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Abstract Nonhuman primates express varying responses
to Mycobacterium tuberculosis: New World monkeys
appear to be resistant to tuberculosis (TB) while Old World
monkeys seem to be particularly susceptible. The aim of
this study was to elucidate the presence of the regulatory
guanine—thymine (GT) repeat polymorphisms in intron 2 of
Toll-like receptor 2 (7LR2) associated with the develop-
ment of TB in humans and to determine any variations in
these microsatellite polymorphisms in primates. We se-
quenced the region encompassing the regulatory GT repeat
microsatellites in intron 2 of 7LR2 in 12 different
nonhuman primates using polymerase chain reaction
amplification, TA cloning, and automatic sequencing. The
nonhuman primates included for this study were as follows:
chimpanzee (Pan troglodytes), bonobo (Pan paniscus),
gorilla (Gorilla gorilla), orangutan (Pongo pygmaeus),
Celebes ape (Macaca nigra), rhesus monkey (Macaca
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mulatta), pigtail macaque (Macaca nemestrina), patas
monkey (Erythrocebus patas), spider monkey (Ateles
geoffroyi), Woolly monkey (Lagothrix lagotricha), tamarin
(Saguinus labiatus), and ring-tailed lemur (Lemur catta).
Nucleotide sequences encompassing the regulatory GT
repeat region are similar across species and are completely
conserved in great apes. However, Old World monkeys lack
GT repeats altogether, while New World monkeys and ring-
tailed lemurs have much more complex structures around
the position of the repeats. In conclusion, the genetic
structures encompassing the regulatory GT repeats in intron
2 of human 7LR2 are similar among nonhuman primates.
The sequence is most conserved in New World monkeys
and less in Old World monkeys.

Keywords Toll-like receptor 2 -
Microsatellite polymorphism - Evolution - Primates

Introduction

The human Toll-like receptors (TLRs) are pattern
recognition molecules, which play important roles in
early innate immune recognition and inflammatory
responses (Hoffmann et al. 1999; Kopp and Medzhitov
1999; Medzhitov and Janeway 1997a,b, 2000). In addition
to their critical roles in modulating innate immunity, TLRs
are essential in the orientation of the adaptive immune
response through the induction of the Th-1 immune
response (Schnare et al. 2001). Among the ten human
TLRs, TLR2 plays a key role in the immune responsiveness
to peptidoglycans (Takeuchi et al. 1999; Yoshimura et al.
1999), lipoteichoic acid of Gram-positive bacteria
(Schwandner et al. 1999), enterotoxin from Escherichia
coli (Hajishengallis et al. 2005), mycobacterial lipoarabi-
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nomannan (Underhill et al. 1999; Wieland et al. 2004),
phosphatidylinositol (Jones et al. 2001), and leptospiral
lipopolysaccharide (Werts et al. 2001). This crucial role of
TLR2 could explain the evolutionary conservation of the
sequence of the TLR2 gene in chicken (Gallus gallus),
mouse (Mus musculus), Japanese flounder (Paralichthys
olivaceus), zebra fish (Danio rerio), and human (Homo
sapiens) (Boyd et al. 2001; Chaudhary et al. 1998; Hirono
et al. 2004; Jault et al. 2004; Rock et al. 1998).

High susceptibility to Mycobacterium tuberculosis in-
fection of TLR2-deficient mice (Drennan et al. 2004;
Reiling et al. 2002) suggests that mutations affecting
TLR2 expression may impair host response to this patho-
gen. Recently, we reported the presence of guanine—
thymine (GT) repeat polymorphisms in intron 2 of human
TLR2 (NM_ 003264, located at 4q32) and the association
of the number of GT repeats with the development of
tuberculosis (TB) in Koreans (Yim et al. 2004, 2006).

Nonhuman primates express varying responses to M.
tuberculosis. New World monkeys appear to be more
resistant to M. tuberculosis because they show proliferating
lesions with giant cells with less extensive caseation. In
contrast, Old World monkeys seem to be particularly
susceptible to M. tuberculosis, showing a severe and fatal
form of TB when exposed (Scott 1992). In addition, the
genus Macaca appears to be especially susceptible and
exhibits the most human-like response (Good 1968; West et
al. 1981; Ribi et al. 1971). The natural variations in TB
infection rates implying variations in susceptibility among
nonhuman primates were 0.4% out of 20,580 imported
cynomolgus monkeys (Macaca fascicularis), 0.5% out of
1,621 imported rhesus monkeys (Macaca mulatta), but
none out of 712 imported African green monkeys (Cerco-
pithecus aethiops) (Centers for Disease Control and
Prevention 1993).

Because the coding sequence of T7LR2 is well
conserved through the species (Boyd et al. 2001; Hirono
et al. 2004; Jault et al. 2004), we aimed to elucidate the
presence of the regulatory GT repeats polymorphism in
intron 2 of TLR2 and to document any variations in this
microsatellite polymorphism in primates, which might
correlate with 7LR2 expression and susceptibility to
mycobacterial infection.

Materials and methods

Primates

We obtained 19 different nonhuman primate DNA
samples from the Coriell Institute for Medical Research

(Camden, NJ, USA). These samples consisted of: one
chimpanzee (Pan troglodytes), one bonobo (Pan paniscus),

one gorilla (Gorilla gorilla), one orangutan (Pongo pyg-
maeus), two Celebes ape (Macaca nigra), three rhesus
monkey (M. mulatta), three pigtail macaque (Macaca
nemestrina), two patas monkey (Erythrocebus patas), one
spider monkey (Ateles geoffroyi), one woolly monkey
(Lagothrix lagotricha), one tamarin (Saguinus labiatus),
and two ring-tailed lemur (Lemur catta).

Amplification of sequences including GT repeats

We amplified a region of about 200 bp encompassing the
GT repeat microsatellite with primers designed for human
TLR2: 5'-gcattgctgaatgtatcaggga-3' and S'-caccatccacaaag
tatgtggc-3'. Polymerase chain reaction (PCR) amplifications
were carried out using a thermal cycler (GeneAmp® PCR
System 9700, Applied Biosystems, Foster City, CA, USA)
in PCR buffer (1.5 mM MgCl,, 10 mM Tris—HCI pH 9.0,
50 mM KCl, 0.1% Triton® X-100), 100 uM of each dNTP,
25 uM primers, and 1 U of Tag polymerase (Promega,
Madison, WI, USA) in a final volume of 50 ul. After an
initial denaturation step at 95°C for 5 min, samples were
subjected to 30 cycles of denaturation at 95°C for 30 s,
annealing at 55°C for 30 s, and elongation at 72°C for 30 s.
This temperature regimen was followed by a final elonga-
tion step at 72°C for 10 min. The reaction products of the
PCR amplifications and enzyme restrictions were analyzed
by electrophoresis on 3% agarose gels.

TA cloning and sequencing

After cutting the gel containing the DNA fragments
from each species, we extracted DNA fragment with
QIAquick gel extraction kit using a microcentrifuge
(QIAGEN, Valencia, CA, USA). Using these purified
DNA samples, we performed TA cloning and trans-
formed the plasmid into E. coli using TOPO TA Cloning
and One Shot Chemical Transformation using Chemically
Competent E. coli and following the manufacture’s
protocols (Invitrogen, Carlsbad, CA, USA). After ampli-
fication of the plasmid, we extracted the DNA fragments
using Wizard Plus SV Minipreps (Promega) following a
standard centrifugation protocol. PCR products were
sequenced using an ABI 377 sequencer (Applied
Biosystems) according to the manufacturer’s protocols.

Phylogenetic analysis

To perform an alignment of about 200-bp-long sequences
encompassing GT repeats from each species and a
subsequent phylogenetic analysis, we used a multiple
alignment algorithm provided by ClustalW software
(Thompson et al. 1994). The parameters for the present
analysis were as follows: gap open penalty, 15.00; gap
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extension penalty, 6.66; delay divergent sequences, 30%;
DNA transitions weight, 0.50; protein weight matrix,
Gonnet series; DNA weight matrix, IUB; use negative
matrix, OFF; toggle residue-specific penalties, ON; toggle
hydrophilic penalties, ON; hydrophilic residues,
GPSNDQEKR; gap separation distance, 4; toggle end gap
separation, OFF.

Results

Sequences encompassing the repeat regions in individual
primate species

PCR with primers designed based on the human
sequence for TLR2 was successful in all primates even
though only the chimpanzee (P. troglodytes) had a
published sequence (XM_526707, chromosome 4) show-
ing similarity to that of the human 7ZR2 gene. In humans,
the number of GT repeats is known to vary between 12
and 28, as determined by the studies derived from people
with diverse ancestral origins (Yim et al. 2004). The
nucleotide sequences encompassing the repeat region
were similar across species (Fig. 1). All great apes
analyzed in our study (chimpanzee, bonobo, gorilla, and
orangutan) have essentially the same sequence around GT
repeats with that of human. Four Old World monkeys
(Celebes ape, rhesus monkey, pigtail macaque, and patas
monkey) have almost the same sequence but lack GT
repeats and the first seven nucleotides following the

Human TCATCTGTTT (CT)sTT(GT)4p28
Chimpanzee TCATCTGTTT (CT)sTT(GT)41.12
Bonobo TCATCTGTTT (CT)gTT(GT)44.12
Gorilla TCATCTGTTT (CT)sTT(GT)y
Orangutan TCATCTGTTT (CT)44TT(GT)qq.12
Celebes Ape TIGTCTGTTT (CT)s

Rhesus monkey
Pigtail macaque
Patas monkey
Spider monkey
Tamarin

Woolly monkey ATCTGTTATT (CT),(GT);
Ring-tailed lemur CTGTTATTTC (CT),(GT); ATGT

TIGTCTGTTT (CT)g
TIGTCTGTTT (CT)g
TCGTCTGTTT (CT)g

ATCTGTTATT (CT),CAT(CT),TATTCTGTTT(CT),(GT)s AT(GT),
ATCTGTTATT (CT),CAT(CT),TATT(CT),GTTTAT(CT)s GT(CT)ys (GT),

repeats. Prosimians (ring-tailed lemur) and New World
monkeys (spider monkey, woolly monkey, and tamarin)
showed distinct variations from those of humans suggest-
ing a long evolutionary divergence.

Variations in GT repeats between individual primate
species

The GT repeats are completely conserved in great apes,
although the range of such repeat numbers in each
species should be clarified by analyzing more individ-
uals. Old World monkeys lack any GT repeats, and two
New World monkeys, the spider monkey and the
Tamarin, have much more complex structures at these
positions (Fig. 1). The ring-tailed lemur has a sequence
closer to that of humans than Old World monkeys despite
being more phylogenetically distant.

Phylogenic tree from sequences around GT repeats

Figure 2a shows the phylogenic tree generated from
primates based on DNA evidence complemented by fossil
evidence (Goodman et al. 1998). In contrast, Fig. 2b was
generated based on the about 200-bp-long sequences
encompassing the GT repeats in intron 2 of TLR2 using
the ClustalW program (see “Materials and methods”).
The polymorphic nature of even the very short sequences
around the GT repeats may well reflect the overall
evolutionary distances among primates suggested by the
fossil evidence.

-117 -97
TATGCCTAGA AAACATTTCT CAAGAATTAG AATTACGATA
TATGCCTAGA AAACATTTCT CAAGAATTAG AATTACGATA
TATGCCTAGA AAACATTTCT CAAGAATTAG AATTACGATA
TATGCCTAGA AAACATTTCT CAAGAATTAG AATTACGATA
TATGCCTAGA AAACATTTCT CAAGAATTAG AATTACGATA
CGA AAACATTTCT CAAGAATTAG AATTATGATA
CGA AAACATTTCT CAAGANTTAG AATTATGATA
CGA AAACATTTCT CAAGAATTAG AATTATGATA
CGA AAACATTTCT CAAGAATTAG AATTATGATA
TATGTCTAGA AAATATTTCT CAAAAATTAG AATTATGATA
TATGCCTAGA GAATATTTCT CAAAAATTAG AATTATGATA
TATGTCTAGA AAATATTTCT CAAAAATTAG AATTATGATA
TATGCCTATA AAACATTTCT CAAGAATCAG GATTATGATA

-17 +1

TCACTGGACA GTGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG

-7 -47
Human & TGCTGTCAAA CACAATGACT TATTTGAACC TCTTTTATTT GTAGGTTGAA GCAC TGGACA ATGCCACATA CTTTGTGGATG
Chimpanzee & TGCTGTCAAA CACAATGACT TATTTGAACC TCTTTTATTT GTAGGTTGAA
Bonobo & TCCTGTCAAA CACAATGACT TATTTGAACC TCTTTTATTT GTAGGTTGAA
Gorilla & TGCTGTCAAA CACAATGACT TATTTGAACC TCTTTTATTT GTAGGTTGAA
Orangutan & TGCTGTCAAA CACAATGACT TATTTGAACC TCTTTTATTT GTAGGTTGAA

Celebes ape
Rhesus monkey
Pigtail macaque
Patas monkey
Spider monkey
Tamarin

Woolly monkey

& TGCTGTCAAA CACAATGACT CATTTGAACC TCTTTTATTT GTAGGTTGAA
& TGCTGTCAAA CACAATGACT CATTTGAACC TCTTTTATTT GTAGGTTGAA
& TGCTGTCAAA CACAATGACT CATTTGAACC TCTTTTATTT GTAGGTTGAA
< TGCTGTCAAA CACAGTGACT CATTTGAACC TCTTTTATTT GTAGGTTGAA
& TGCTGTCAAA CACAATGACT CATTTGAACC TCTTTTATCT GTAGATTGAA
& TGCTGTCAAA CACAATGACT TATTTGAACC TCTTTTATCT GTAGATTGAA
& TGCTGTCAAA CACAATGACT CATTTGAACC TCTTTTATCT GTAGATTGAA

TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG
TCACCGGACA ATGCCACATA CTTTGTGGATG
TCACTGGACA ATGCCACATA CTTTGTGGATG

Ring-tailed lemur ¢ TTCTGTCAAA AGCAATCACT CATTTGAGCC TCTTTTATTT GTAGGTTGAA TCATTGGACA ATGCCACATA CTTTG_GGATG

Fig. 1 Sequences encompassing the regulatory guanine-thymine repeat regions in intron 2 of the 7LR2 gene among individual primate species.
‘+1” represents the translation initiation site
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Fig. 2 Phylogenetic trees generated from primate data based on a DNA evidence complemented by fossil evidence; and b DNA evidence based
on the 185 bases including the regulatory guanine—thymine repeats in intron 2 of 7LR2. Line length does not denote phylogenic distance

Discussions

Microsatellites are short tandem repeats of two to five
nucleotide repeat pairs that are generally fewer than 30
repeats (Tautz and Schlotterer 1994). They are highly
variable regions of DNA with heterozygosity levels often
exceeding 70% (Webster et al. 2002). They are often found
in noncoding regions, making them of interest to those
studying evolution (Zhu et al. 2000). Several theories have
been advanced for the cause of these microsatellites,
including replication slippage which causes the addition
or subtraction of one or only a few repeats (Levinson and
Gutman 1987). However, recent work suggests that the
process may be more complex (Ellegren 2000).

We recently reported microsatellite polymorphisms con-
sisting of variable numbers of GT repeats in intron 2 of
human 7LR2 (Yim et al. 2004), a receptor that plays an
important role in host immunity against M. tuberculosis
infection (Drennan et al. 2004; Reiling et al. 2002).
Through molecular and genetic studies involving patients
with TB, we determined that shorter GT repeats were
associated with weaker promoter activity, lower expression
of the TLR2 on the surface of human monocytes, and
development of clinical TB (Yim et al. 2006). Therefore, at
both in vitro and in vivo levels, these polymorphisms exert
a regulatory effect. Although the numbers of these repeats
were variable, 7LR2 intron 2 GT repeats were never absent
from hundreds of individual human samples from different
races (Yim et al. 2004, 2006).

Based on the long-standing observation that nonhuman
primates have widely variable immune responses to M.
tuberculosis (Good 1968; Scott 1992), we hypothesized that
the regulatory GT intronic repeats in the 7LR2 gene might
be informative and different among nonhuman primates.
We found that the sequences around the GT repeats were
relatively conserved among these species. As expected, the
greater the phylogenic distance of primates from humans,
the greater the variations observed in the GT repeats, except
for the ring-tailed lemur. It is interesting to note that repeats
were not observed among those Old World monkeys
particularly susceptible to M. tuberculosis (Scott 1992),
although these variations could not be directly connected to
increased susceptibility among these monkeys. However,
the functional implications of these variations can now be
elucidated by inserting these sequences into the recombi-
nant promoter intron 2 of TLR2/reporter construct previ-
ously described (Yim et al. 2004).

Given the high level of variation in the numbers of these
regulatory GT intronic repeats in 7LR2 in humans and their
functional importance, species level variations of the
sequences encompassing the repeats among other primates
could be important. Although deeper understanding of
these findings will require both more individuals from each
species, as well as careful expression studies within and
between members and species, the fact that these sequences
show variation in overall structure between humans and
other primates is noteworthy. Given that this region of
TLR? has a regulatory role in humans, it is likely that it
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functions in the same way in other primates. That suggests
that the evolutionary forces impacting on 7LR2 and its
functions in humans and other primates have been quite
active. Since nontuberculous mycobacteria are ubiquitous
and have existed for millenia, Mycobacterium bovis has
been recovered from New World bison from about
16,000 years ago (Rothschild et al. 2001), and tuberculosis
has been an endemic infection in humans for several
thousand years; it is likely that mycobacteria have been
interacting with the mammalian genome over a long period.
The fact that there is such broad variation in such a small
region in one of the critical immune response genes for
tuberculosis and other mycobacteria suggests that this is a
region that is under intense pressure. Because the variation
we identified was in a regulatory region and not in the
coding sequence, it suggests that fine tuning of host
response to external stimuli, such as bacterial products,
has been and remains important. The fact that among
humans we retain high- and low-responding alleles sug-
gests that these alterations may carry benefits and detri-
ments, depending on the stimulus.

The genetic structures encompassing the regulatory GT
repeats in intron 2 of the 7LR2 gene are well conserved
among nonhuman primates. These variations may have
bearing on susceptibility to M. tuberculosis in primates as
they do in humans.
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