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Leprosy presents as a clinical and immunological spectrum of disease. With the
use of gene expression profiling, we observed that a distinction in gene ex-
pression correlates with and accurately classifies the clinical form of the disease.
Genes belonging to the leukocyte immunoglobulin-like receptor (LIR) family
were significantly up-regulated in lesions of lepromatous patients suffering
from the disseminated form of the infection. In functional studies, LIR-7 sup-
pressed innate host defense mechanisms by shifting monocyte production from
interleukin-12 toward interleukin-10 and by blocking antimicrobial activity
triggered by Toll-like receptors. Gene expression profiles may be useful in
defining clinical forms of disease and providing insights into the regulation of
immune responses to pathogens.

For many pathogens, host responses can vary
considerably, with some individuals proving
resistant to infection whereas others display a
high level of susceptibility. The clinical mani-
festations found in leprosy form a spectrum that
corresponds with the type of immune response
to the pathogen, Mycobacterium leprae (1). At
one end of the spectrum, the tuberculoid
form (T-lep) is characterized by limited,
self-curing disease with few bacteria and
local expression of type 1 cytokines char-
acteristic of strong cell-mediated immunity
(2, 3). In contrast, lepromatous leprosy (L-
lep) patients present clinically with dissem-

inated lesions and high bacterial loads. In
this case, expression of type 2 cytokines in
lesions typically associated with humoral
immunity and suppression of cell-mediated
immunity predominates. In order to accu-
rately stage the disease, skin lesions of
leprosy patients are biopsied, and previous
studies have indicated that differences in
patients’ immune responses could be dis-
cerned from examination of lesion biopsy
specimens but not from peripheral blood
(4 ). Taking advantage of the recent data
made available for the human genome, we
compared patterns of expression of
�12,000 genes directly in lesions taken
from leprosy patients.

Skin biopsy specimens were obtained
from six T-lep and five L-lep patients who
had been diagnosed and classified accord-
ing to the clinical and histopathologic cri-
teria of Ridley (1). We analyzed gene ex-
pression data from these biopsy samples
with the use of two unsupervised learning
algorithms, principal component and hier-
archical clustering analysis. Principal com-
ponent analysis (5) of the gene-sample ma-
trix was used first to identify patients dis-
playing similar trends in gene expression
(Fig. 1A). All five L-lep patients formed a
group characterized by negative values for
the principal component. In contrast, five
of six T-lep patients had positive values,
with only patient T6 having a negative
value, suggesting a gene expression pattern
more like that of the L-lep patients.

Hierarchical clustering was next per-
formed to explicitly group together patient

samples showing similar gene expression
patterns (6 ). The clustering algorithm iden-
tified two main groups consisting of T-lep
and L-lep patients, respectively (Fig. 1C).
Consistent with the principal component
analysis, one patient (T6) was clustered
with the L-lep group. Because clustering
analysis was not consistent with previous
clinical and histologic classification, we
reexamined the patient record and the his-
tology of a biopsy taken on the same day as
the specimen used for the present study.
Contrary to the original classification, we
found that the presentation was in fact con-
sistent with L-lep. Upon correction of the
classification of patient T6 to L-lep (L6),
the principal component analysis (Fig. 1B)
and the hierarchical clustering (Fig. 1C)
showed a clear and totally consistent dis-
tinction between T-lep and L-lep patients.
The ability of gene expression analysis to
identify the clinical T-lep and L-lep classi-
fications, and to expose the misclassified
sample, demonstrates the potential of this
approach and reveals a striking difference
in gene expression profiles between lesions
of T-lep and L-lep patients.

To determine whether the observed dif-
ferences in gene expression between the
T-lep and L-lep patients were statistically
significant, we performed a permutation
analysis in which the number of genes be-
low each P value threshold in the clinically
relevant T-lep or L-lep grouping was com-
pared to all other 461 possible patient
groupings ( permutated groups). With the
use of this approach, we determined that
fewer than 1% of the permutated groupings
displayed more differential gene expression
than the correct T-lep–L-lep grouping (Fig.
2A). For example, at P � 0.01 the T-lep–
L-lep grouping had more differentially ex-
pressed genes (1970) than both the mean
(458) and the top 1% (1544) of the permu-
tated groupings. This established that, de-
spite the relatively small number of sam-
ples examined in this study, the differences
in gene expression observed between T-lep
and L-lep patients are not likely to have
resulted from chance.

To evaluate whether gene expression
profiles are sufficiently robust to correctly
assign the subclasses of unknown samples,
we performed supervised class prediction
analysis as follows: We identified patterns
of gene expression among all but one of the
samples to predict the class of the withheld
sample, known as leave-one-out cross-
validation, with the use of a weighted gene-
voting algorithm (7 ). With the use of the
clinically defined T-lep–L-lep patient
grouping, the algorithm predicted the class-
es of all 11 samples correctly [100% accu-
racy; 8 out of 11 had high confidence ( pre-
diction strength � 0.4)] (8, 9). This result
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was statistically significant, because fewer
than 1% (4/462) of the possible patient
groupings performed as well as the clini-
cally defined T-lep–L-lep grouping at clas-
sifying the withheld sample (Fig. 2B).
Taken together, our results from both un-
supervised and supervised prediction algo-
rithms demonstrate that T-lep and L-lep
lesions are distinct at the level of gene
expression and suggest that it may be pos-
sible to develop reliable biomarkers to im-
prove patient diagnosis and classification.
The ability to accurately classify patients
by itself predicts the clinical course of dis-
ease, because L-lep patients are more likely
to develop one or more reactional states
that cause patient morbidity.

Within the lesion, the host response to
the pathogen remains localized to the tissue
granuloma. The difference in the gene ex-
pression profiles between the two leprosy
subclasses suggested that their differences
in disease manifestation may reflect two
opposing gene expression programs that
influence the type of host response (10).
The most pronounced differences in T-lep
and L-lep gene expression profiles were
among genes within the immune response
family (Fig. 3). The gene expression pro-
files were consistent with previous data
showing that type 1 cytokines associated
with cell-mediated immunity predominate
in T-lep lesions, whereas type 2 cytokines
predominate in L-lep lesions (2, 11, 12).
For example, genes encoding the type 1
cytokines lymphotoxin-�, interleukin (IL)-
7, and IL-15 were comparatively up-regu-
lated in T-lep lesions, as well as genes
encoding CD1b and signaling lymphocytic
activation molecule (SLAM), two mole-
cules previously linked to cell-mediated
immunity and type-1 cytokine production
in these patients (13–15). In contrast, L-lep
lesions differentially expressed the type 2
cytokines transforming growth factor–�
and IL-5, as well as IL-4 and IL-10, al-
though the differences in gene expression
for the latter two genes between the patient
groups were not statistically significant
(P not � 0.05) and were instead confirmed
by quantitative polymerase chain reaction
(qPCR) (8). As part of the type 2 pattern,
L-lep lesions also exhibited marked up-
regulation of genes related to humoral im-
munity, including immunoglobulin (Ig)
heavy and light chains and molecules in-
volved in B cell activation.

Although the presence of type 2 cyto-
kines has been shown to correlate with
immunologic unresponsiveness in L-lep pa-
tients (2, 3), the elevated expression of
inhibitory receptors in L-lep lesions, in-
cluding several members of the leukocyte
immunoglobulin-like receptor (LIR) family
(16 ) (Fig. 3), may also contribute to immu-

nologic unresponsiveness in these patients.
LIR-7 (ILT-1/LILRA2) (17 ) was the most
differentially expressed of the LIR genes
identified, up-regulated 5.4-fold in L-
lep relative to T-lep lesions. We con-
firmed the expression of LIR-7 in lesions
from 12 additional leprosy patients by
qPCR (Fig. 4A), demonstrating marked up-
regulation in six out of six L-lep lesions
relative to the T-lep samples (18). Because
the expression pattern of Toll-like receptors
(TLRs) and LIR-7 in leprosy lesions is
reciprocal (19), we investigated the rela-
tionship between these two different recep-
tors. Activation of monocytes by using
TLR2/1 and TLR4 ligands down-regulated
LIR-7 expression (Fig. 4B), suggesting that
the relatively reduced expression of LIR-7
in T-lep lesions may be because of the

elevated local expression and activation of
TLRs in these patients.

In light of these observations, we deter-
mined whether activation of LIR-7 alters
TLR-induced innate immune responses.
Activation of TLRs triggers the release of
IL-12 and IL-10, two cytokines whose bal-
ance influences the nature of the adaptive T
cell response. TLR-induced production of
IL-12 was dramatically reduced in the pres-
ence of antibodies against LIR-7 (Fig. 4C),
whereas IL-10 release was either unaffect-
ed (TLR2/1) or augmented (TLR4) in these
cells, thus increasing the ratio of IL-10 to
IL-12. These data suggest that LIR-7 acti-
vation can divert the balance of cytokines
produced during the innate response away
from the pro-inflammatory program. In the
context of infection with an intracellular

Fig. 1. Two unsupervised data analyses separate leprosy patients into clinically relevant subclasses
on the basis of their gene expression patterns. (A) Principal component analysis shows that the
gene expression pattern of T-lep patients is distinct from the L-lep patients (9). All T-lep patients
( T1 to T6) except patient T6 (marked with an arrow) formed a group with positive values for the
principal component, whereas L-lep patients (L1 to L5) had negative values and formed a second
group. (B) After verification that patient T6 had been misclassified, we regrouped that patient
within the correct L-lep subclass and labeled as L6 (marked by an arrow). (C) Hierarchical clustering
analysis (9) is consistent with the principal component analysis, dividing the samples into two
distinct groups that cluster on separate branches of a dendrogram. The original and corrected
clinical subclass of each patient is shown.
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pathogen, this would result in suppression of
cell-mediated immunity and immune unre-
sponsiveness (20).

To determine whether LIR-7 af-
fects TLR-induced antimicrobial responses

(21), we assessed antimicrobial activity
by measuring colony-forming units of
M. tuberculosis–infected alveolar macro-
phages. Relative to untreated controls, TLR
activation alone resulted in a nearly 60%

antimicrobial activity; however, pretreat-
ment with antibodies to LIR-7 reduced the
antimicrobial activity to 20%. The block-
ade of antimicrobial activity was not ob-
served with an isotype control antibody or

Fig. 2. Two supervised analyses
coupled to permutation analysis
indicate that the gene expression
differences between T-lep and L-
lep patient groups are statistically
significant. (A) Determination of
the number of differentially ex-
pressed genes between subgroups.
The cumulative number of genes
(y axis) with Student’s t test P
values less than various threshold
levels (x axis) was calculated for
the clinically relevant T-lep–L-lep
grouping and plotted (black). Ev-
ery possible permutated grouping
was also generated and tested (9).
We plotted the mean (red), medi-
an (green), 10th percentile (blue),
and first percentile (yellow) number of genes below a given P value
among the permutated groupings and compared these to the correct
T-lep–L-lep grouping. (B) Prediction accuracy using leave-one-out
cross-validation and weighted gene-voting (9). With the use of the
clinically defined T-lep–L-lep grouping, the weighted gene-voting
algorithm correctly assigned the subclasses of 8 out of 11 samples

with high confidence ( prediction strength � 0.4). This result is
statistically significant, because fewer than 1% of all possible group-
ings (4/462, indicated by the arrow) were able to correctly assign
eight samples with a prediction strength � 0.4, demonstrating that
the differences in gene expression between T-lep and L-lep patients
can be used to predict the subclasses of the disease.

Fig. 3. Differentially expressed immune genes in T-lep and L-lep lesions.
TreeView software (28) was used to visualize differences in T-lep and
L-lep gene expression with relevance to various subcategories of the
immune response. The expression data from each patient for the genes
indicated are represented by a color gradient from red (relatively high
expression) to green (relatively low expression). T-lep patients (left)
express higher levels of genes relevant to antigen processing and presen-
tation, antimicrobial responses, and pro-inflammatory/Th1-inducing cy-
tokines that potentiate cell-mediated immunity. In contrast, L-lep pa-
tients (right) show higher expression of genes encoding inhibitory recep-
tors, anti-inflammatory cytokines, and molecules required for B cell
activation and function.
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in the absence of crosslinking secondary
antibodies. These data indicate that activa-
tion of LIR-7 interferes with TLR-induced
antimicrobial responses.

In previous studies of microbial infec-
tion, microarray analyses have been used to
characterize responses of normal peripheral
blood mononuclear cells to distinct classes
of pathogens in vitro (22, 23) or mice chal-
lenged with different antigens (24 ). In this
study, we have defined gene expression
patterns associated with an ongoing im-
mune response in lesions of human leprosy.
Our data support the view that modern
genomics can reveal the sets of genes that
correlate with protective responses or inap-
propriate responses leading to disease pro-
gression and tolerance, providing unantici-
pated insights into pathogenesis and targets
for therapy.
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Fig. 4. LIR-7 is up-regulated in L-lep lesions and down-regulates aspects of the innate immune response.
(A) Measurement of LIR-7 mRNA in leprosy lesions by microarray and qPCR. Raw microarray data for
LIR-7 were graphed for the 11 patients studied. For qPCR, cDNA derived from 12 additional leprosy
patients (six T-lep and six L-lep) was analyzed for expression of LIR-7 mRNA (9). Relative expression of
LIR-7 in each patient was determined as a function of GAPDH expression in arbitrary units (AU) with the
use of the ��CT method (26). The differences in the means of LIR-7 expression between T-lep and L-lep
patients observed by microarray and qPCR were statistically significant (P � 0.027 and P � 0.034,
respectively). (B) Regulation of LIR-7 expression by TLRs. Primary monocytes isolated from healthy
donors were cultured in the presence or absence of ligands for TLR2/1 (19-kD lipoprotein) or TLR4
(lipopolysaccharide) (9). Resulting cells were stained with isotype control rat IgG2a (thin line) or rat
monoclonal antibodies (mAbs) against human LIR-7 (thick line). Numbers correspond to the percentage

of LIR-7� cells relative to the isotype control. (C) LIR-7 modulates the balance of IL-12 and IL-10. Primary monocytes were preactivated with
isotype control (white) or LIR-7 (black) mAbs, followed by goat crosslinking secondary antibodies against rat IgG, as previously described (27),
and cultured in media containing interferon-	 and serially diluted amounts of ligands for TLR2/1 or TLR4 (9). Supernatants were analyzed for
production of IL-12 and IL-10 by enzyme-linked immunosorbent assay. Error bars represent � standard error of the mean (SEM), and data are
representative of at least five experiments. (D) LIR-7 inhibits TLR-induced antimicrobial activity. M. tuberculosis–infected alveolar macrophages
were activated with isotype control or LIR-7 mAbs followed by a TLR2/1 ligand to induce antimicrobial activity (9, 21). After 72 hours, lysates
were plated and colony-forming units (CFU) were counted after 21 days. Antimicrobial activity represents the percent reduction in CFU
compared with untreated controls (CFU in untreated cultures � 15 
 105 CFU). Error bars show �SEM, and data are representative of three
independent experiments.
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