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Abstract
The host response to Mycobacterium tuberculosis includes macrophage activation, inflammation
with increased immune effector cells, tissue necrosis and cavity formation, and fibrosis, distortion,
and bronchiectasis. To evaluate the molecular basis of the immune response in the lungs of
patients with active pulmonary tuberculosis (TB), we used bronchoalveolar lavage to obtain cells
at the site of infection. Affymetrix Genechip micro-arrays and cDNA nylon filter microarrays
interrogated gene expression in BAL cells from 11 healthy controls and 17 patients with active
pulmonary TB. We found altered gene expression for 69 genes in TB versus normal controls that
included cell surface markers, cytokines, chemokines, receptors, transcription factors, and
complement components. In addition, TB BAL cell gene expression patternssegregated into 2
groups: one suggestive of a T helper type 1 (Th1) cellular immune response with increased
STAT-4, IFN-γ receptor, and MIG expression with increased IFN-γ protein levels in BAL fluid;
the other group displayed characteristics of Th2 immunity with increased STAT-6, CD81, and
IL-10 receptor expression. We were able to demonstrate that a Th2 presentation could change to a
Th1 pattern after anti-tuberculous treatment in one TB patient studied serially. These gene
expression data support the conclusion that pulmonary TB produces a global change in the BAL
cell transcriptome with manifestations of either Th1 or Th2 immunity.
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INTRODUCTION
Tuberculosis (TB) remains a common infectious disease, with nearly one third of the
world’s population being infected by Mycobacterium tuberculosis (M tuberculosis) and 8
million new TB disease cases occurring each year. New York City experienced an epidemic
of TB in 1992 when over 3800 cases were reported, and Directly Observed Therapy and TB
Clinics have resulted in a 73% decline in the TB case rate since then (1). The incidence of
TB remains high among the foreign born who represented 68% of reported active cases in
New York City in 2004 (1). Understanding the host cellular immune response would be
valuable for developing new treatments to improve clinical outcome, reduce the long
duration of chemotherapy, and inhibit reactivation of latent infection.

M tuberculosis activates the cellular immune system. T helper type 1 (Th1) CD4+
lymphocytes secrete interferon-gamma (IFN-γ) and contribute to growth control of M
tuberculosis infection in the lung (2). Interleukin (IL)-12 promotes IFN-γ production and
Th1 development via signaling pathways that lead to signal transducer and activator of
transcription-4 (STAT-4) activation (3). Studies using transgenic mice affecting IFN-γ, its
receptor, signaling molecules, and downstream genes revealed extensive mycobacterial
infection compared to their wildtype counterparts, demonstrating the importance of these
genes in the control of M tuberculosis infection (4–7). We have previously shown that
lymphocytes predominate in the bronchoalveolar lavage (BAL) from patients with
minimally active pulmonary TB compared to extensive cavitary disease, and that these cells
produce larger amounts of IFN-γ (8).

Furthermore, HIV co-infection is a major contributor to the reactivation of latent infection
because of the defect in the cellular immune response. We have found that BAL cells from
HIV-positive patients with active TB express less IFN-γ mRNA than immunologically
competent patients with active TB, signifying the influence Th1 immunity has on M
tuberculosis infection (9).

Several authors have detected elevated IL-4 levels at the site of disease in pulmonary TB
patients, especially associated with increased tissue destruction and cavitation (10–13). IL-4
in the setting of intracellular infection such as TB, can suppress IFN-γ production and
macrophage activation. Th2 cells produce the cytokines IL-4, -5, and –13, are associated
with resistance to helminthic infections and are responsible for allergic illnesses. Ligation of
IL-4 to its receptor leading to STAT-6 activation drives Th2 lymphocyte differentiation.
Several other authors did not find an association between IL-4 or a Th2 response and
advanced TB (14,15,16).

In order to describe the molecular basis of the lung TB host response, we studied gene
expression in BAL cells obtained from pulmonary TB patients within the earliest phases of
anti-mycobacterial treatment. We evaluated the genomic differences stimulated by M
tuberculosis, and also describe two manifestations of active TB characterized by BAL cell
gene expression patterns and cytokine production.

METHODS
Subjects

17 pulmonary TB patients and 11 healthy controls were recruited. All TB patients had active
M tuberculosis pulmonary infection confirmed by sputum culture at presentation; 5 TB
patients were resistant to isoniazid. All TB patients were HIV-1 negative and 7 were from
Cape Town. All subjects signed informed consent approved by the NYU and University of
Cape Town Institutional Review Boards.

Raju et al. Page 2

Tuberculosis (Edinb). Author manuscript; available in PMC 2011 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bronchoalveolar lavage
BAL was performed using a flexible bronchoscope and processed as described (17). TB
patients had BAL performed in the radiographically involved and uninvolved lobes of the
lung early in the initiation of conventional anti-tuberculous therapy. Four TB patients had a
second BAL at 4. TB patients had BAL performed in the radiographically involved and
uninvolved lobes of the lung within two weeks of the initiation of conventional anti-
tuberculous therapy (N=25) and again four weeks after weeks after beginning anti-
mycobacterial treatment. One of the TB patients had BAL performed after Directly
Observed Therapy consisting of 6 months of appropriate anti-tuberculous medications, when
there was clinical, radiographic, and mycobacterial evidence of cure. The BAL samples
were processed within 30 minutes of acquisition and were filtered through two layers of
sterile cotton gauze to remove mucus. Total cell count, cell viability with Trypan Blue, and
BAL cell differentials (500 cells counted) were performed. Washed BAL cell pellets were
immediately lysed in TRIzol Reagent (GIBCO-Life Technologies, Grand Island, NY) for
RNA extraction. BAL fluid aliquots were frozen at −80°C for cytokine evaluation.

Cytokine levels
We used commercially available cytokine assay kits (R&D Systems, Minneapolis, MN,
USA) to measure cytokine levels (IFN-γ, IL-4, and TNF-α) in theunconcentrated BAL fluid.
We modified the IFN-γ commercial kit with a highly sensitive fluorometric detection
technique (18,19). β-galactosidase-. β-galactosidase-conjugated streptavidin, which
catalyzes the conversion of 4-methylumberlliferyl phosphate (MUG) to a fluorescent
product (Molecular Probes, Eugene, OR), was used in place of horseradish peroxidase-
conjugated streptavidin. Following overnight incubation, fluorescence intensities were
measured on a Bio-Tek FL600 plate reader with 360/40 nm excitation and 460/40 nm
emission (Bio-Tek Instruments, Inc., Winooski, VT, USA). Using this technique, the
sensitivity of detection was increased 50- to 100-fold, which allowed the determination of
IFN-γ levels ≤ 1 pg/ml.

Real-time quantitative RT-PCR
Total RNA was extracted from BAL cells in TRIzol Reagent, reverse transcribed using
oligo-d(T), and first-strand PCR was performed following the manufacturer’s instructions
for the SuperScript preamplification system (Life Technologies, Carlsbad, Calif.). PCR was
carried out using oligonucleotide primers previously published (17).

RNA Labeling and Hybridization for cDNA filters
Ten of the BAL cell RNA samples were acquired prior to the availability of Affymetrix
genechips and were radiolabeled and hybridized to high-density cDNA arrays (GF211,
Research Genetics, Carlsbad, CA) described previously (17). These nylon arrays contain.

Affymetrix genechips
For the newer Affymetrix GeneChips, total RNA was extracted from BAL cells in TRIzol
Reagent (GIBCO-Life Technologies, Grand Island, NY). GeneChip Eukaryotic Poly-A
RNA Control (Affymetrix, Santa Clara, CA) was added to each sample prior to extraction.
Total RNA was purified with RNeasy Total RNA isolation kit (QIAGEN Sciences, Inc.,
Germantown, MD). Double-stranded cDNA was synthesized using T7-(dT)24 primer (5′-
GGCCAGTGAATTGTAATACG ACTCACTATAGGGAGGCGG-(dT)24-3′) (Integrated
DNA Technologies, Inc., Coralville, IA) and SuperScript Double-Stranded cDNA Synthesis
Kit (Invitrogen, Carlsbad, CA). Biotin-labeled cRNA was produced in an in vitro
transcription reaction (IVT) using the ENZO BioArray HighYield RNA Transcript Labeling
Kit (Enzo Life Sciences, Farmingdale, NY). cRNA was purified, fragmented and hybridized
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to Affymetrix GeneChip Human Genome U133A, containing 22,283 probe sets. Chips were
washed, stained with streptavidin phycoerythrin, hybridized, and scanned using the complete
Affymetrix integrated GeneChip Instrument System including a GeneChip Fluidics Station
and the Hewlett-Packard GeneArray Scanner (Affymetrix).

Affymetrix array data were normalized to reduce the biological and technical variability in
measurements and to make arrays comparable to one another. We used the Robust Multi-
Chip Analysis normalization method (RMA) which includes probe-level and chip-level
(quantile) normalization (20,21). The. The normalization was performed in GeneTraffic,
where data files were loaded onto the local GeneTraffic database with complete annotation
based on MIAME standards for microarray experiments (Iobion Informatics, La Jolla, CA).
A supervised cluster analysis was performed in GeneTraffic where the 69 genes
differentially expressed between clusters in cDNA microarray experiments were selected for
hierarchical clustering using Pearson correlation coefficient as a similarity metric and
average linkage clustering for both genes and hybridization groups (22).

Statistical methods
Microarray data were normalized to remove variation and examined using clustering and
discrimination methods to identify genes that were differentially expressed within each
condition. In addition to normalizing the raw data from each array by median centering and
log (base 2) transformed, we verified the results by quantile normalization. We used the
Significance Analysis of Microarrays (SAM) procedure to estimate the False Discovery Rate
(FDR) defined as the expected proportion of false discoveries among the tests (i.e. genes)
that are declared significant (23,24). Cluster analysis was used to identify. We used the
Significance Analysis of Microarrays (SAM) procedure to estimate the False Discovery Rate
(FDR) defined as the expected proportion of false discoveries among the tests (i.e. genes)
that are declared significant (18,19). Cluster analysis was used to identify new classes
among samples. The program TreeView was used for a visual representation of the results
(Eisen Lab, Stanford University, CA) (22).

Descriptive statistics including means, SEM, and percentages were used to summarize the
demographic variables, BAL cell differentials, ELISA and PCR data. A non-parametric,
Mann-Whitney, two-tailed, unpaired t-test was utilized to evaluate these parameters. Linear
regression analysis was performed for correlation between gene clusters and change over
treatment periods.

RESULTS
Subject demographics and BAL cell differentials

The mean age of the TB subjects was 41 ± 3 (SEM) years old; 8 were of African descent
(African or African-American), 6 were Asian, 2 were Hispanic, and 1 was white; 4 were
known smokers; and the majority were male (Table 1). The mean age of the normal controls
was 34 ± 2 years; 5 were African-American, 2 were Asian, 1 was Hispanic, and 3 were
white; 6 were male; and 3 were smokers.

BAL cell differentials revealed an increase in inflammatory cells (TB patients neutrophils
were 5–20% versus controls 1%, p<0.01 and lymphocytes 10–16% in TB patients versus
controls 7% Table 1). The results of chest radiographs for TB subjects showed focal
infiltrates and nodules in 6 and multi-lobar disease in 11 (Table 2). The subjectsrecruited
from Cape Town, South Africa (Table 2, 34–40) had multilobar infiltrates, nodules, and
cavities, indicative of more advanced stage of active pulmonary TB.
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Gene Expression in BAL Cells from TB patients
We first used nylon cDNA filters to assess gene expression in the BAL cells of 2 healthy
volunteers and 8 pulmonary TB patients. We found that the pulmonary TB patients
segregated into 2 groups using clustering algorithms (Figure 1A). One cluster contained 6
TB patients and the other contained 2 TB patients and the 2 control subjects. After quantile
normalization, we found that 998 genes had a variance of at least 0.6 across all samples.
Using Significance Analysis of Microarrays (SAM), which assesses the likelihood that an
observed difference is due to chance by reporting a false discovery rate (FDR) rather than a
p value, we found almost 3000 genes to be expressed differently between the 2 clusters at a
FDR of less than 30%. The relationship between the individual samples and the
differentially expressed genes were confirmed using two methods of normalization. An
examination of the 998 genes (training set) differentiating the two clusters revealed 100
immunologically relevant genes (test set). The genes up-regulated in cluster 1 were Th1
related and the genes up-regulated in cluster 2 were Th2 related (Table 3). This clustering
was unrelated to BAL cell differential or chest radiographic findings (Table 2). We
constructed a new dendrogram from the test set of 100 genes (Figure 1B) that was similar to
the dendrogram constructed from the entire set of genes (Figure 1A) confirming the test set
of immunologically relevant genes corresponded with the much larger set of differentially
regulated genes.

The analysis was repeated on an independent group of9 pulmonary TB patients and9 healthy
volunteers usingthe more conventional Affymetrix oligonucleotide arrays. A dendrogram of
the expression profile of the test set of immunologically relevant genes derived from the
nylon cDNA array experiments showed segregation into two clusters and 69 genes were
found to be differentially expressed by significance analysis (Figure 2). Again, clustering
was independent of BAL cell differential and chest radiographic findings (Table 2). As in
the nylon microarray data (Figure 1 and Table 2), STAT-4 was elevated in cluster 1
containing 6 TB patients. STAT-6 was elevated in cluster 2 which contained 3 TB patients
and nine healthy controls. The test set confirmed the results obtained using cDNA arrays
validating the clustering of TB BAL into Th1 and Th2 profiles.

To assess the statistical significance of the difference between these two clusters we
represented the data as a volcano plot (Figure 3A). The volcano plot used to identify
significance and magnitude of change in expression of a set of genes between the groups in
Figure 1. The plot displays the negative log of p-values from a t-test on the x-axis and the
log2 of change between two conditions on the y-axis. The coordinates represent the
magnitude of the difference in expression of that gene and its significance. Figure 3A
demonstrates that there were many genes that were significantly different between the 2
groups and that this was not due to chance. The volcano plot of the test set of genes (Figure
3B) was similar in distribution to the graph in Figure 3A, verifying that the test set was
characteristic of the larger group of genes. Thus, the clusters portrayed two different
immunological states and a small group of genes was highly informative of global
alterations of gene expression.

The TB patients in cluster 1 appeared to express genes important to a Th1 cellular immune
response against pulmonary TB. Since IFN-γ is a central mediator of the Th1 cellular
immune response, we measured the concentration of this cytokine in BAL fluid by high
sensitivity ELISA. The BAL fluid of subjects in cluster 1 had higher levels of IFN-γ protein
than the subjects in cluster 2 (Figure 4). There was no difference in IL-4 levels between the
2 groups (data not shown).
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Gene expression in pulmonary TB after treatment
We performed serial bronchoscopies on5 patients with pulmonary TBfrom the initial nylon
microarray experiments to examine the genomic presentation at one month and at
completion of treatment. Figure 5 shows the dendrogram of these BAL samples illustrating
the clustering of the samples based on the similarity of their gene expression patterns. With
this larger sample the gene expression profiles again clustered into 2 groups and the samples
for TB patients A and B were still closely related to the 2 normal BAL samples (cluster 2) as
in Figure 1. TB patient B started in cluster 2 and shifted to cluster 1 when cured of TBat 6
months (Figure 5, highlighted in yellow). In order to examine the statistical significance of
the data presented in Figure 5 we graphed the ratio of regulated genes in BAL cells from the
subjects in cluster 2 versus cluster 1 at diagnosis against the ratio of gene expression in BAL
cells of TB patient (pt) B at diagnosis (dx) versus after completion of TB treatment. The
significant correlation (linear regression: r2=0.3, p<0.0001, 95% confidence 0.44 to 0.84)
confirmed the shift of BAL gene expression pattern after cure was consistent with a shift
from cluster 2 to cluster 1. Therefore, it is possible to change from a Th2 gene expression
pattern to a Th1 expression pattern with treatment of pulmonary TB.

Genomics in the uninvolved lobe compared to the involved lobe
Interestingly, in figures 1 and 5 we noted that the involved and uninvolved BAL samples
from the same TB patients clustered closely together. Comparing the gene expression data
from each lung segment, we found only 7 genes to be significantly altered with a FDR less
than 50% as determined by SAM.

To evaluate inflammation in the involved lung segment, TNF-α was assayed by ELISA.,
TNF-α levels were higher in the involved lung segments compared the uninvolved lung
segments, but did not reach significance (p=0.1) (figure 7A). TNF-α levels were higher in
the involved lung segments compared the uninvolved lung segments in the BAL fluid, but
did not reach significance (p=0.1). The mRNA levels for TNF-α measured by microarray
was similar for involved and uninvolved lung segments. We also evaluated gene expression
of the chemokine IFN-γ inducible protein 10 kD (IP-10) by real-time quantitative RT-PCR
from mRNA extracted from BAL cells from healthy controls, and the uninvolved and
involved lobes of TB patients. Values were corrected for GAPDH expression. IP-10
expression was elevated in both the radiographically involved and uninvolved lobes of the
lung in patients with pulmonary tuberculosis compared to normal controls (p<0.05). There
was no significant correlation between IP-10 levels and BAL lymphocyte count.

DISCUSSION
We compared BAL cell gene expression between pulmonary TB patients and normal
controls finding 69 genes associated with immune activation and inflammation using 2
different microarray techniques. In addition, we found two BAL cell gene expression
patterns in pulmonary TB: one presentation had up-regulation of genes involved in the Th2
immune response and the other a Th1 immune response. Interestingly, this pattern of gene
expression could change from a Th2 to a Th1 presentation over time with anti-tuberculosis
treatment. We found regulation of multiple cytokines, chemokines and their receptors,
signaling molecules, and surface antigens in BAL cells from subjects with M tuberculosis
infection.

In a study perfomed on murine macrophages exposed to IFN-γ or live M tuberculosis, Ehrt
et al observed differential regulation of 25% of genes (2664 genes). They found five times
as many genes related to immunity and inflammation were induced than suppressed. Highly
induced genes included: MHC class II antigen, monokine induced by IFN-γ (MIG),
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RANTES, secretory leukocyte protease inhibitor (SLPI), macrophage inflammatory
protein-1β (MIP-1β), nitric oxide synthase 2 (NOS2), IP-10, and serum amyloid A (26).
Keller et al found consistent up-regulation of G-CSF expression in infected macrophages
from mice susceptible to TB compared to macrophages from TB resistant species (27). The
authors surmised that macrophages from susceptible mice favor an inflammatory response
that predominantly recruits cells involved in tissue destruction (granulocytes) rather than
antibacterial protection. Ragno et al and Wang and colleagues also found induction of
cytokines, chemokines, ribosomal proteins, and STAT-1 in human monocyte derived
macrophages exposed to live M tuberculosis in vitro (28,29). Compared to Ehrt’s murine
macrophage model, only 10% of the genes were similarly regulated.

Grassi and colleagues utilized cDNA microarray technology to evaluated 847 immune-
inflammatory related genes in the BAL cells from patients with pulmonary TB (30). They
identified 54 genes of limited variance within the group that were up-regulated (17) or down
regulated (4) compared to non-TB patients, and the 33 remaining genes were similarly
modulated in both groups. They found up-regulation of ICAM-1, IRF-1, STAT-1, IL-1β,
CD64, CCR4, IL-8, MIP-1α, MIP-1β, MCP-1, IFN-γR2, and GM-CSF receptor in the BAL
of TB subjects. Despite the increased transcription of many IFN-γ related genes, the
investigators were unable to detect increase in IFN-γ mRNA transcription with a sensitive
quantitative RT-PCR assay. However, they were able to correlate increased expression of
IFN-γ and TNF-α with increasing tissue damage as scored on chest radiographs (30).

Only 10% of the genes reported were similar to the murine macrophage model (21,24).

In comparison to these microarray studies, we found 2 genomic presentations of pulmonary
TB in humans. Cluster 1 pulmonary TB patients expressed predominantly Th1 related genes
and functionally produced more IFN-γ. The BAL cells had increased expression of STAT-4,
a transcription factor required for Th1 cells to activate IFN-γ transcription after IL-12
stimulation; IFN-γ receptor 1 and 2, their signaling molecules STAT-1 and IRF-1, and the
chemokines IP-10, monokine induced by gamma interferon (MIG) and MIP-1α responsible
for Th1 cell migration and differentiation. Cluster 1 had up-regulation of ICAM-1,
inflammatory. Cluster 1 had up-regulation of ICAM-1, cytokines, chemokines and their
receptors, as well as genes responsible for antigen presentation. This correlated well with the
higher levels of IFN-γ found in the BAL fluid, which we have observed previously (8). We
might expect less chest radiographic involvement in the Th1 cluster if these mediators were
better able to control TB infection, but we found a Th1 pattern in advanced radiographic TB
presentations as well.

Cluster 2 pulmonary TB patients had elevation of STAT-6, an essential mediator of the Th2
phenotype. There was also an increase in IL-13 receptor expression, which in conjunction
with the IL-4 receptor, utilizes STAT-6 for signaling. Furthermore, there was an increase in
CD81 expression, which is also involved in Th2 polarization, suggesting that some normal
individuals as well as patients with pulmonary TB may have Th2 immunity. In addition,
these subjects had increased expression of genes involved in suppressing inflammation:
IL-10 receptor, TGF-β related genes, and CD163. IL-10, produced early in Th2
differentiation, appears to be an important inhibitor of the host immune response to TB (31).
Peripheral blood mononuclear cells (PBMC) and mononuclear cells from infected body
fluids from anergic patients produce more IL-10 and less IFN-γ after PPD stimulation
(32,33). M tuberculosis has been shown to induce IL-10 in human macrophages, inducing
inhibitory transcription factors thereby restricting inflammatory cytokine production (34).
Transforming growth factor beta (TGF-β) is another anti-inflammatory cytokine produced
by monocytes and dendritic cells after mycobacterial infection and like IL-10, is capable of
inhibiting IFN-γ and proinflammatory cytokine production, antigen presentation, and

Raju et al. Page 7

Tuberculosis (Edinb). Author manuscript; available in PMC 2011 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cellular activation (35). Despite the anti-inflammatory effects of IL-10 and TGF-β, we found
evidence for macrophage activation in cluster 2 subjects with increased expression of GM-
CSF receptor, dendritic cell markers CD83 and S100, and MHC class II molecules in BAL
cells.

Leprosy is another mycobacterial disease known to present with either a Th1 or Th2
phenotype; analogous gene expression profiling in lepromatous versus tuberculoid skin
lesions has been reported (36–38). Not only did the 2 classes of skin lesions in leprosy
cluster separately, but the expression profiles also revealed. Not only did the 2 classes
cluster separately, but the expression profiles also revealed marked differences in genes
related to the immune response and were consistent with the previously shown Th1/Th2
dichotomy. In fact, lepromatous lesions had increased expression of TGF-β, LTBP, IL-10,
CD47, CD83, and STAT-6, as we found in our cluster 2 subjects, implicating a Th2
phenotype.

There is growing evidence that Th1/Th2 balance is important in controlling pulmonary TB.
BAL cells but not PBMC from patients with active pulmonary TB had more IFN-γ
producing lymphocytes than IL-4 and IL-10 producing lymphocytes in response to in vitro
stimulation with PPD (39). Other studies found PPD. Other studies found PPD specific T
cells from the peripheral blood (PB) or TB infected body fluids at diagnosis had a Th0
(naïve T helper cell) cytokine profile with production of both IFN-γ and IL-4 (40). After 6
months of effective anti-tuberculous treatment, most PPD-responsive T cell clones showed a
Th1 profile (IFN-γ only) (40). In contrast, in treatment failure increased numbers of IL-4
producing Th2 clones were noted in areas of disease (40,41). Mazzarella et al also found
increased IL-4 production by BAL lymphocytes in cavitary TB samples and increased IFN-γ
production in noncavitary TB BAL (13). Recent studies by Dheda and colleagues examined
the role of IL-4δ2, the splice variant and antagonist of IL-4, in pulmonary TB (42). They
found increased levels of both IL-4 and IL-4δ2 mRNA in the BAL of TB patients. Advanced
radiologic disease correlated with the IL-4/IFN-γ ratio and after 6 months of anti-
tuberculous treatment, IL-4 expression remained the same, yet there was increased IL-4δ2
and IFN-γ expression in BAL. Thus, IL-4δ2 expression may promote a more effective
immune response in the lung by antagonizing an ineffective Th2 response in TB (42).

An appropriate lymphocytic immune response appears most effective in controlling active M
tuberculosis infection. Yet macrophages remain the predominant alveolar cell and are
required for antigen presentation, lymphocyte activation, and type 1 vs. 2 polarization.
Dheda et al found that IL-4δ2 was also expressed in the non-T cell fraction of TB BAL (42).
Moreover, Verreck and colleagues found that human macrophages polarized in the presence
of GM-CSF secreted high levels of IL-23, a heterodimer sharing the same IL-12 p40 chain
and similar Th1 cytokine function, after mycobacterial activation (43). These cells
efficiently stimulated Th1 cells by up-regulating their antigen presenting and co-stimulatory
cell surface molecule expression. Only after the addition of IFN-γ did these macrophages
produce IL-12. In contrast, human macrophages polarized with M-CSF produced IL-10 and
MCP-1, which stimulates Th2 polarization, and supported intracellular M tuberculosis
overgrowth. In addition, these macrophages down regulated cell surface expression of HLA-
DR, CD86, and CD40, potentially promoting chronic mycobacterial infection (43). Since
there was no difference in the number of BAL lymphocytes between the 2 clusters of TB
patients in our study, and the majority of BAL cells are macrophages, the differences in
immune gene regulation may be due to differences in the response of AM to infection.

The development of a Th2 as opposed to a Th1 response to M tuberculosis infection at
presentation may be genetically predetermined, or it may be in response to other
environmental stimuli such asthma or parasitic or helminthic infections predominant in
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developing countries (44). A diminished Th1 response and shift of the Th2 response to a
Th1 response after successful treatment of pulmonary TB has been noted in African and
U.S. immigrant TB patients (15,45). We found a similar shift from a Th2 gene expression
pattern in the BAL from a TB patient at diagnosis to a Th1 genomic profile after completion
of anti-tuberculosis medications and cure of pulmonary TB.

Gene expression patterns and the clinical characteristics of disease may not only depend
upon human susceptibility, but on the virulence of the infecting organism. Human AM
infected with a virulent strain of M tuberculosis (H37Rv) altered the expression of greater
than 400 genes compared to only 17 in AM infected with an avirulent strain (H37Ra) (46).
The genes induced by H37Rv were predominantly those characteristic of a Th1 immune
response. Spira et al found consistent down regulation of pro-apoptotic genes in human AM
after in vitro infection with H37Rv (47). H37Ra infection led to a gene expression pattern
favoring macrophage apoptosis. Moreover, mammalian gene expression patterns vary in
relation to the physiological states (e.g., rapid growth phase) of the tubercle bacillus (48).

We found similar gene expression in BAL cells from radiographically involved and
uninvolved lobes probably reflecting subclinical M tuberculosis infection in radiographically
uninvolved lobes. TNF-α levels were higher in the BAL fluid from involved lobes, and we
previously noted increases in TNF-α in BAL cell 24-hour supernatants from involved sites
(25). The chest radiograph may be an inaccurate measure of tuberculous involvement. Since
the genomic profiles were similar, the disparity between gene regulation and inflammation
may also be secondary to post-transcriptional effects. Keller et al considered this when
studying gene expression patterns in different mouse strains that were resistant or
susceptible to M tuberculosis infection (27). Infected macrophages from resistant mouse
strains (C57BL/6 and BALB/c) produced more TNF-α and IL-10 compared to macrophages
from susceptible strains (DBA/2 and CBA/J). Yet the difference in protein levels were not
reflected at the mRNA level. Clarification would require assessment of gene transcription
and translation and could result in the discovery of. Clarification would require assessment
of gene transcription and translation and could result in the discovery of a potential immune
mediator of disease.

There are significant limitations to our study. We used 2 different microarray platforms,
BAL includes a mixed population of cells, and we had a limited sample size. The genomics
presented in this report can only describe steady state mRNA levels in BAL cells; the
mRNA observations present a static picture. Cytokine and cell differential data are presented
more as confirmation of sample origin (involved versus uninvolved segments of the lung)
rather than determining or distinguishing the phenotype of the genomic profiles (cluster 1
versus cluster 2 TB patients). The functional consequences of the mRNA data are beyond
the scope of this investigation. BAL cells are a mixed population of leukocytes, but the
predominant cell type are macrophages with only a 15% difference between involved and
uninvolved lung segments (Table 1). Our results likely represent the effect of regulated gene
expression in macrophages. The mRNA expression from lymphocytes or PMN did not
appear to alter gene expression profiles using the multiple modes of detection (nylon filter
array, genechip array, and RT-PCR). It is possible that the cytokine differences between
involved and uninvolved lung segments came from these minor cell populations.
Nevertheless, the observations were robust. Smoking was not a factor since most of our
study subjects were nonsmokers or ex-smokers. There were 3 smoker controls and 4 TB
patients. Changes in sensitivity and cross hybridization artifacts between the two platforms
did not materially alter the results. We demonstrated 2 gene expression profiles in
independent TB populations in the U.S. and South Africa with both cDNA and Affymetrix
platforms.
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Figure 1.
BAL cells from TB patients and normal controls segregate into two groups of gene
expression. (A) Dendrogram ofcDNA nylon filter microarray data from the BAL cells of 2
healthy volunteers (NL) and 8 TB patients (TB) (IN=involved lung segment,
UN=uninvolved lung segment). Values of expression for all 4000 genes were normalized
using the program Cluster and TreeView grouped each sample according to the pattern of
gene regulation. TB BALcell mRNA gene expression patterns cluster into 2 groups. (B)
Dendrogram of the same samples in Figure 1A for the test set of 100 immune response
genes. The dendrogram is similar to the original dendrogram of all genes.
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Figure 2.
Heat map of Affymetrix GeneChip arrays hybridized with the RNA of BAL cells from
additional 9 healthy volunteers and 9 TB patients using the test set of immune response
genes (n=100) from the experiments in Figure 1. Black has an average expression level of
that gene when compared to all subjects. Bright red represents a four-fold increase in
expression above the mean and bright green represents a four-fold decrease in the expression
from the average. BAL samples from 3 TB patients clustered with healthy volunteers and
expressed Th2 related genes (cluster 2), whereas the remaining 6 TB patients have greater
expression of Th1 related genes (cluster 1). Sixty-nine genes from the test set were
significantly differentially expressed between these 2 groups (note several genes are
duplicated on the map).
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Figure 3.
Volcano plots. (A) Plot of the fold change against the p-value of all genes from cluster 1
compared to cluster 2 subjects indicating that there are many genes differentially regulated
between clusters 1 and 2 that are significantly different. (B) The plot of 100
immunologically relevant genes has a similar pattern to plot A.
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Figure 4.
Interferon-γ protein in BAL fluid. IFN-γ levels were measured by high sensitivity ELISA in
theunconcentrated BALF from theTB patients in clusters 1 and 2 from Figure 1. Lower
levels of IFN-γ were found in the BAL of patients in cluster 2 compared to cluster 1 (p=0.1).
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Figure 5.
Serial BAL cell gene expression. BAL cell gene expression changed from Th2 to Th1
pattern after pulmonary TB was treated in TB (patient B). Dendrogram showing the
clustering of GeneFilter RNA expression data from the BAL cells from 2 normal volunteers
and 8 pulmonary TB patients from Figure 1. BAL was obtained from the radiographically
involved lobe of the TB patients before and one month into treatment (n=4) with anti-
tuberculous medications. The BAL from TB patients A and B cluster with the 2 healthy
volunteers at diagnosis and have a Th2 pattern of immunity (as in Figure 1). The BAL from
TB patient B obtained after completion of TB treatment (cure, highlighted in yellow)
switched to cluster 1 with a Th1 gene expression pattern.

Raju et al. Page 18

Tuberculosis (Edinb). Author manuscript; available in PMC 2011 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Graph of ratio of regulated genes in BAL cells from the subjects in cluster 2 versus cluster 1
at diagnosis (figure 1) compared to the ratio of gene expression in BAL cells of TB patient
(pt) B at diagnosis (dx) versus after TB was completely treated, showing a significant
correlation. This confirms the shift of BAL gene expression pattern after treatment in patient
B is consistent with a change from cluster 2 to cluster 1 or a Th2 to a Th1 pattern of gene
expression.
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Table 3

Test set of genes regulated in BAL cells from 8 TB subjects and 2 healthy subjects according to clustering in
Figure 1.

Up-regulated genes Cluster 2 Cluster 1

Cell surface markers CD9
CD37
CD81 (Th2)
CD83 (anti-inflamm)
CD163 (anti-inflamm)
MARCO
MHC class II DOβ1, DRβ1, DQβ1
TAR-RNA binding protein 2
Lymphocyte antigen 6 complex, antigen E
Fc fragment of IgG, receptor, transporter, α

CD16
CD31
CD32a & b
CD44
CD59
CD68
MHC class II DRα, DMβ, DMα, DOα1, DNα
MHC class I C
Selectin L (lymphocyte adhesion molecule 1)
Fc fragment of IgE (Th2)
Mannose receptor C1
Mannose binding lectin
TCR-α
TCR-γ
ICAM-1

Transcription factors IRF-3
STAT6 (Th2)
MAPKKK-5 &11
MAPKK-1
Transcription factor AP-4
IRAK-1
CREB-3

IRF-1 (Th1)
IRF-2
ISGF-3
STAT1 (Th1)
STAT4 (Th1)
SOCS3 (anti-inflamm)
MAPK-8 & 10
MAPKK-7
CREB-1
SWI/SNF related, matrix associated, actin dependent
regulator of chromatin c2 & d2

Cytokines, chemokines, and
receptors

M-CSF
GM-CSF Rα
VEGF B
PDGF receptor beta polypeptide
CCR-6
IL-10Rα (anti-inflamm)
LTBP-1 (anti-inflamm)
TGF-β induced 68kD (anti-inflamm)
IFN-γ inducible protein 30

TNF superfamily member 9
TNF-α induced protein 2
IL-1RA
IL-2Rγ
IL-7R
IL-8
IL-10Rβ (anti-inflamm)
IL-13Rα2 (Th2)
IFN-α inducible protein 27
IFN (type1) receptor 2
IFN-γ R1 & 2 (Th1)
IFN induced transmembrane protein1, 2, & 3
G-CSF R
MST1
MST1-R
MIP-1αR (CCR-1)
CCL-18, PARC
CXCR-4, Fusin
IP-10 (Th1)
MCP-1
MIG (Th1)
MIP-1α x2 (Th1)
MIP-1β

Complement and receptors Complement component 2 Complement component 1q, β polypeptide
Complement component 1s
Complement component 3a receptor 1
Complement component 5

S100 calcium binding protein A1, A10, A11,
A13

Surfactant A1
S100 calcium binding protein A8, A12
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