeithi.de/), and RANKPEP
program ([31], http://bio.dfci.harvard.edu/Tools/rankpep.html).

2.5. Immunization of mice

For DNA immunization with Helios gene gun system (Bio-Rad
Laboratories, Hercules, CA, USA), preparation of the cartridge of
DNA-coated gold particle cartridge was followed to the manufac-
turer's instruction manual. Finally, 0.5 mg of gold particles was
coated with 1 pg of plasmid DNA and the injection was carried out
with 0.5mg gold per shot once. Mice were injected with 1 pg of
plasmid DNA four times at 1-week intervals. Mice were also immu-
nized subcutaneously with 106 CFU of BCG (Tokyo strain) twice at
a 2-week interval.

2.6. Preparation of splenocyte culture supernatants

Spleen cells were harvested from mice. Recovered cells were
cultured with RPMI medium supplemented with 10% fetal calf
serum in 96-well plates at 2 x 10° cells/well in the presence or
absence of 5 g ml~! of each MDP1 peptide at 37°C with 5% CO,
atmosphere. Supernatants were harvested 48 h later and stored at
—20°C until they were assayed. Concentration of IFN-vy in the cul-
ture supernatants was determined by a sandwich enzyme-linked
immunosorbent assay (ELISA)

2.7. Quantification of IFN-y with ELISA

The 96-well ELISA plates (EIA/RIA Plate A/2; Costar, Cambridge,
MA) were coated with 2 pgml-! of capture antibody (Ab) (anti-
murine IFN-y monoclonal Ab [mAb] R4-6A2; BD Biosciences, San
Jose, CA, USA) at 4°C overnight, washed with PBS supplemented
with 0.05% Tween 20 (PBS-Tween), and blocked with Block One
Blocking solution (Nacalai Tesque, Kyoto, Japan) at room tem-
perature for 45min. After washed with PBS-Tween, the culture
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Fig. 1. Schematic representation of the 21 overlapping synthetic peptides from
MDP1 of BCG. All peptides covering entire MDP1 of BCG (205 aa residues) were syn-
thesized as 20-mer molecules overlapping by 10 amino acids with the neighboring
peptides.
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supernatants were added to the plates and the plates were incu-
bated at 4 °C overnight. After washed with PBS-Tween, 0.5 ug mi-!
of biotin-labeled anti-murine IFN-y mAb XMG1.2 (BD Biosciences)
was added to the plates, and the plates were incubated for 1h
at room temperature. After washed with PBS-Tween, horseradish
peroxidase-conjugated avidin (Bio-Rad Laboratories) was added
and incubated for 30 min at room temperature. After washed, the
plates were added with TMB one component HRP microwell sub-
strate (BioFX Laboratories, Owings Mills, MD, USA) to detect bound
horseradish peroxidase-conjugated streptavidin. After 5min, the
absorbance of each well was measured at 630 nm using an EZS-ABS
Microplate Reader (Asahi Techno Glass Tokyo, Japan).

2.8. Depletion of CD4+ or CD8+ T-cell subsets

CD4+ or CD8+ T-cell subsets of peptide-reactive T-cells were
determined by depletion of CD4+ or CD8+ T-cells, respectively.
We used BD IMag system (BD Biosciences). Briefly, spleen cells
were mixed thoroughly with anti-mouse CD4 particles-DM or anti-
mouse CD8a particles-DM (BD Biosciences, 50 p.l particles for 107
cells) and placed at 4°C for 30 min. The labeled cells were placed
on the BD IMagnet and incubated for 8 min. Supernatant was care-
fully removed. This supernatant contains the cell fraction which is
devoid of CD4+ or CD8+ T-cells.

2.9. MHC stabilization assay

MHC stabilization assay is originally described in Ljunggren et
al. [32]. RMA-S cells ([33], 106 cells/well) were cultured at 26°C
overnight and were then incubated for 1h in the presence or
absence of peptide (10, 50, or 100 uM). The cells were then trans-
ferred to 37 °C for 2 h and washed with FACS buffer, and cell surface
expression of H2-DP molecules was detected by flow cytometry by
using phycoerythrin (PE)-conjugated mouse mAbs specific for H2-
K9DP (28-14-8; eBioscience, San Diego, CA, USA). The results were
expressed as the mean fluorescence intensity (MFI) ratio, which
was determined as follows: MFI ratio = (MFI observed in the pres-
ence of peptide at 37 °C — MFl observed in the absence of peptide at

37 °C)/(MFI observed in the absence of peptide at 26 °C) x 100 (%).

2.10. Statistics

Data from multiple experiments were expressed as the
means + S.E.M. Data were analyzed with Student’s unpaired t-test.
p value of 0.05 or less was considered significant.

3. Results

3.1. IFN-y production in response to overlapping synthetic
peptides from MDP1 by splenocytes of pCI-MDP1 DNA-immune
mice

Splenocytes from mice immunized with DNA vaccine encod-
ing MDPI (pCI-MDP1) were stimulated with the overlapping MDP1
peptides for 48 h and IFN-y concentration of culture supernatants
was measured by ELISA. As shown in Fig. 2A, robust IFN-y pro-
duction was observed in splenocytes from MDP1 DNA-immune
C57BL/6 mice (H2P haplotype) in the presence of peptides P3
(p21-40), P9 (p71-90), and P11 (p91-110). Similarly, significantly
higher IFN-y production from splenocytes of MDP1 DNA-immune
BALB/c (H29 haplotype) and C3H/He (H2¥ haplotype) mice were
observed in response to two peptides, P5 (p41-60), P6 (p46-65) and
three peptides, P5 (p41-60), P13 (p111-130), and P16 (p141-160),
respectively (Fig. 2B and C). In C3H/He mice, P11 (p91-110) and
P12 (p101-120) could induce relatively high IFN-y production, but
the value was not statistically significant.
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Fig. 2. IFN-y production from splenocytes stimulated with overlapping peptides
of MDP1. Inbred mice [C57BL/6 (A), BALB/c (B) and C3H/He (C)] were immunized
with plasmid DNA encoding MDP1 using gene gun four times at 1-week intervals
(filled bars) or with M. bovis BCG two times at a 2-week interval (hatched bars).
The splenocytes (2 x 10°) were stimulated with overlapping peptides (5 pgml-*) 2
weeks after the last immunization. Naive mice (open bars) were used as controls.
IFN-y concentration of supernatant was analyzed by sandwich ELISA 48 h later. The
means + S.E.M. from three (C57BL/6, BALB/c) or six (C3H/He) mice are shown. Aster-
isks (*) indicate p <0.05 compared with the value without peptide (-) with Student’s
unpaired (-test.

In order to examine whether the same peptide induce IFN-y
following natural mycobacterial infection, splenocytes from mice
immunized with BCG were examined for IFN-y production in
response to MDP1 peptides. Two peptides, P5 and P6, also induced
significant IFN-y production from splenocytes of BCG-immune
BALB/c mice (Fig. 2B), but the level of IFN-y produced in BCG-
immune mice was lower than thatin MDP1 DNA-immune mice. We
were not able to detect significant IFN-y production from spleno-
cytes of BCG-immune C57BL/6 and C3H/He mice (Fig. 2A and C). In
this experimental condition, DNA immunization with MDP1 DNA
was superior to BCG vaccination in terms of IFN-y production level
from splenocytes.
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Fig. 3. Analysis of T-cell subsets responsive to MDP1 peptides. Mice were immunized with MDP1 DNA on the same schedule as Fig. 2. Splenocytes were treated with magnetic
beads specific for CD4 or CD8. Cells (2 x 10°) of the negative fraction were stimulated with peptides (5 ug mi-*). Amounts of IFN-y in the supernatant were analyzed by
sandwich ELISA 48 h later. The mean + 5.E.M. of three mice are shown. **p<0.01, *p<0.05 (Student’s unpaired t-test).

3.2. T-cell subset analysis of T-cells by the depletion of CD4+ or
CD8+ T-cells

Next, we examined which T-cell subsets responding to MDP1
peptides. CD4+ or CD8+ T-cells were removed with magnetic beads
and residual cells were stimulated with MDP1 peptides and resul-
tant IFN-y production was compared. As shown in Fig. 3A, IFN-y
production from splenocytes of C57BL/6 mice in response to P3
(p21-40) was significantly decreased by depleting CD8+ T-cell sub-
set. In contrast, IFN-y production in response to P9 (p71-90) and
P11 (p91-110) was decreased by depleting CD4+ T-cells. These
resultsindicate that P3 contains CD8+T-cell epitope,and P9 and P11
contain CD4+ T-cell epitopes. Intracellular IFN-y staining results
showed that IFN-y-producing CD8+, but not CD4+ T-cells were
observed in response to P3 in C57BL/6 mice. And IFN-y-producing
CD4+, but not CD8+ T-cells were observed in response to P9 and
P11 (data not shown). Since C57BL/6 mice have a deletion of H2-

Table 1
T-cell epitope candidates in MDP1 molecule.

Ea gene and do not express H2-E molecules on the cell surface
[34], two CD4+ T-cell epitopes in these peptides are exclusively
considered to be presented on H2-AP.

In BALB/c mice, IFN-y production in the presence of P5 (p41-60)
and P6 (p46-65) was significantly reduced by depleting CD4+ T-
cells. Similarly, IFN-y production in the presence of P5 (p41-60),
P13 (p111-130), or P16 (p141-160) was significantly reduced by
depleting CD4+ T-cells in C3H/He mice (Fig. 3B and C). These results
indicate that these peptide regions contain CD4+ T-cell epitopes.

3.3. Identification of minimal T-cell epitopes in the responsive
peptide regions of MDP1

Generally, CD8+ T-cells recognize peptides of 8-11 aa residues
on MHC class I molecules and CD4+ T-cells recognize peptides
of 12-18 aa residues on MHC class 1l molecules. Several MHC
binding peptide prediction algorithms are available on internet.

Peptide ‘Amino acid sequence Estimated scores for restriction molecules?
Kb Dt

p21-40(P3) ATAAVENVVDTIVRAVHKGD

Pp23-31 (9-mer) AAVENVVDT 013 108 20

P23-32 (10-mer) AAVENVVDTI 040 50.233

p (
p113-121 (9-mer)

VAKKAPAKK
p116-124 (9-mer) KAPAKKATK
p121-129 (9-mer) KKATKAAKK
p141-160 (P16) TKAPAKKAVKATKSPAKKVT
p142-150 (9-mer) KAPAKKAVK
p145-153 (9-mer) AKKAVKATK

-
17.9(10)
25.4(10)
18.7(10)

Ek
17.3(10)
15.9(10)

Epitopes predicted by computer algorithms are shown.

2 Estimated scores are derived from BIMAS (bold), SYFPEITHI (underlined), or RANKPEP (plain). Parentheses indicate threshold scores,
scores above which suggest the peptide binding to the corresponding H2 molecule.

b Score not shown in the program.
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Fig. 4. IFN-y production from T-cells in the presence of predicted peptides, MDP1 p23-31 and p46-60 peptides. C57BL/6 and BALB/c mice were immunized with MDP1 DNA
and the immune splenocytes were treated with magnetic beads specific for CD4 or CD8a and purified the negative fraction. Cells (2 x 10°) of the fraction were stimulated
with 5 ugml-! of MDP1 p23-31 and MDP1 p46-65. IFN-y in the culture supernatant was analyzed by sandwich ELISA 48 h later. The mean + S.E.M. of three mice are shown.
Asterisks (*) indicate p <0.05 compared with the value without peptide (-) with Student’s unpaired ¢-test.

We employed BIMAS and SYFPEITHI programs for prediction of
CD8+ T-cell epitope(s) in P3 in C57BL/6 mice and RANKPEP pro-
gram for CD4+ T-cell epitope(s) in P5 and P6 regions in BALB/c
mice (Table 1). MDP1 p23-31 9-mer peptide (AAVENVVDT) in P3
region showed the highest score (108) for H2-DP binding in BIMAS
program (Table 1). In BALB/c mice, RANKPEP algorithm predicted
MDP1 p52-60 as the core motif of H2-Ad-restricted CD4+ T-cell epi-
tope (Table 1). Since both P5 (p41-60) and P6 (p46-65) peptides
let the immune splenocytes produce IFN-y, we prepared overlap-
ping 15-mer peptide (p46-60) and examined the capacity to induce
IFN-vy production from immune splenocytes.

As shown in Fig. 4A, CD8+ T-cells of MDP1 DNA-immune
C57BL/6 mice produced significant amounts of IFN-y in response
to MDP1 p23-31 peptide. Splenocytes of the immune mice in the
absence of the peptide and splenocytes of naive C57BL/6 mice with
or without the peptide did not produce significant level of IFN-y
(data not shown). Similarly, CD4+ T-cells of MDP1 DNA-immune
BALB/c mice produced significant amounts of IFN-vy in response to
MDP1 p46-60 peptide (Fig. 4B). Splenocytes of the immune mice
in the absence of the peptide and splenocytes of naive BALB/c mice
with or without the peptide did not produce significant level of IFN-
v (data not shown). These results indicate that MDP1 p23-31isa
minimal bona fide CD8+ T-cell epitope in C57BL/6 mice and MDP1
p46-60 is CD4+ T-cell epitope in BALB/c mice, respectively.

As for C3H/He mice, RANKPEP program predicted that MDP1
p41-60 contains MDP1 p46-54 peptide which showed the high-

MFI ratio (%)
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MDP1 p23-31 (uM™)

Fig.5. MHC binding assay of MDP1 p23-31to H2-D". The ability of MDP1 p23-31 for
binding to H2-D® was measured by determining the stabilization of class I molecules
on the surfaces of TAP2-deficient RMA-S, RMA-S cells (10° cells/well) were cultured
at 26°C overnight and then were incubated for 1 h in the presence or absence of
peptide (10, 50 or 100 uM). The cells were then transferred to 37°C for 2h and
washed with FACS buffer, and cell surface expression of H2-D® was detected by
flow cytometry by using a phycoerythrin-conjugated mAb specific for H2-KDP. The
results were expressed as MFI ratio + SD.

est score (10.8) in MDP1 peptides presented on H2-A¥. However,
the score was less than the peptide binding threshold value (14.2),
suggesting no binding. The SYFPEITHI program, which has the
prediction program for H2-A and EX, predicted MDP1 p44-58 15-
mer peptide as H2-EX binder with the highest score (24) in the
program (Table 1). RANKPEP program also predicted three core
9-mer peptides restricted by H2-EX, MDP1 p113-121, p116-124,
and p121-129 in P13 (p111-130) region and two core pep-
tides restricted by H2-EX, MDP1 p142-150 and p145-153 in P16
(p141-160) region, respectively (Table 1).

3.4. Identification of an MHC class Ia restriction molecule for
MDP1 p23-31 in C57BL/6 mice

Since MDP1 p23-31 was found to be a CD8+ T-cell epitope for
C57BL/6 mice, we examined MHC binding assay to determine H2
restriction molecule for the peptide. As shown in Fig. 5, the MFI
ratio of PE-conjugated anti-H2-DP mAb increased in the presence
of 10 M of MDP1 p23-31 peptide. This value further increased
up to 42.5% in the presence of 100 uM of the peptide. This result
confirmed that MDP1 p23-31 peptide does bind to H2-Db.

4. Discussion

T-cells play pivotal role in induction of protective immunity
against intracellular pathogens such as Mtb [6,7]. The protec-
tive immunity induced by MDP1 immunization would be mainly
attributable to T-cell responses evoked by the immunization, We
here determined murine T-cell epitopes of MDP1, which would give
the concrete basis of the protective immunity by MDP1 immuniza-
tion. The peculiarimmunogenic feature of MDP1 is DNA-dependent
augmentation of antigenicity. MDP1 elicited protective immune
responses when it was vaccinated to BALB/c and C3H/He mice
with genomic DNA derived from M. tuberculosis [21]. Up-regulation
of antigen-presenting cell functions induced by the interaction
between MDP1 and CpG DNA was suggested in the protective
immune responses [21]. CpG DNA is a key component of DNA vac-
cines for evoking significant immune responses against antigens.
Therefore, we considered that DNA vaccination of MDP1 induce
substantial immune responses, because produced MDP1 proteins
may bind to CpG DNA in plasmid backbone and enhance the adju-
vant effects.

In this study, we found at least seven T-cell epitope candidates
peptides upon MDP1 DNA immunization. By contrast, only one
peptide region (MDP1 p41-65) was found with M. bovis BCG vacci-
nation (Fig. 2B). Several reasons for this difference would be spec-
ulated. First, MDP1 localizes in the cytoplasmic space, or is tightly
attached to the cell wall of the live Mycobacterium. Non-secreted
antigens like MDP1 would be difficult to be immunoreactive in the
form of BCG vaccine. Second, BCG vaccine has been reported to be
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inefficient in terms of MHC class I antigen presentation. The fact
may also cause the difference in the T-cell responses. Other possi-
ble explanation is that living mycobacteria have the mechanism to
hide immunogenicity of MDP1, because strong immune response
to MDP1 causes bactericidal host response.

In C57BL/6 mice, we found one CD8+ T-cell epitope, MDP1
p23-31 and two CD4+ T-cell epitopes, MDP1 p71-90 and MDP1
p91-110. MDP1 p23-31 (AAVENVVDT) was speculated to be
presented on H2-D with prediction algorithms and this was
confirmed with MHC binding assay. Reported dominant peptide
binding motif of H2-DP consists of asparagine at position 5 (P5)
and hydrophobic C-terminal residue such as isoleucine or leucine
(P9 or P10) [35,36]. P5 of MDP1 p23-31 is asparagine, but the C-
terminal residue does not fit the motif. P5 (asparagine) and P10
(isoleucine) of MDP1 p23-32 fit the motif, suggesting that MDP1
p23-32 peptide also works as CD8+ T-cell epitope.

In BALB/c mice, MDP1 p46-60 was identified as H2-Ad-
restricted CD4+ T-cell epitope. Since both P5 (p41-60) and P6
(p46-65) peptides, but not P7 (p51-70) peptide, let the immune
splenocytes produce IFN-y, we reasoned that the N-terminal aa
residues (p46-50) are critical for the function. In C3H/He mice, at
least three CD4+ T-cell epitopes were identified. RANKPEP or SYF-
PEITHI programs predicted P5 (p41-60), P13 (p111-130), and P16
(p141-160) bind to H2-EX.

In conclusion, we identified murine T-cell epitopes of MDP1, an
immunogenic major cellular mycobacterial protein causing protec-
tive immunity. We identified several CD4+ T-cell epitopes in three
inbred mouse strains and one CD8+ T-cell epitope in C57BL/6 mice.
Previously, we reported murine T-cell epitopes of MPT51, which
is one of major secreted mycobacterial proteins at acute phase TB.
MDP1 is a very abundant cellular protein and has been reported
to be even up-regulated in dormant stage mycobacteria. Therefore,
T-cell epitopes of MPT51 and MDP1 would be feasible for analysis
of T-cell responses in different stage Mtb and for future TB vaccine
design.
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Abstract

tuberculosis.

Background: The tuberculosis (TB) still increases in the number of new cases, which is estimated to approach 10
million in 2010. The number of aged people has been growing all over the world. Ageing is one of risk factors in
tuberculosis because of decreased immune responses in aged people. Mycobacterium bovis Bacillus Calmette
Guérin (BCG) is a sole vaccine currently used for TB, however, the efficacy of BCG in adults is still a matter of
debate. Emerging the multidrug resistant Mycobacterium tuberculosis (MDR-TB) make us to see the importance of
vaccination against TB in new light. In this study, we evaluated the efficacy of BCG vaccination in aged mice.

Results: The Th1 responses, interferon-y production and interleukin 2, in BCG inoculated aged mice (24-month-old)
were comparable to those of young mice (4- to 6-week-old). The protection activity of BCG in aged mice against
Mycobacterium tuberculosis Hs;Rv was also the same as young mice.

Conclusion: These findings suggest that vaccination in aged generation is still effective for protection against

Introduction

The number of aged people has been increasing all over
the world. World health organization reported that the
increase rate of the number was 28% in the recent dec-
ade (2000 to 2009), and predicted that the number
would reach 1.5 billion by 2050 [1]. The largest popula-
tion of aged people (predicted to be 78% by the year
2050) resides in developing countries [1], where many
infectious diseases, including tuberculosis (TB) [2], are
endemic. Given the increased susceptibility of the
elderly to infectious diseases, the rapid rise in the elderly
population will become a significant threat to global
health care.

The current TB vaccine is the live attenuated bacterium
Mycobacterium bovis Bacillus Calmette Guérin (BCG).
BCG is known to protect against tuberculous meningitis
in babies children. However, it does not efficiently and
consistently protect against pulmonary TB in adults.
Over the years, many hypotheses have been put forward
to explain the apparent variability in the protective
efficacy of BCG, which varies from 0 to 80% [3].
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Explanations for this inconsistency include differences in
trial methodology, host population genetics, use of differ-
ent BCG vaccine strains [4], and heterogeneous immunity
to a variety of environmental mycobacteria that may
interfere with the protection provided by BCG [5,6]. We
have previously reported that ‘early shared BCG strains’
(ex. BCG-Russia, BCG-Moreau, BCG-Japan), which are
chronologically early strains distributed form Pasteur
Institute, conserve the characteristics of authentic BCG
vaccine [7,8]. Immune response profiles following BCG
vaccination comprise myriads of effecter mechanisms,
multiple T-cell subsets, and many targeted antigens. BCG
is capable of inducing Th1 responses [9], which are criti-
cal for protection against mycobacterial infection [10].

As an individual ages, significant immunological
changes occur, which contribute to the enhanced mor-
bidity and mortality associated with infectious diseases
in the elderly. After puberty, thymic atrophy leads to a
progressive decrease in the output of naive T cells and
decreased diversity in the T-cell repertoire [11]. CD8"*
T cells play an important role in innate response to
pathogen such as M. tuberculosis in the aged mouse
[12,13]. In this study, the efficacy of vaccination with
BCG in aged mice was investigated.

© 2010 Ito et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http.//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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Table 1 T cell subsets in the peripheral blood of young
and aged mice *

cD4 cD8 CD4/CD8
Young (4-6-week) 129 + 6.55 173 £ 923 133 £ 066
Aged (24-month) 55+ 183 6.2 £ 037 0.56 + 0.28

® PBMC were stained with FITC-labeled anti-CD4 and PE-labeled anti-CD8
mADbs (BD Biosciences) and analyzed by FACScan. Data represent mean + of
three mice.

Results and Discussion

Specific-pathogen-free female C57BL/6 mice were sup-
plied from the national center for geriatrics and geron-
tology (SLC, Japan). Young mice were 4- to 6-week of
age, and old mice were 24-month of age. CD4/CD8 T
cell ratio decreased by aging (Table 1), which is similar
to previous reports [14,15]. Mice were vaccinated intra-
peritoneally with 10° colony forming unit (CFU) of M.
bovis BCG Japan (Tokyol72) in 0.1 ml saline. The
immunized mice were infected intravenously with 10°
CFU M. tuberculosis strain Hz;Rv (ATCC 25618). To
assess mycobacterial multiplication in spleen and lung,

Page 2 of 4

0.1 ml of serial 10-fold dilutions of whole-organ 2-ml
homogenates were plated onto Middlebrook 7H11 agar
containing 10% OADC, and colonies were counted after
18-20 days post incubation at 37°C.

Thl type cytokines are known to play an important
role in the cellular type immune response in tuberculo-
sis [16,17]. We investigated whether the Thl cytokines
were induced by BCG vaccination. The productions of
interferon (IFN)-y and interleukin (IL)-2 from spleno-
cytes stimulated with purified protein derivatives (PPD)
were elevated in both BCG vaccinated young (4- to 6-
month-old) and aged mice (24-month-old), but not in
non vaccinated mice (Figure 1). These results indicate
that BCG vaccination can induce Thl responses in aged
mice comparable to young mice.

In order to avoid the effects of cytokines induced by
BCG vaccination on infection of M. tuberculosis, the
levels of cytokines (IL-6, IL-10, IL-12p70, monocyte che-
motactic protein (MCP)-1, IFN-y, tumor necrosis factor
(TNF)-at) in the serum from BCG vaccinated young
mice were measured by Cytometric Beads Array (CBA)

*
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Figure 1 BCG vaccination to young and aged mice augments Th1 cytokine production by PPD stimulated splenocytes. Young (3, ¢) and
aged (b, d) mice were immunized with 1 X 10° CFU of BCG or phosphate buffered saline (PBS). Eight weeks after immunization, the animals
were intravenously challenged with 1 x 10° CFU of M. tuberculosis strain Hs;Rv. Four weeks after challenge, the levels of IL-2 (a, b) and IFN-y (c,
d) in the culture supernatants of splenocytes stimulated with PBS (open column) or PPD (solid column) were measured by ELISA (BD

L Biosciences). Data represent mean =+ SD of three mice. *, p < 0.05, compared with PBS-stimulation (student’s t-test).
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Figure 2 BCG protects both young and aged mice against M. tuberculosis infection. Young (a) and aged (b) mice were immunized with 1
x 10% CFU of BCG (solid column) or PBS (open column). Eight weeks after immunization, the mice were intravenously challenged with 1 x 10°
CFU of M. tuberculosis strain Hs;Rv. Four weeks after challenge, the bacterial numbers in the lung and spleen were determined by colony assay.
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system (BD Biosciences, San Jose, CA). IL-10, IL-12 p70
and IFN-y increased at 1 week post-inoculation, and
returned to the basal level at 2 to 4 weeks. IL-6, TNF,
MCP-1 peaked at two weeks after inoculation, and
returned to the basal level at 4 weeks (data not shown).
Therefore, the infection experiments were conducted six
weeks after inoculation.

To confirm the inoculation of BCG and infection of
M. tuberculosis, the level of serum antibody against PPD
was measured by ELISA. The level of the antibody ele-
vated two weeks after BCG inoculation, peaked at
4 weeks and returned to the basal level at 6 weeks.
After infection of M. tuberculosis the level was elevated
again (data not shown). Body weights of young mice
slightly increased according to their growth, while those
of aged mice slightly decreased (data not shown). The
changes in body weight of young and aged vaccinated-
mice were the same as those of non-vaccinated mice.
Vaccinated mice grew normally, and death was not
observed in both young and aged mice. Therefore, vacci-
nation of BCG would be safe to both young and aged
mice. Eight weeks after inoculation of BCG, mice were
infected with M. tuberculosis H3;Rv intravenously. Four
weeks after infection the mice were killed and colony
assay for bacterial count in the organs (lung and liver)
from young and aged mice was performed (Figure 2).
The bacterial numbers in both young and aged mice
were reduced. These data indicate that BCG vaccination
could induce the protection against M. tuberculosis in
aged mice to the same degree as young mice.

Conclusion

In conclusion, this is a first report to evaluate the effi-
cacy of BCG vaccination in aged (24-month-old) mice
as compared to young (4- to 6-week-old) mice. BCG

inoculation induced Thl type immune responses in
both young and aged mice (Figure 1). The protection
activity was observed in aged mice, which was compar-
able to young mice (Figure 2). Our study suggests that
vaccination in aged people could be effective to prevent
infection against tuberculosis.
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Abstract

We report one Japanese familial line in which there were three pulmonary MAC patients and one sus-
pected patient over two generations, most of whom were diagnosed with the nodular/bronchiectatic type. In
all patients, life circumstances and bacterial strains differed at the time of diagnosis. This suggests that the
genes thought to affect patient susceptibility to pulmonary MAC disease may be involved in this family line.
Comprehensive genotypic analysis of the CFTR gene, HLA typing, and analysis of the NRAMPI polymor-
phisms were performed in seven members of this family. The results suggest that female sex and menopause
might be associated with onset of pulmonary MAC of the nodular/bronchiectatic type, and HLA-A26 antigen
and diabetes mellitus might be involved in disease exacerbations.

Key words: familial pulmonary Mycobacterium avium complex disease, HLA-A26 antigen, menopause,

CFTR, NRAMPI

(Inter Med 49: 949-953, 2010)
(DOI: 10.2169/internalmedicine.49.3023)

Introduction

Mpycobacterium avium complex (MAC) lung disease is be-
coming increasingly prevalent, particularly the nodular/bron-
chiectatic type in patients with no pre-existing structural
lung disease. Genetic defects have been suggested in famil-
ial cases; the sibling risk for nodular/bronchiectatic type pul-
monary MAC is much higher than the population preva-
lence (1, 2).

Familial pulmonary MAC disease reports are very
rare (2, 3). Most previous reports of pulmonary MAC dis-
ease susceptibility genes have been case-control studies of
unrelated subjects, looking for polymorphisms in HLA,
CFTR, and NRAMP] (4-11). To the best of our knowledge,
this is the first report of familial pulmonary MAC disease
with comprehensive genotypic analysis of the CFTR gene,
HLA typing, and analysis of the NRAMPI polymorphisms.
The present family included three patients and one sus-

pected patient over two generations, most of whom had
nodular/bronchiectatic type pulmonary MAC. Since each pa-
tient’s life circumstances and bacterial strains differed at the
time of pulmonary MAC diagnosis, genes or unknown fac-
tors affecting susceptibility to pulmonary MAC disease
might have been involved. Thus, the clinical manifestations
and genetic polymorphisms of the pulmonary MAC disease
patients and healthy family members were analyzed to iden-
tify factors implicated in the development and exacerbation
of pulmonary MAC disease.

Abbreviations: NRAMPI: natural resistance-associated macro-
phage protein, CFTR: cystic fibrosis transmembrane conduc-
tance regulator, HLA: human leukocyte antigen

Case Report

Figure 1 shows the family tree. The following individuals
underwent detailed assessment: Case 1 (69-year-old woman,
No. 1); Case 2 (No. 2), 2nd older sister of Case 1; sus-
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JZF-* Case 4 (No. 4)

(No. 3)

Figure 1.

Case 2 (No.2)

No. 5

Case 1 (No. 1)

Family tree. Circles indicate females and squares refer to males. Numbers inside cir-

cles and squares indicate age (years) at the time of the present study. Gray symbols indicate those
affected by pulmonary MAC, while white symbols refer to subjects unaffected by pulmonary
MAC. Diagonal lines drawn through the symbols indicate deceased subjects.

Case 1

Case 2

Suspected case 3

Figure 2. Computed tomography findings of Case 1, Case 2, and Case 3. Chest computed tomo-
graphy (CT) scan demonstrates multiple, small, peripheral pulmonary nodules centred on the
bronchovascular tree, cylindrical bronchiectasis, a cavitary lesion, and consolidations in Case 1 at
the age of 69 years. The cavitary lesion, indicated by the arrowhead, resulted from expansion of the
bronchiectatic lesion in Case 1. Multiple, small, peripheral, pulmonary nodules centred on the
bronchovascular tree and cylindrical bronchiectasis are seen in Case 2, indicated by the arrow (at
the age of 69 years). Nodular and centrilobular granular shadows are observed in Case 3, indicated
by the thin arrow (at the age of 82 years). The CT scan findings of Case 1 are more severe than

those of both Case 2 and Case 3.

pected Case 3 (No. 3), 3rd older sister of Case 1; younger
brother of Case 1 (No. 5); two sons of Case 1 (No. 1-1 and
No. 1-2); and a daughter of Case 2 (No. 2-1). Case 4 (No.
4), Case 1’s mother, was deceased at the time of the study,
but she had been diagnosed as having pulmonary MAC dis-
ease after menopause based on CT findings and sputum cul-
ture results.

Bacterial examination and chest CT findings confirmed
nodular/bronchiectatic type pulmonary MAC disease in
Cases 1 and 2 at 65 years of age. Chest CT showed nodular
and centrilobular granular shadows in suspected Case 3
(Fig. 2); sputum cultures were negative, and bronchoscopic
washing was not performed. It was thought that she might
have pulmonary MAC disease associated with the same fa-
milial factors as her sisters and mother.

Delay in the time required for the taste of saccharin parti-
cles to be perceived was not observed in Case 1, Case 2,
and suspected Case 3. Obstructive defects were not observed
on pulmonary function testing, and elevated serum cold ag-
glutinins were also not observed in any of the seven partici-
pating family members.

Standard commercial genetic mutation screening of the
CFTR gene was performed in Case 1 (5); no known muta-
tions and no novel variants were identified. The poly T
polymorphisms in intron 8 (IVS8) of the CFTR gene were
examined in all seven participating members (6). Three
polymorphisms of the NRAMPI gene, the 5 (GT)n, D543N,
and the 3’untranslated region TGTG insertion/deletion, were
also genotyped in all seven family members (8). No signifi-
cant differences between MAC cases and healthy members

950
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Table 1.

Characteristics of Individual Members of This Family Line

Family aqge (at diagnosis

member 5 . . —_— . CFTR NRAMP1 NRAMP1
(No.) , years) Sex Diagnosis Complication HLA-A polyT D543N TGTG
1 F Pul Sinusitis
69 (65) (post ~ulmonary 26/26 717 G/G insfins
(case 1) memopausal) M.intracellulare oM
endometriosis
1-1 34 M } - 26/24 %7 G/IG insfins
1-2 37 M } 26124 717 GIG insfins
2 - Pul J
71 (65 ost uimonary inusiti insfins
(case 2) (65) men(c?pausal) S Sinusitis 26/2 77 GIG
F Sinusitis 26/24
2-1 43 (pre = endometoriosis n GG insfins
menopausal)
F
3 Suspected —_—
(case 3) 82 (82) (post pulmonary Sinusitis 1172 7 G/IG ins/ins
menopausal) MAC
4 F
(case d) 74 (NA) (post Pulmonary N/A N/A N/A N/A N/A
menopausal) MAC
5 68 M - - 26/2 nr G/G insfins

HLA: human leukocyte antigen, CFTR: cystic fibrosis transmembrane conductance regulator, NRAMPI: natural resistance-associ-
ated macrophage protein one, MAC: Mycobacterium avium complex, DM: diabetes mellitus, N/A: not available, ins: insertion

were observed in the NRAMPI and CFTR gene polymor-
phisms. HLA typing showed that HLA-A26 antigen was
predominant.

The characteristics of individual family members are
shown in Table 1. All female family members had sinusitis,
and all patients were postmenopausal females at the time of
diagnosis.

Case 1 received combination chemotherapy (clarithromy-
cin (CAM) 600 mg/day, ethambutol (EB) 750 mg/day, ri-
fampin (RFP) 450 mg/day, and streptomycin (SM) 750 mg,
3 times a week for 3 months) because of productive cough.
She continued to excrete MAC, and her CT findings wors-
ened gradually despite adding levofloxacin (LVFX) 300 mg/
day to her medication (Fig. 2, CT findings at 69 years of
age). Case 1 had a history of diabetes mellitus (DM). Com-
bination chemotherapy, including CAM (600 mg/day), EB
(750 mg/day), and RFP (300 mg/day), was prescribed in
Case 2. Although the patient continued to have positive spu-
tum cultures, her symptoms and chest X-ray and CT find-
ings showed little change with combination therapy. Since
suspected case 3 was asymptomatic, she remained untreated.
Drug susceptibility testing for M. intracellulare showed an
MIC of 0.5 pg/mL for CAM in Case 1; in Case 2, the MIC
of M. avium for CAM was 2.0 pg/mL. Case 1 had more se-
vere symptoms and radiographic findings than Cases 2 and

3 (Fig. 2).

Abbreviation: MIC: minimal inhibitory concentration

Discussion

A familial study of the factors implicated in the develop-
ment and exacerbation of pulmonary MAC disease, includ-
ing testing for previously reported disease-susceptibility
genes, was conducted in two pulmonary MAC cases, one
suspected case, and four healthy members of this family.

Recurrent urinary tract infections occur in many post-
menopausal women. In addition to epithelial atrophy, estro-
gen deficiency can increase vaginal pH and alter the vaginal
flora, changes which may predispose to urinary tract infec-
tion (12). On the other hand, nodular-bronchiectatic type
pulmonary MAC disease is well-known to occur after meno-
pause. Estrogen may play also some role in resistance to
MAC infection (13) due to its effects on various immune
functions, such as macrophage activity, natural killer cell ac-
tivity, and T cell-mediated immunity (13). Since all of the
patients in this family were postmenopausal females, these
factors might have been associated with pulmonary MAC
disease onset.

In this family, all females had maxillary sinusitis, suggest-
ing that they had sinobronchial syndrome. Hence, impaired
mucociliary clearance may have been associated with pul-
monary MAC disease in the females of this family. Major
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sinobronchial syndromes are classified into diffuse panbron-
chiolitis, primary ciliary dyskinesia, and cystic fibrosis.
CFTR mutations appear to contribute to the susceptibility
and pathogenesis of pulmonary nontuberculous mycobacteria
(NTM) infection (5-7). CFTR protein is a cyclic adenosine
monophosphatase-regulated chloride channel located in the
apical membrane of epithelial celis. CFTR deletion impairs
mucociliary clearance together with changes in the airway
microenvironment, and it leads to a progressive cycle of in-
fection and inflammation (6). Although CF incidence is very
low in the Japanese population because of the rare posses-
sion of a typical delta F508 mutation of the CFTR
gene (14), Mai et al reported associations between the IVS8
5T allele in the CFTR gene and pulmonary MAC infection
in Japanese (6). However, the IVS8 5T alleles were not
identified in this family. Also, the full CFTR gene analysis
on the most severe patient (Case 1) revealed that neither
known mutations nor novel variants were present. On the
other hand, Ziedalski and Kim et al. reported that the preva-
lence of CFTR mutations in their pulmonary NTM cohort
ranged from 36% to 50% in the United States (5, 7). Thus,
the genetic background of pulmonary MAC disease may dif-
fer between Japanese and Caucasian populations.

In this family line, all seven participating members did
not meet the diagnostic criteria for diffuse panbronchiolitis,
because of the results of pulmonary function testing and the
serum cold agglutinin results. As for primary ciliary dyski-
nesia, examinations of biopsies with electron microscopy
were not performed, because the results of saccharin testing
did not fulfill the diagnostic criteria for primary ciliary
dyskinesia in Case 1, Case 2, and suspected Case 3.

The murine Nramp-1 determines susceptibility to intracel-
lular pathogens. The human homologue, NRAMPI, might be
involved in susceptibility to pulmonary MAC infection (8).
All members of this family were homozygotes for major al-
leles of the D543N and TGTG insertion/deletion polymor-
phism of the NRAMPI gene, which occurs in 70% to 80%
of the Japanese population (8). As a result, the effect of
these alleles in this family was unclear.

DM might be associated with deterioration of infection

because of impaired cell-mediated immunity (15). Case 1,
with DM, had more severe symptoms and radiographic find-
ings than Cases 2 and 3, who did not have DM. Therefore,
DM might contribute to the severity of pulmonary MAC
disease.

HLA plays an important role in immune response; previ-
ous studies have shown that NTM lung disease is associated
with HLA alleles (9-11). Kubo et al suggested that HLA A-
26 antigen might be associated with deterioration of pulmo-
nary MAC infection (9). Case 1, with homozygously ex-
pressed HLLA-A26, had more severe symptoms and radio-
graphic findings than Case 2, with heterozygously expressed
HLA-A26. Case 2 had more severe symptoms and radio-
graphic findings than Case 3 without HLA-A26. Therefore,
HL.A-A26 might play a role in the deterioration of pulmo-
nary MAC infection.

HLA class I antigens present peptides from inside the
cell, including viral peptides if present. These peptides are
produced from digested proteins that are broken down in the
proteasomes. The peptides are also generally small poly-
mers, about 9 amino acids in length. If foreign peptides are
present on cells with HLA class I antigens, cells containing
foreign proteins will be attacked by cytotoxic T lympho-
cytes. In general, HLA class I antigens are expressed on all
nucleated cells, while HLA class II antigens are expressed
on most immune system cells. HLA class I antigens are
classified into A, B, and C. Therefore, it is speculated that
certain peptides within the respiratory epithelium presented
by HLA-A26 induce HLA-A26-restricted cytotoxic T lym-
phocytes, and this immune reaction is associated with dete-
rioration of pulmonary MAC disease. Further studies detail-
ing the role of HLA-A26 in the pathogenesis of pulmonary
MAC disease are needed.

In conclusion, female sex and menopause might be asso-
ciated with the onset of nodular/bronchiectatic type pulmo-
nary MAC in this family. HLA-A26 antigen and DM might
be involved in disease exacerbation. Thus, it is important to
monitor the currently premenopausal daughters of Case 2
because of their similar backgrounds.
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Association analysis of susceptibility candidate region
on chromosome 5q31 for tuberculosis
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Chromosome 5q31 spans the T helper (Th) 2-related cytokine gene cluster, which is potentially important in Th1/Th2 immune
responses. The chromosome 5q23.2-31.3 has been recently identified as a region with suggestive evidence of linkage to
tuberculosis in the Asian population. With the aim of fine-mapping a putative tuberculosis susceptibility locus, we investigated a
family-based association test between the dense single nucleotide polymorphism (SNP) markers within chromosome 531 and
tuberculosis in 205 Thai trio families. Of these, 75 SNPs located within candidate genes covering SLC22A4, SLC22A5, IRF1,
IL5, RADS50, IL13, IL4, KIF3A and SEPT8 were genotyped using the DigiTag2 assay. Association analysis revealed the most
significant association with tuberculosis in hapiotypes comprising SNPs rs274559, rs274554 and rs274553 of SLC22A5 gene
(Paisa=2.02 x 10-%), which remained significant after multiple testing correction. In addition, two haplotypes within the
SLCZ22A4 and KIF3A region were associated with tuberculosis. Haplotypes of SLC22A5 were significantly associated with the
expression levels of RAD50 and IL13. The resufts show that the variants carried by the haplotypes of SLC22A4, SLC22A5 and
KIF3A region potentially contribute to tuberculosis susceptibility among the Thai population.

Genes and Immunity advance online publication, 20 May 2010; doi:10.1038/gene.2010.26

Keywords: chromosome 5q31; family-based association test; Thais; tuberculosis

Introduction

Tuberculosis is a major burden for global public health,
especially in developing countries. Infection with Myco-
bacterium tuberculosis does not always result in tubercu-
losis; approximately 10% of infected individuals will
eventually develop clinical disease during their life-
times.! The outcome of infection is determined by
environmental factors, pathogen virulence and host
immune response. Human genetic variations involving
susceptibility to tuberculosis has initially been shown in
twins in whom the concordance rate was higher in
monozygotic than in dizygotic twins,* although reana-
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lysis of such a survey indicated that environmental
factors outweighed the importance of hereditary factors.
Several forward genetic approaches, incduding genome-
wide linkage analysis and candidate gene approaches,
have been applied in an attempt to map and elucidate
the host susceptibility genes that contribute to control-
ling the immune response against M. tuberculosis.

Five genome-wide linkage studies have been per-
formed to date. The first study identified the suggestive
evidence of linkage to tuberculosis on chromosomes
15q11-13 and Xq26 in the Gambians and South Africans.*
Subsequent fine-mapping of 15q11~13 locus in the same
ethnicity revealed a 7-bp deletion in the UBE3A gene
associated with tuberculosis (P=0.002).5 The positional
candidate gene encoding CD40 ligand, TNFSF5, located
on Xq263 was subsequently investigated, but no
association with tuberculosis was found.* The second
two-stage genome scan in Brazilians suggested linkage
evidence in three regions 10gq26.13, 11q12.3 and 20p12.17
The focused linkage analysis in the candidate region of
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the human chromosome 17q provided weak evidence of
linkage in 17q11-21.° The strongest evidence of linkage
was shown in the genome-wide scan conducted in
Moroccan multiplex families,” in which a region of
chromosome 8q12-13 was mapped as a major suscepti-
bility locus for tuberculosis with non-parametric multi-
point likelihood binomial logarithm (base 10) of odds
score of 349 and a parameiric logarithm (base 10)
of odds score of 3.38 under a dominant model. The
fourth genome-wide linkage study in South Africa and
Malawi has implicated regions of 6p21-23 and 20q13.31-
33 for tuberculosis susceptibility.’® Fine-mapping of
20q13.31-33 provided association evidence of melano-
cortin 3 receptor (MC3R) and cathepsin Z (CTSZ) genes.
Finally, the genome-wide single nucleotide polymor-
phism (SNP)-based linkage analysis in 93 affected
sib-pairs localized a region with suggestive evidence of
linkage to chromosome 5q23.2-31.3 among the Thai
population (Z,, score 3.01, logarithm (base 10) of odds
score 2.29) and two regions on chromosome 17p13.3-13.1
and 20p13-12.3 showed linkage evidence in families with
a younger age at the onset of tuberculosis (logarithm
(base 10) of odds score 2.57 and 3.33, respectively).”
Collectively, those findings imply that the allelic
architecture of genetic susceptibility to tuberculosis is
likely heterogeneous, partly explained by the genetic
background of the studied population.

The suggestive evidence of linkage to the 5q region in
Asians is of particular interest because the region spans
the major T helper (Th) 2 cytokine gene cluster, which is
potentially important for Th1/Th2 immune responses.
This region has been identified as a susceptibility locus
for various infectious and autoimmune diseases. The
linkage and allelic association between Plasmodium
falciparum blood infection levels and markers on chromo-
some 5g31-33 have also been reported.’>'* The region
has been found to harbor a susceptibility locus (SM1)
controlling the infection intensity of Schistosoma
mansoni.* In autoimmune diseases, the gene conferring
susceptibility to Crohn’s disease has been linked to
chromosome 5g31'° and an attempt to localize this
region through linkage disequilibrium (LD) mapping
identified a long-range haplotype (~250kb) that was
strongly associated with the disease.’* The cytokine
gene-rich 5g31-33 region in association with suscepti-
bility to other inflammatory conditions had been
reported in psoriasis, asthma and/or atopic phenotypes.
The polymorphic IL4 gene on chromosome 5q31 has
a linkage and association with atopic dermatitis in
Japanese nuclear families,'”” while the 5q31-32 region
was confirmed as a susceptible locus for psoriasis.'®
Furthermore, a number of linkage analyses in ethnically
diverse populations have identified the linkage signals
on chromosome 5q31-33 with total serum IgE"
bronchial hyper-responsiveness® and asthma-related
phenotypes (54.123-31?.201

The prime candidate genes within this linkage region
are a cluster of Th2-related cytokine genes important in
immune regulation including IL4, IL5, IL13, RADS50,
KIF3A, SLC22A4 and SLC22A5. Interleukin4 and inter-
leukin-13 coordinated in various immune functions
including induction of immunoglobulin class switching,
synthesis of IgE and promoting the expression of chemo-
kines, whereas interleukin-5 enhanced the production
and survival of eosinophils> Recently, a critical

Genes and Immunity

cis-regulatory element controlling Th2 cytokine expres-
sion has been identified in the 3’end of Rad50,2> which
acts as a locus control region for the expression of
{14 and IL13 genes. Association analysis on the SNP
rs17166050, located in intron 4 of RADS50, showed
a significant association with Crohn’s disease.>* Thus,
the unidentified SNPs in the 531 region may influence
variation of gene function among populations and
contribute to the risk of Crohn’s disease and other
infections and inflammatory diseases. The activation
of Th2 cytokine genes has been suggested to correlate
with extensive tuberculosis disease.® Th2 cytokines
were shown to inhibit autophagy, a dynamic process
of subcellular degradation, thus impairing the ability
of macrophages to kill mycobacteria.®>* In addition,
the hyper-virulent Beijing family of M. tuberculosis strains
that are predominant in east Asian, preferentially
induced human monocytes to express Th2 cytokines.?”2¢
Therefore, variations within this Th2 cytokine locus are
reasonable candidates that might involve in the immu-
nopathology of tuberculosis.

In this study, we attempted to fine-map a putative
tuberculosis susceptibility locus on chromosome 5q31.
A panel of SNP markers within chromosome 5g31 was
developed and the family-based association between
these SNP markers and tuberculosis was analyzed. The
results provide evidence on the association of variants in
SLC22A4, SLC22A5 and KIF3A with tuberculosis.

Results

Of the 83 SNPs that were analyzed by the PBAT sofiware
and Haploview, 6 SNPs with evidence of deviation from
the Hardy-Weinberg equilibrium (P-value <0.05) and
2 SNPs being monomorphic were excluded. Mendelian
inconsistencies within families detected by PedCheck
and Haploview were manually deleted. Pedigree errors
among family members inspected by the Graphical
Representation of Relationships (GRR) program were
not observed partly because of the strong linkage
disequilibria among the markers that were tested,
resulting in none of the families being excluded. After
the quality control process, 75 SNP’s, which passed the
specified criteria, were further analyzed. The genotyped
SNPs within the candidate genes located on chromosome
5q31 covering SLC22A4, SLC22A5, IRF1, IL5, RADS50,
IL13, 114, KIF3A and SEPTS and their physical locations,
are described in Supplementary Figure 1 and Supple-
mentary Table 1. Linkage disequilibrium patterns across
the 5g31 region were determined and 60 out of
75 SNPs were assigned into the six haplotype blocks
(Supplementary Figure 1).

To examine the usefulness of the HapMap data for the
association study on the 5q31 region, the patterns of LD
in four populations, African (YRI), European (CEU),
Chinese (CHB) and Japanese (JPT), were compared using
genotype data from the HapMap and Thai trio families.
In agreement with the earlier report,> we confirmed the
similarity of LD patterns among the Chinese, Japanese
and Thais in this 5q31 region.

Single marker and haplotype analyses
The associations of SNPs and haplotypes with tuber-
culosis under four different genetic models, additive,
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Figure 1 Association plots between single nucleotide polymorph-
isms (SNPs) located on chromosome 5q31 (NCBI Build 36) and
tuberculosis. (a) The —log (P-values) plots for single-SNP associa-
tion analysis were obtained from the best genetic model. (b) The
global P-value plots for overall haplotype association analysis
presented when P <0.05. The filled symbols connected by solid lines
indicated the haplotype.

dominant, recessive and heterozygous advantage, were
tested using the PBAT software. The SNPs with a P-value
of <0.05 are detailed in Supplementary Table 2. Under
the additive genetic model, the strongest association
with tuberculosis for an individual marker, rs2237060,
located on the RAD50, was shown (P=0.0061)
(Figure 1a). Allele A of this A/C SNP was transferred
from parents to offspring with tuberculosis. On the basis
of the significant threshold at 1.74 x 10—* estimated by
taking into account the effective number of tests for
single SNP analysis, the number of sliding windows for
haplotype analysis and the number of genetic models
included, this single-marker association evidence was
not sufficient to reject the null hypothesis of no
association with tuberculosis.

The most significant association with tuberculosis
was observed in haplotype block 1 (Pgipe =2.02 X 10~)
under the dominant model of inheritance as shown by
assoclation analysis of a three-marker haplotype present
in each haplotype block (Figure 1b and Table 1). This
haplotype is located within the SLC22A5 gene compris-
ing rs274559, rs274554 and rs274553 (Table 1). Significant
global associations with tuberculosis were also detected
in haplotypes of SLC22A4 and KIF3A genes (rs272873-
rs2306772-1s272867 and rs2299007-rs2237057-rs2299006,

Susceptibility candidate region on 531 for TB
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respectively) under the heterozygous advantage model
of inheritance (Table 1). They remained significant after
multiple testing correction (P-value <1.74 x 10-%).

Association analysis of the imputed untyped SNPs

A total of 895 imputed SNPs, including SNPs having
association with Crohn's disease and psoriasis, were
tested for association with tuberculosis. As expected, the
imputation-based SNP analysis provided lower power to
detect the disease association than those of typed SNPs.
None of the imputed SNPs provided association
evidence with tuberculosis after multiple testing correc-
tions (Supplementary Table 3). However, the results of
the imputed genotype and their frequencies can provide
draft pictures of the association patterns between
untyped SNPs and tuberculosis in the Thai population.

Effect of the associated haplotype on gene expression levels

To evaluate the possible effect of the significantly
associated haplotype (rs274559, rs274554 and rs274553)
on the expression of the neighboring genes, the
UNPHASED software was used to test the association
between this haplotype and the expression levels of
SLC22A4, SLC22A5, IRF1, IL5, RADS0, IL13, IL4, KIF3A,
SEPT8 and PCDHI derived from genomic expression
microarray analysis of four populations, CHB, JPT,
CEU and YR], in the HapMap database. The haplotype
was significantly associated with the RADS50, IL13
and PCDHI expression (overall P-value=6.14 x 104,
6.70 x 10+ and 1.90 x 10~*, respectively) and remained
significant after multiple testing correction (P-value
<0.005 for 10 tests performed). Different expression
levels of RAD50, IL13 and PCDHI in various combina-
tions of three SNP genotypes were shown (Supplemen-
tary Figure 2, 3 and 4). However, when this quantitative-
trait locus analysis was restricted to only CHB+JPT, it
became non-significant because of the limited number of
haplotypes in each population. In addition, the frequen-
cies of this significantly associated haplotype are quite
similar among the CHB, JPT and Thais, but are totally
different from those in the CEU/YRI (data not shown).

Discussion

Chromosome 5q31 has been suggested as the suscept-
ibility loci of related inflammatory diseases in ethnically
diverse populations, including tuberculosis among the
Thais.”” The region has been of particular interest
because it carries a cluster of Th2 cytokines and related
genes including 114, IL5, IL13, RAD50, KIF3A, SLC22A4
and SLC22A5. Such results have allowed us to conduct
fine-mapping of the tuberculosis susceptibility locus in
this region in Thai trio families. Here we report a
nominal association with tuberculosis for individual
SNPs located in SLC22A4, SLC22A5 and RAD50 genes,
although none of them remained statistically significant
after multiple testing correction. The failure to provide a
significant association could be explained by small
sample size resulting in insufficient power to detect
genetic risks with small effect size. Moreover, the
presenting linkage may be the results of the multiple
causative alleles within the same linkage region as
shown in Crohn's disease.* Therefore, replication in an

w
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Table 1 Association between three-marker haplotypes and tuberculosis

SNP ID Gene symbol Haplotype Haplotype frequency Fam# 1_P-value® (FBAT) Power (FBAT) G_P-ualue® (Waldl)
rs272879-1s272873-rs2306772¢ SLC22A4 GCG 0.3584 120 +0.8111 0.0779 241 x10 ¢

CCG 01202 70 -0.0435 0.1854

GTG 0.0108 16 —0.4926 0.0500

CTG 0.1729 85 ~-0.7681 0.8788

GCA 03136 106 —0.0054 0.6161

CCA 0.0111 16 —0.3867 0.0500
rs272873-1s2306772-1s272867«  SLC22A4 CGC 03644 123 +0.6783 0.0601 1.86x10 ®

TGC 0.0102 13 +0.6941 0.0500

CAC 0.3155 105 -0.0070 0.5698

CGT 01141 65 -0.0631 0.1245

TGT 0.1729 87 —0.8448 0.8581

TAT 0.0100 14 -0.0758 0.8105
rs274559-rs274554-rs274553 SLC22A5 CGG 0.6738 50 -0.7942 0.2869 2.02x10 ¢

TGG 0.1987 91 —-0.9387 0.0686

CAC 0.0177 15 +0.7380 0.1578

TAC 0.0993 64 -0.0751 0.2350
1s3798132-rs2299007-rs2237057¢ KIF3A ATC 0.3551 112 -0.6137 0.0500 3.2x10 ¢

GTC 0.0454 31 -0.6748 0.0977

ACC 0.3932 101 +0.1689 0.4564

GIT 0.1828 78 —0.1768 0.1451
rs2299007-1s2237057-rs2299006 KIF3A TCC 0.3482 114 -0.4487 0.0500 1.00x10

CcC 03870 103 +0.0767 0.3888

TCG 0.0542 37 -0.7473 0.0883

CCG 0.0135 12 +0.9724 0.1874

TTG 0.1802 77 -0.1799 0.1102

Abbreviations: Fam#, number of informative families; FBAT, family-based association test; G_P-value, global P-value; I_P-value, individual

P-value; SNF, single-nucleotide polymorphism. The most significant association with tuberculosis is shown in bold.
“Negative/ positive signs represent the direction of association between individual haplotype and tuberculosis.

PUncorrected P-value.

“Haplotype carried under a heterozygous advantage model of inheritance.

9Haplotype carried under a dominant model of inheritance.

independent population and study in a larger number of
samples are needed to prove the association.

The observed associations of three-marker haplotype
comprising SNPs of SLC22A4, SLC22A5 and KIF3A with
tuberculosis, which remained significant after multiple
testing correction, suggested these are the reasonable
candidate genes contributing to tuberculosis susceptibil-
ity. We avoid the false positives from population
stratification by the family-based association study in
which the majority of samples are complete trios. Despite
the significant associations observed in this study, with-
out replication study in other populations, false-positive
findings cannot be refused at the moment.

Polymorphisms in SLC22A4 and SLC22A5 have been
suggested to be associated with Crohn’s disease in the
Caucasians but the varianits are extremely rare in
Asians.3 [t is possible that the same locus can be
involved in susceptibility to several related phenotypes
as reported in this study on different variants in SLC224
and SLC22A5 contributing to tuberculosis susceptibility.
The genomic neighborhood surrounding the Th2 cyto-
kine cluster is particularly important for their gene
expression or activities.”>* Three SNPs comprising the
most significant haplotype of SLC22A5 are located in the
intron and the bioinformatics prediction of these SNPs
suggested their roles in gene expression. In light of this
prediction, the quantitative association of this haplotype
and the expression level of genes within the Th2 cytokine
cluster region were determined and the results showed
that this haplotype is associated with the expression
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levels of IL13 and RAD50. As RAD50 contains the locus
control region regulating the Th2 cytokine expression,
including I14 and IL13, it is possible that variation in
RADS50 could indirectly influence the fate or magnitude
of T-cell responses to infectious agents such as
M. tuberculosis. In addition, substantial evidence indi-
cated that increased interleukin4 production in tuber-
culosis is likely associated with immunopathology.?***

The associated haplotype encompassing the SLC22A4
ergothioneine transporter, SLC22A5 L-carnitine trans-
porter, and the KIF3A gene encoding for a subunit of
kinesin II, a microtubule-based motility protein,*® sug-
gested their role in disease susceptibility. However, in the
absence of a validated biological function in tuberculosis
and with regard to the heterozygous advantage model
for the associations of SLC22A4 and KIF3A haplotypes,
it could be speculated that these haplotypes might not
have true biological effects, but they are proxies to
primary, but untyped, markers nearby. The heterozygous
advantage model of inheritance has been described in a
number of genes including the SLC6A4 serotonin
transporter gene.* However, as heterosis at a molecular
level seems contrary to the expectation for the degree of
phenotypic effect, the presence of heterosis in SLC22A4
and KIF3A genes remains to be clarified.

In summary, the observations from fine-mapping and
gene expression analysis enable us to confine a region of
potential risk markers and haplotypes for tuberculosis
within chromosome 5q31. The variants in SLC22A4,
SLC22A5, KIF3A or flanking genes, especially genes
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containing master regulatory elements for Th2 cytokine
expression, may have an important role in susceptibility
to tuberculosis. However, to define the causative
variants, replication studies in other Asian populations
and/or functional analysis of associated variants require
further investigations.

Materials and methods

Sample description

Of the 203 complete trios (parents and their affected
offspring) and two incomplete trio families (father or
mother and affected offspring) were recruited through
the tuberculosis surveillance system in Chiang Rai, the
northernmost province in Thailand. Of the 203 complete
trio families, 15 were part of multi-case families in a
previous linkage study.” Tuberculosis was diagnosed on
the basis of clinical presentation and bacteriological
confirmation by sputum culture for M. tuberculosis or
at least two out of three positive sputum smears for
acid-fast bacilli. Diagnosis of tuberculosis in a few cases
was obtained from records in the tuberculosis surveil-
lance system accompanied by a current abnormal
chest x-ray. This study was reviewed and approved by
the Ethics Review Committee for Research in Human
Subjects, Ministry of Public Health, Thailand and
the Institutional Review Board of the International
Medical Center of Japan. All patients were tested for
HIV using standard serological tests. HIV-infected
patients were excluded from this study. Their blood
samples were collected after obtaining individual
informed consent.

Genotyping and quality control

Genomic DNA was extracted from the whole blood or
peripheral blood mononuclear cells using QlAamp blood
midi kit (Qiagen, Hilden, Germany). The tagging SNPs
were randomly selected from a 610-kb region of 5¢q31-33.
These markers were originally chosen for a fine-mapping
study for various immune disorders associated with the
5q31 region, before the release of the HapMap data.
Genotyping of 96 SNPs within chromosome 5q31 was
performed by Digitag? assay described earlier®* The
genotype calls were determined by the visual inspection
of cluster plot from the SNPStar software (version
0.0.0.8, Olympus, Tokyo, Japan). The successfully

SNPs were analyzed by Haploview version 4.1.>¢ SNP
genotypes of the parent data set showing significant
deviation from the Hardy-Weinberg equilibrium
(P-value <0.05) and being monomorphic were excluded
from further association test. Mendelian inconsistency
within families was detected by PedCheck®” and Haplo-
view version 4.1. Genotyping errors within the family
were deleted manually.

Relationship determination

Pedigree error should be suspected when a number of
Mendelian inconsistencies are observed more often than
expected by genotyping errors. Relatedness among
family members was evaluated by Graphical Represen-
tation of Relationships (GRR) program.®® As the studied
markers are highly correlated, genotype information
alone does not have the power to discriminate between
pedigree error and genotyping error.
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Family-based association study

Family-based association tests were analyzed by the
PBAT software version 3.6.* Single marker and haplo-
type analyses were performed based on the conditional
power calculations. Statistical parameters for testing
the null hypothesis of no linkage and no association
were family-based association test-GEE and four genetic
models of inheritance, namely additive, dominant,
recessive and heterozygous advantage models. The plots
of uncorrected P-values from the association tests were
created using snp.plotter.+

Bonferroni correction is overly conservative in this
fine-mapping analysis because of high linkage disequili-
brium patterns between the markers that were tested.
Thus, SNP spectral decomposition*! was used to calcu-
late the effective number of tests that should be corrected
for single SNP analyses and the P-value threshold for
rejecting null hypothesis accounting for their highly
correlated allelic structure. The experiment-wide signifi-
cance threshold required to keep type I error rate at 5%
from SNP spectral decomposition was 0.0021. However,
this threshold did not consider the number of sliding
windows for haplotype tests and did not allow correction
for the various genetic models tesied. Taking into
account the 24 effective numbers of tests corrected for
single SNP analysis, 48 three-marker sliding windows
calculated from 60 SNPs in the defined haplotype
blocks and four genetic models tested, 288 tests were
performed. This resulted in threshold to maintain the
type I error rate at 5% of P<1.74 x 10~* for the multiple
testing correction in this study.

The structures of LD determined by Haploview and
the pairwise LD among genotyped SNPs were measured
by 12 values. Haplotype blocks were defined based on the
method described earlier? and the individual and
overall family-based haplotype association analyses
were then performed according to the defined haplotype
blocks. The LD structure in the YRI, CEU, CHB and JPT
was determined using genotype data from the HapMap
web site (http://www.hapmap.org).

Imputation of untyped SNPs in trio samples and the HapMap
reference samples

Imputation was carried out by the PLINK version 1.04
based on the HapMap genotype data of 90 JPT + CHB
individuals available on the PLINK website (http://
pngu.mgh.harvard.edu/purcell/plink/).#>  Individual
genotype data were in forward orientation with the
NCEI Build 36 reference. To prevent the problem of
strand flipping in C/G and A/T SNPs, the genotyped
markers with these allele configurations were removed
from the input data. Removing these SNPs resulted in
54 genotyped SNDs in the irio families used in the
imputation. Imputation of untyped SNPs in the trio
families was based on 895 SNPs extending from 131.5 to
132.3 Mb within the HapMap individual genotype data.
The imputed data set was used for empirical assessment
of allele frequency of untyped SNPs and the family-
based association analysis by PLINK. The association
analysis of imputed untyped markers should be con-
sidered as preliminary and results having lower power
and accuracy than those of typed markers were expected.
We aimed to use this imputed information to provide the
empirical information for the untyped SNPs within the

w
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5g31 region that is associated with other related diseases
including Crohn’s disease and psoriasis.

Bioinformatics prediction of SNPs’ functions

The functional SNP (F-SNP) database* (http://compbio.
cs.queensu.ca/F-SNP/) was accessed to retrieve the
functional information of SNPs that showed the lowest
P-value in the association analysis.

Analysis of SNP effects on gene expression

The expression data of the genes on chromosome
5q31 covering SLC22A4, SLC22A5, IRF1, IL5, RADS0,
IL13, IL4, KIF3A, SEPT8 and PCDHI1 were retrieved from
the GENEVAR web site (http://www.sangerac.uk/
humgen/genevar/). These normalized data sets of gene
expression were produced from genome-wide expres-
sion arrays (Senirix Human-6 Expression BeadChip,
Hlumina Inc., San Diego, CA, USA) in the Epstein-Barr
virus-transformed lymphoblastoid cell lines of 150
offspring in phase I and phase II of the HapMap
Consortium (populations: YRI, CEU, CHB and JPT).
The haplotype frequencies among these populations
were also determined with Haploview version 4.1.
The haplotypes showing a significant association with
tuberculosis were assessed for the effects on gene
expression using UNPHASED version 3.0.13.° The box
plots representing normalized expression levels of
genes in various combinations of three-SNP genotypes
were created with R software version 2.7.2 (http: //www.
r-project.org/).
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