Thisinformation is current as
of April 14, 2017.

Tuberculosis Is Associated with a
Down-Modulatory Lung Immune Response
That Impairs Th1-Type Immunity

Alexandre S. Almeida, PatriciaM. Lago, Neio Boechat,
Richard C. Huard, Luiz C.O. Lazzarini, Adalberto R. Santos,
Marcelo Nociari, Hongxia Zhu, Beatriz M. Perez-Sweeney,
Hegjung Bang, Quanhong Ni, Jie Huang, Andrea L. Gibson,
VeraC. Flores, LorenaR. Pecanha, Afranio L. Kritski, José
R. Lapae Silvaand John L. Ho

J Immunol published online 17 June 2009
http://www.jimmunol .org/content/early/2009/06/17/jimmuno
1.0801212

Supplementary http://www.jimmunol.org/content/suppl/2009/06/18/jimmunol.080121

Material 2.DC1

Subscription  Information about subscribing to The Journal of Immunologg online at:
http://jimmunol .org/subscription

Permissions Submit copyright permission requests at:
http://www.aai.org/About/Publications/Jl/copyright.html

Email Alerts  Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/alerts

The Journal of Immunologyg published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852

© American Physical Therapy Association All rights reserved.
Print ISSN: 0022-1767 Online | SSN: 1550-6606.

LT02 ‘¥T |udy uo 19n6 Ag /610 jountuw i mmmy/:dny wouy pepeo jumod



Published June 17, 2009, doi:10.4049/jimmunol.0801212

The Journal of Immunology

Tuberculosis Is Associated with a Down-Modulatory Lung
Immune Response That Impairs Th1-Type Immunity’

Alexandre S. Almeida,>*" Patricia M. Lago,?* Neio Boechat,* Richard C. Huard,"®

Luiz C. O. Lazzarini,*" Adalberto R. Santos,’ Marcelo Nociari,” Hongxia Zhu,’

Beatriz M. Perez-Sweeney,” Heejung Bang,” Quanhong Ni,* Jie Huang,” Andrea L. Gibson,’
Vera C. Flores,*" Lorena R. Pecanha,* Afranio L. Kritski,* José R. Lapa e Silva,**"

and John L. Ho>*

Immune mediators associated with human tuberculosis (TB) remain poorly defined. This study quantified levels of lung immune
mediator gene expression at the time of diagnosis and during anti-TB treatment using cells obtained by induced sputum. Upon
comparison to patients with other infectious lung diseases and volunteers, active pulmonary TB cases expressed significantly
higher levels of mediators that counteract Thl-type and innate immunity. Despite the concomitant heightened levels of Thl-type
mediators, immune activation may be rendered ineffectual by high levels of intracellular (SOCS and IRAK-M) and extracellular
(IL-10 and TGF-BRII, IL-1Rn, and IDO) immune suppressive mediators. These modulators are a direct response to Mycobac-
terium tuberculosis as, by day 30 of anti-TB treatment, many suppressive factors declined to that of controls whereas most
Th1-type and innate immune mediators rose above pretreatment levels. Challenge of human immune cells with M. fuberculosis in
vitro up-regulated these immune modulators as well. The observed low levels of NO synthase-2 produced by alveolar macrophages
at TB diagnosis, along with the heightened amounts of suppressive mediators, support the conclusion that M. tuberculosis actively
promotes down-modulatory mediators to counteract Thl-type and innate immunity as an immunopathological strategy. Our data

highlight the potential application of immune mediators as surrogate markers for TB diagnosis or treatment response. The

Journal of Immunology, 2009, 183: 718-731.

ycobacterium tuberculosis, the etiologic agent of tu-
berculosis (TB),* is estimated to infect one-third of the
world’s population and annually causes ~8 million
new TB cases and >2 million deaths (1, 2). The challenge of TB
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is worsened by the emergence of multiple and extensively drug-
resistant strains. Once infected, the majority of individuals harbor
latent M. tuberculosis that persists for years or decades before the
bacillus is reactivated, leading to active TB at some point in later
life (2). Those with cellular immune defects are especially at risk
for active TB. As such, depletion of CD4™" T cells stemming from
HIV coinfection increases the risk for active TB from ~7% life-
time risk to a 10% annual risk (1). It is now clear that coordination/
cooperation between the various cellular elements, especially the
macrophages and T lymphocytes, are critical for the control of M.
tuberculosis (reviewed in Refs. 3 and 4). However, the factors
mediating active TB or latency following M. tuberculosis infection
remain poorly defined.

The local cytokine milieu, cellular receptors, and the transduc-
tion of receptor signals that modulate T cell and macrophage func-
tions are thought to be important for the development of
counter-M. tuberculosis immune responses (3—6). In that micro-
environment, IL-2, IFN-vy, IL-12, and IL-23 cytokines (reviewed
in Refs. 5 and 6) are thought to play a significant role in defense
against M. tuberculosis in humans, and elevated mRNA and pro-
tein levels of some of these cytokines or their effector molecules
are often correlated with better anti-M. tuberculosis immune re-
sponses (7, 8). Indeed, genetic alteration in some of these cytokine
receptors or receptor signal transducers is linked to increased risk

4 Abbreviations used in this paper: TB, tuberculosis; BAL, bronchoalveolar lavage;
GEE, generalized estimating equation; HCW, healthcare worker; IL-1Rn, IL-1R an-
tagonist; IRAK-M, IL-receptor-associated kinase M: NEMO, NF-«B essential mod-
ulator IkB kinase y; NOS, NO synthase; OLD, other lung disease; SOCS, suppressor
of cytokine signaling; TGF-BRI, TGF- receptor type I; TGF-BRII, TGF- receptor
type II; IDO, indoleamine 2,3-dioxygenase.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00
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Table 1. Primer sets used for the real-time PCR assays
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Primer Sequences (5'—-3")¢ PCR Size Observations
GAPDH For: GAGTCAACGGATTTGGTCGT 316 bp Exon-exon junction covered on both sides
Rev: AAATGAGCCCCAGCCTTCT Forward: exons 1-2; Reverse: exons 4-5
TNF-« For: CCCCCAGAGGGAAGAGTTC 119 bp Exon-exon junction covered on both sides
Rev: GAGGGTTTGCTACAACATGG Forward: exons 1-2; Reverse: exons 3-4
IL-10 For: GAGAACAGCTGCACCCACTT 300 bp Exon-exon junction covered on both sides
Rev: ACAGCGCCGTAGCCTCAG Forward: exons 1-2; Reverse: exons 4-5
IL-12p35 For: ATGCTCCAGAAGGCCAGAC 150 bp Exon-exon junction on one side
Rev: TCTGGAATTTAGGCAACTCTCA Forward: exons 2-3; Reverse: exon 4
IFN-y For: GCATCGTTTTGGGTTCTCTT 336 bp Exon-exon junction on one side
Rev: CAGTTACCGAATAATTAGTCAGCTTTT Forward: exon 1; Reverse: exons 3-4
TGF-BRI For: CGACGGCGTTACAGTGTTT 487 bp Exon-exon junction covered on both sides
Rev: AAACCTGAGCCAGAACCTGA Forward: exons 1-2; Reverse: exons 3-4
TGF-BRIT For: GCACGTTCAGAAGTCGGTTA 200 bp Exon-exon junction covered on both sides
Rev: CGTCATTCTTTCTCCATACAGC Forward: exons 1-2; Reverse: exons 2-3
IL-1RN For: GCCTTCAGAATCTGGGATGT 207 bp Exon-exon junction covered on both sides
Rev: CAGCTGGAGTCTGGTCTCATC Forward: exons 3-4; Reverse: exons 5-6
CD80 For: CACCTCTCCTGGTTGGAAAA 286 bp Exon-exon junction on one side
Rev: AGCAGTAGGTCAGGCAGCAT Forward: exon 3; Reverse: exons 4-5
SOCS3 For: GCCACCTACTGAACCCTCCT 177 bp Only inside the exon region
Rev: ACGGTCTTCCGACAGAGATG Forward: exon 1; Reverse: exon 1
SOCS1 For: AGAGCTTCGACTGCCTCTTC 201 bp Only inside the exon region
Rev: AGGGGAAGGAGCTCAGGTAG Forward: exon 1; Reverse: exon 1
TLR2 For: GTCTTGGGGGTCATCATCAG 163 bp Only inside the exon region
Rev: TCCTGTTGTTGGACAGGTCA Forward: exon 1; Reverse: exon 1
IRAK-M For: GGCCTGGCAGAGAGACTTT 173 bp Exon-exon junction on one side
Rev: TGAATAGCTCGACGATGTCC Forward: exons 1-2; Reverse: exon 2
CD86 For: CTGCTCTCTGGTGCTGCTC 200 bp Exon-exon junction on one side
Rev: CGGCCCATATACTTGGAATG Forward: exons 2-3; Reverse: exon 3
IL-12p40 For: CCTGGAGAAATGGTGGTCCT 171 bp Exon-exon junction covered on both sides
Rev: GCTTAGAACCTCGCCTCCTT Forward: exons 1-2; Reverse: exons 2-3
NEMO For: AAGGCCCAGGCGGATATCTA 155 bp Exon-exon junction covered on both sides
Rev: ATCCTGGCCGACTCCTGAC Forward: exons 6-7; Reverse: exons 7-8
IDO For: GCCAAATCCACAGGAAAATC 237 bp Exon-exon junction covered on both sides
Rev: GGCAAGACCTTACGGACATC Forward: exons 1-2; Reverse: exons 3-4
IL-23p19 For: TGGGACACATGGATCTAAGAGA 121 bp Exon-exon junction covered on both sides

Rev: TGCAAGCAGAACTGACTGTTG
TNF-« intronic For: GCCCCTCCCAGTTCTAGTTC
Rev: CTTCTGGGCCACTGACTGAT

Forward: exons 1-2; Reverse: exons 2-3

170 bp Genomic DNA control

“ For, Forward; Rev, reverse.

for mycobacterial disease (5, 6). IFN-y mediates its protective ef-
fect in mice predominantly by the up-regulation of macrophage
NO synthase (NOS) 2, an enzyme that produces NO and is in-
volved in the killing of tubercle bacilli (3, 4), a concept supported
by unrestricted M. tuberculosis growth in IFN-y or NOS2 gene
knockout mice (3, 4). In humans, NOS2 transcripts, protein, and
activity have been detected in the alveolar macrophages from ac-
tive TB patients (9, 10), and NO contributes to the killing of tu-
bercle bacilli in vitro (11). Despite the above observations, how-
ever, the preferred intracellular niche of M. fuberculosis remains
the hostile phagolysosome of the alveolar macrophage (3, 4). It is
postulated that the suppressed responses to M. tuberculosis Ags in
active TB (12, 13) involves a suboptimal Thl-type response and
ineffective macrophage activation.

M. tuberculosis may avoid sterilizing immunity and promote
active disease through the exploitative induction of immunosup-
pressive cytokines that counteract activation by IL-2 and IFN-vy.
Two such deactivators of the immune response in TB are IL-10
and TGF-f, which to varying degrees inhibit T cell proliferation,
differentiation, and the production of IL-2 and IFN-v, thus antag-
onizing IFN-y-mediated macrophage activation and the killing of
ingested microorganisms (14, 15), as well as inhibiting early my-
cobacterial clearance through the attenuation of antimycobacterial
immunity (16, 17). In our previous study, we reported that the
bronchoalveolar lavage (BAL) cells of TB patients were signifi-
cantly more likely than patients with other lung diseases (OLD) to

coexpress IL-10 and TGF- receptor type I (TGF-BRI) and recep-
tor type II (TGF-BRII) mRNA. The BAL fluid of TB patients also
contained significantly more IL-10 and bioactive TGF-f. In con-
trast, [IFN-vy and IL-2 were seen in both TB and OLD patients (18).
Intersecting studies of TGF- and IL-10 suggest that they impair
macrophage activation in part by inhibiting IFN-y-induced NO
synthesis (19, 20). These data further support the supposition that
the combined production of the immunosuppressants acts to down-
modulate host anti-M. fuberculosis immunity and thereby allow
uncontrolled bacterial replication and overt disease.

We sought additional host mediators not previously evaluated in
TB patients that may act to counter protective Thl-type and innate
immune response. Promotion of other extracellular suppressors such
as a natural IL-1R antagonist (IL-1Rn) or IDO could limit IL-1 avail-
ability and reduce Th cell proliferation (21, 22) or inhibit Thl-type
immunity and induce T cell tolerance (23-25), respectively. The clin-
ical use of IL-1Rn for autoimmune disease treatments and the increas-
ing levels of IDO observed in infectious and allergic diseases asso-
ciated with a Th2-type bias support the possibility that both mediators
may counter Thl-type immunity (21, 26, 27). Several novel intracel-
lular mediators have recently emerged as key physiological regulators
of cytokine and innate immune responses that may dampen Th1-type
immunity. The suppressor of cytokine signaling (SOCS) gene family,
for instance, encodes intracellular proteins that negatively regulate
IFN-v, IL-12, IL-23, and IL-6 receptor signaling and cell activation,
thereby promoting a Th2-type immune bias (28, 29). Importantly,
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Table 1. Demographic, clinical, and laboratory data of all subjects at the time of diagnosis”

Clinical Characteristics TB (n = 30) OLD (n = 11) HCW (n = 16) p Value

Age in years, median (mean = SD) 33 (34.7 £ 11.1) 64 (57.1 = 15.6) 24 (244 £5.1) <0.0001
Male subjects (%) 67 46 50 0.36
Smokers (%) 46.7 18.2 0 <0.0001
Lung involvement

<1 lobe (%) 36.7 81.8

=1 lobe (%) 63.3 18.2 NA 0.015

Cavitation (%) 56.7 0 NA <0.001
AFB smear positive (%) 70 0 NA <0.0001
Mycobacterial culture positive (%) 83.3 0 NA <0.0001
AFB and/or mycobacterial culture positive (%) 93.3 0 NA <0.0001
Median duration of symptoms in weeks (mean * SD) 8 (10.5 = 7.0) 3(52=*64) NA 0.25
Induced sputum cells X 10%ml (mean + SD)

Total 7.32 = 15.7 333 £54 143 £1.3 0.22

Macrophages 371 £6.6 2.19 £49 0.95 £0.98 0.052

Lymphocytes 0.02 = 0.08 0.005 = 0.014 0.017 = 0.04 0.004

Neutrophils 3.51 £9.15 0.94 = 1.85 044 £ 0.5 0.63

Eosinophils 0.05 = 0.19 0.017 = 0.027 0.003 = 0.005 0.19

Ciliated epithelia 0.05 = 0.08 0.01 £0.02 0.05 £0.01 0.21

< Of the 30 TB cases, 28 were bacteriologically proven, two were defined clinically (see Materials and Methods), and four were coinfected with HIV-1. All TB cases were
deemed cured after 180 days of anti-TB treatment. All patients with other infectious lung disease (OLD; n = 11) had negative acid-fast bacilli smears and mycobacterial cultures.
Clinically well volunteers were recruited from HCW employed at the Clementino Fraga Filho University Hospital or the Federal University of Rio de Janeiro in Rio de Janeiro,
Brazil. All values are the mean = SD. For statistical comparisons, the following tests were used: Kruskal-Wallis (for three groups) or the Wilcoxon sign rank test (for two groups)
for continuous variables and the Fisher exact test for categorical variables. AFB, Acid-fast bacilli; NA, not applicable.

SOCS expression is promoted upon in vitro infection of macrophages
by bacillus Calmette-Guérin, the TB vaccine bacillus (30). The cur-
rent literature suggests that the inflammatory response of macro-
phages is terminated in part by several intracellular regulators, includ-
ing IL receptor-associated kinase M (IRAK-M) and SOCS (28, 31,
32). IRAK-M dampens TLR signaling, resulting in decreased IL-1
and TNF-a output, as well as T cell proliferation and functional de-
velopment (31, 32).

In this study, we used real-time PCR to quantify the gene expres-
sion levels in lung cells from TB patients, patients with infectious
OLD, and healthy volunteer healthcare workers (HCW). We analyzed
whether levels of the above intracellular and extracellular immune-
suppressive mediators are operating at the site of disease and whether
levels of mediators that promote Thl-type immunity (IFN-v, IL-
12p35, IL-12p40, and IL-23p19) or innate immune activation (NF-«B
essential modulator I«B kinase y (NEMO), TLR 2, CD80, CD86) are
reduced during active TB. We used lung cells obtained by induced
sputum, because prior studies have noted a similar representation of
the lung environment by sputum as by BAL samples (33, 34).

Materials and Methods

Patients with suspected pulmonary TB who required induced sputum between
April 1998 and June 2001 were enrolled from the Clementino Fraga Filho
University Hospital of the Federal University of Rio de Janeiro (UH-FURJ), a
reference hospital for TB in Rio de Janeiro, Brazil. Both the study and in-
formed consent forms were approved by the Institutional Review Board of
UH-FURJ and Weill Medical College of New York, NY. This study evaluated
TB cases (n = 30) and compared them to patients with infectious OLD (n =
11) and to clinically well HCW (n = 16). All TB patients received standard
anti-TB chemotherapy for 6 mo (rifampicin, isoniazid, and pyrazinamide for 2
mo followed by rifampicin and isoniazid for another 4 mo). During TB treat-
ment, the patients were evaluated weekly for the first month and monthly
thereafter. All patients were confirmed to be compliant with anti-TB treatment
by pill count during each visit. At the end of therapy at 180 days, all TB
patients were deemed cured of active TB. Of the 30 patients with TB, 22 were
available for re-evaluation in August 2005. The mean followup for these pa-
tients was 5 years (range 4—7 years) after the end of treatment. Eight patients
(code nos. 11, 13, 16, 22, 24, 26, 31, and 32) were not available for re-eval-
uation because they had moved. In a subgroup of these TB cases (n = 18) and
healthy volunteers (= 9), the supernatants of the induced sputum were sepa-
rated from the cellular elements and stored at —80°C, and cytopreps were used
for human NOS2 immunolocalization.

Treatment of induced sputum samples

Induction of sputum was performed by inhalation of nebulized 2% saline
solution (35). For TB patients, sputum was induced at diagnosis and at 15,
30, 60, and 180 days of anti-TB chemotherapy. For OLD and HCW, spu-
tum was induced at the time of diagnosis and study enrollment, respec-
tively. One aliquot was treated with 10% DTT (Sigma-Aldrich) for 10 min
at 37°C, then centrifuged, and the supernatant was collected and stored at
—70°C until required. A second aliquot, without DTT, was centrifuged and
washed twice with PBS, filtrated through gauze to exclude squamous cells,
and, after cell count (on average 1-2 X 10° cells) and cytoprep preparation,
the cell pellet was suspended in TRIzol reagent (Invitrogen) for storage at
—70°C until required. Up to 12 slides were prepared for each subject in
which ~10* cytoprep cells per well were fixed in ice cold acetone, wrapped
in film, and kept at —20°C until use.

RNA isolation, cDNA synthesis, and quantitative real-time PCR

Total RNA extracted from cells suspended in TRIzol reagent was analyzed
by spectrophotometer (260 nm) and, in some samples, RNA integrity was
confirmed by electrophoresis. One microgram of total mRNA using 50 nM
oligo(dT),, primer was reverse transcribed in a 20-ul volume using
SuperScript II reverse transcriptase (Invitrogen). The cDNA samples were
diluted 5-fold. Primer sequences were designed using Primer3 software
(frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and synthesized by
Sigma-Genosys, (Sigma-Aldrich). Most primer sets (both or at least one
primer) spanned a mRNA exon-exon junction so as to restrict the ampli-
fication from any residual genomic DNA in the cDNA preparations (Table
I). Real-time PCR analysis used the primers shown in Table I in which each
real-time PCR plate contained the following controls: GAPDH (positive),
no template (negative), and DNA contamination (TNF-« intron primers).
Quantification of mRNA levels was performed in an ABI Prism 7900H
sequencing system (Applied Biosystems) using relative quantitative PCR
SYBR Green ROX mix (Qiagen) in a 384-well optical plate. The 20-ul
final volume PCR consisted of 1X QuantiTect SYBR Green, 2.5 mM
MgCl2, 2 ul of diluted cDNA, and 0.3 uM each primer using the following
thermocycling conditions: an initial step (95°C for 10 min) followed by 40
cycles (94°C for 45 s, 62°C for 45 s, and 72°C for 90 s) without a final
elongation. To verify that the primer pair produced a single specific prod-
uct, a dissociation protocol was added after thermocycling. The PCR prod-
uct was also verified at least once by agarose gel electrophoresis and
ethidium bromide staining to confirm the presence of a single amplicon of
the correct size and also by sequence analysis (Cornell University Life
Science Core Laboratories Center, New York, NY). Minimal variance be-
tween plate reactions was shown by using a single cDNA sample and
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FIGURE 1.

Lung immune response of TB cases, patients with OLD, and HCW. Illustrated are the mRNA expression levels in log,, scale of the lung

cells from patients with TB, patients with infectious OLD, and clinically well HCW quantified by real-time PCR relative to GADPH. The scale of the
horizontal axis for gene expression relative to GAPDH for each mediator was set to illustrate the lowest to the highest recorded levels. Linear bars represent
the median of the group. The findings were segregated by mediators that impair Th1-type immunity (A), promote Thl-type immunity (B), or affect both
Th1-type or Th2-type cells (C). Each symbol represents the value of one subject and the triangles designate HIV-1-coinfected patients. The two asterisks
() alongside the name of the gene indicate a significant difference between TB cases and OLD and HCW was observed (Kruskal-Wallis or Fishers’ exact
test). The p values for the comparison between groups are shown below the horizontal axis. A *P indicates that Fishers’ exact test was used for six of the
17 genes (see Materials and Methods).

GAPDH as the reference between plates. Triplicate 1:6 serial cDNA dilu-
tions for each gene were used to generate calibration standard curves fol-
lowing the manufacturer’s directions for QuantiFast SYBR PCR (Qiagen).
Standard curves (y = mx + b) were obtained by plotting the cycle thresh-
old value (x) of each 6-fold dilution series vs the log, of the dilution factor
(). The quantified target gene relative to GAPDH was calculated by the
following: anti-log, Yiuarger geney/anti-10g, yigappuy- SDS 2.1 software was
used for exporting the experimental values into a Microsoft Excel work-

sheet for computations and imported into Prism version 4.03 (GraphPad
Software) for statistical analysis and illustration.

Isolation of PBMC and monocytes and challenge with
M. tuberculosis

Leukocyte-enriched buffy coats were purchased from the New York Blood
Center (New York, NY) from which PBMC and monocytes were obtained
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FIGURE 2. The lung immune response of TB patients at the time of diagnosis and during anti-TB treatment. During anti-TB therapy at days 15, 30,
60, and 180, mediator gene expression by lung cells from patients with active TB were quantified by real-time PCR. The findings are segregated as
mediators of genes that impair Thl-type immunity (A), promote Thl-type immunity (B), or are variable in countering effects (C). Of note, the levels of
mediators quantified for the four HIV-coinfected TB patients (triangles and dots) were not distinguishable from the other TB cases.

by Ficoll-Hypaque density centrifugation separation protocol (Amersham
Pharmacia) and Ab-mediated immunodepletion via erythrocyte rosetting
(RosetteSep; Stem Cell Technologies), respectively. Duplicate wells (24-
well plate) containing 2 X 10° cells were cultured and mock challenged or
challenged with M. tuberculosis H37Rv previously quantified by limiting
dilution and culture and stored as a stock (36). Collection of culture su-
pernatants or cell pellets in TRIzol reagent were collected at designated
times and stored at —80°C. Gene expression measurements were con-
ducted as described above.

Cytokine assays and immunostaining for NOS2

Protein cytokines were quantified from supernatants collected from an in
vitro challenge study and from induced sputum supernatants using com-
mercial ELISA kits (Immunotech-Coulter) (18, 37). The limit of detection
for IL-10 and IFN-vy are 5 pg/ml and 0.08 Ul/ml, respectively. NOS2 was
assessed using centrifuged cytopreps containing ~10* lung cells stored at
—20°. Immunolocalization was performed with immune alkaline phospha-
tase using the primary mAb, anti-human NOS2 (purified mouse monoclo-
nal IgGl, clone 2D2-B2, 100 ug; R&D Systems), diluted to 1/40 in TBS
containing BSA. Positive cells appear as red stained and the results were
presented as the mean (=SEM) percentage of positive cells in which at

least 100 nonsquamous lung cells were counted from at least 10 randomly
selected fields.

Statistics analysis

The Kruskal-Wallis test and Dunn’s posttest correction were applied to
continuous variables, and Fisher’s exact test was applied for categorical
variables (38) in the three group comparisons. All tests were performed
using Prism 4.03 (GraphPad Software) and used to generate Fig. 1, Table
II, and Table III. A Wilcoxon sign rank test was used for comparing the
duration of symptoms between TB and OLD patients (e.g., two group
comparisons) (Table II). Six of the 17 mediators for Fig. 1 and three of the
17 mediators for Table III had some individuals whose numerical values
were very low compared with other individuals. We interpreted =0.001
copies relative to GAPDH to indicate a very low value, because this trans-
lates as gene copies 1000-fold lower than those of GAPDH, a constitutively
expressed gene. For these mediators, values in each group were segregated
as =0.001 or >0.001 copies relative to GAPDH and analyzed as categor-
ical data by Fisher’s exact test. Such cases are indicated by ** in Fig. 1. To
compare group differences using median values in Fig. 3, three different
methods, ANOVA, generalized estimating equation (GEE), and mixed
model were used (39, 40). GEE and mixed model account for the nature of
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repeated measures, whereas ANOVA does not. To the best of our knowl-
edge, there is no statistical method that can account for severe non-nor-
mality and the aspect for longitudinal data. Therefore, although limited, we
decided to use three standard analytic methods for testing group differences
to ascertain the robustness of the results. In these analyses, we did not
correct for multiple testing for each analysis that entails a different thresh-
old. A stricter threshold for interpreting p values can be used based on the
Bonferroni’s method that adopts 0.05 divided by the number of hypotheses
or comparisons. For example, p = 0.005 was used when 10 comparisons
were made.

Results

Clinical and demographic characteristics of TB cases compared
with patients with OLD and clinically well HCW volunteers

We evaluated TB cases (n = 30) and compared them to patients
with infectious OLD (n = 11) and clinically well HCW (n = 16).
Bacteriologically proven TB cases (n = 28) were defined by com-
patible clinical and chest x-ray findings of infiltrates and/or cavi-
tation and a positive M. tuberculosis culture (n = 25) or acid-fast
bacilli smear (n = 3). Clinical TB cases (n = 2) had compatible
clinical and chest x-ray parameters but lacked bacteriologically
positive results. All TB patients received standard anti-TB chemo-
therapy for 6 mo (see Materials and Methods). At the end of ther-
apy (day 180), all TB patients were deemed cured of active TB
based on the resolution of clinical signs and symptoms and radio-
logical infiltrates or cavitation. Four patients (code nos. 12, 13, 14,
and 23) were diagnosed with HIV-1 coinfection while under anti-
TB treatment or after the completion of treatment. As there was a
delay in consent for HIV testing, none of the HIV/AIDS patients
were on antiretroviral therapy at the time of diagnosis or during the
early phase of anti-TB treatment. CD4 T cell counts were available
for two patients (patient 14 was 344 ul™ ' at 6 mo after completion
of TB treatment, and patient 12 was 707 ul~' 6 years after com-
pletion of anti-TB treatment and had then suffered a second epi-
sode of TB). Patients in whom TB was excluded by culture and
clinical assessment served as controls with infectious OLD. All
patients with infectious OLD (n = 11) had negative acid-fast ba-
cilli smears, and mycobacterial cultures and were diagnosed with
community-acquired bacterial pneumonia (n = 9; chest x-ray find-
ings resolved after treatment with a nonquinolone antibiotic), para-
coccidiomycosis pneumonia (n = 1; sputum-stained smear sug-
gestive of Paracoccidioides braziliensis and clinical response to
antifungal therapy), or community-acquired viral respiratory in-
fection (n = 1; clinical symptoms and chest x-ray findings re-
solved without antimicrobial treatment). In addition, clinically
well HCW (n = 16) were recruited from the UH-FURJ, half of
whom were positive for the tuberculin skin test.

Illustrated in Table II are the patient characteristics of the co-
hort. TB patients tended to be significantly younger than patients
with OLD, but older than HCW. A slightly greater male to female
ratio was noted in TB patients, which is similar to the ratio noted
in the national data (from 2005) for Rio de Janeiro and Brazil from
the Health Surveillance Secretariat of the Brazilian Ministry of
Health (portal.saude.gov.br/portal/arquivos/pdf/epidemio.pdf).
There was no tobacco use by HCW; however, a greater proportion
of TB cases smoked cigarettes than patients with OLD. By chest
x-ray, TB cases manifested more extensive lung involvement, as
indicated by only TB cases having cavitary disease and a greater
proportion presenting with disease in more than one lobe. The
analysis of the cytospin cell preparation at the time of diagnosis
showed that the major cell type was macrophage. The differences
in cell types between patients with TB and OLD or with HCW
showed a slightly greater percentage of macrophages and lympho-
cytes for TB cases, resulting in a lower percentage of neutrophils.
Eosinophil cell counts were similar in all three groups. The per-
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FIGURE 3. Patterns of lung mediator gene expression by cells from TB
cases during anti-TB treatment. To test the hypothesis that anti-TB treat-
ment modified gene expression, the pattern of gene expression during anti-
TB was evaluated relative to the pretreatment value. The gene expression
fold change for each mediator was derived by dividing each time point’s
monitored value for each patient during anti-TB treatment (Fig. 2) by the
pretreatment amount (Fig. 1). The median value for each mediator was
plotted, and three groups could be segregated based on the fold change in
mRNA expression at day 15 of anti-TB treatment: declined =2-fold (A),
changed by <2-fold (B), or increased by =2-fold (C).

centages of various cell types noted in TB cases, patients with
infectious OLD, and HCW were similar to our prior reported find-
ings using BAL cells (18).

Expression of immune mediators at the time of diagnostic
evaluation

The expression of immune mediators in cells harvested from the
induced sputum of TB and OLD patients at the time of diagnosis
and in HCW was evaluated after reverse transcription of the
mRNA. Real-time PCR was performed and quantified using a stan-
dard curve method relative to the GAPDH reference gene. Fig. 1
illustrates the expression levels of immune mediators at the initial
diagnosis. Mediators are separated into three groups: 1) those that
are known to impair Th1-type immunity (IL-10, TGF-BRI, TGF-
BRII, IRAK-M, SOCSI1, SOCS3, IL-1Rn, and IDO; Fig. 14); 2)
those that promote Thl-type immunity (IFN-v, IL-12p35, IL-
12p40, IL-23p19, TNF-«a, and NEMO; Fig. 1B); and 3) those that
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Table III.  Comparison of the quantified mediators in TB cases during anti-TB drug treatment with patients with infectious OLD and HCW*"
Median Gene Copies Relative to GAPDH during Days of Anti-TB Treatment
15 days 30 days 60 days 180 days
Mediators TB OLD HCW p value TB OLD HCW p value TB OLD HCW p value TB OLD HCW p value
Decreased =2-fold
TGEF-BRII 5.240  1.000 1.000 NS 4.790  1.000 1.000 NS 3.370  1.000 1.000 NS 7.110  1.000 1.000 NS
TNF-a 4950 1.000 12.60 NS 7.205  1.000 12.60 NS 3.455  1.000 12.60 NS 7.825 1.000 12.60 NS
SOCS3 4.535 0.10 0.10 0.0011 3.925 0.10 0.10 0.0011 4815 0.10 0.10 NS 3.055 0.10 0.10 NS
IL-1Rn 0.9400 0.6400 0.0100 NS 1.410  0.6400 0.0100 NS 0.8400 0.6400 0.0100 NS 0.9750 0.6400 0.0100 NS
IDO 0.18 0.01 0.01 NS 0.155 0.01 0.01 NS 0.055 0.01 0.01 NS 0.075 0.01 0.01 NS
Changed <2-fold
SOCS1 85.09 0.1000 1.222  0.0001 36.08 0.10 1.222 0.0004 86.95 0.1000  1.222  0.0001 41.58 0.10 1.222 0.0003
IL-23p19 0.0089 0.01 0.0001 NS 0.0023 0.0100  0.0001 NS 0.0023 0.0100 0.0001 NS 0.0012 0.0100 0.0001 NS
CD80 0.10  0.10 0.10 NS 0.69  0.10 0.10 NS 0.10  0.10 0.10 NS 0.875 0.10 0.10 NS
CD86 039  3.63 0.6178 NS 0.4857 3.630  0.6178 NS 0.1600 3.630  0.6178 NS 1.110  3.630  0.6178 NS
IL-10 0.0400 0.0010 0.0010 NS 0.0600 0.0010 0.0010 NS 0.0500 0.0010 0.0010 NS 0.0600 0.0010 0.0010 0.022%
IRAK-M 0.6700 0.0100 0.0100 0.002 0.7700 0.0100  0.0100 0.0002 0.3750 0.0100  0.0100 0.0009 0.6350 0.0100 0.0100 0.0005
Increased =2-fold
IL-12p40 3223 0.170  49.76 0.0006 2754 0.170  49.76 0.0004 1409 0.1700 49.76 NS 2704 0.1700 49.76 0.0003
TLR2 23.56 0.6600 0.10 0.0006 17.87 0.6600  0.1000 0.0003 19.72 0.6600 0.1000 0.001 28.08 0.6600  0.1000 0.0002
TGF-BRI 6.005 1.000 1.000 NS 1.000  1.000 1.000 NS 1.000  1.000 1.000 NS 1.000  1.000 1.000 NS
NEMO 8.620  0.5200 0.6061 0.005* 2.720  0.5200 0.6061 0.002* 1.585 0.5200 0.6061 0.002* 2.395  0.5200 0.6061 0.001*
IFN-y 2.530  0.1000  0.1000 0.0003 0.1000 0.1000  0.1000 0.001 0.1000 0.1000  0.1000 NS 1.070  0.1000  0.1000 0.001
IL-12p35 4097 9.730  85.55 0.006% 3062 9.730  85.55 0.003* 1765 9.730  85.55 0.003* 1523 9.730  85.55 0.002%*

¢ To validate the assertion that anti-TB treatment affected levels of gene expression as shown in Fig. 3, we tested the hypothesis that treatment normalized the gene expression
of the mediators to that of controls. Therefore, gene copies for each mediator relative to GAPDH recorded during treatment (15, 30, 60, and 180 days) of TB cases
(illustrated in Figure 2) were compared with the values for the control groups (HCW and OLD patients) at initial evaluation (shown in Figure 1; Kruskal-Wallis with
Dunn’s correction or Fisher’s exact test (*) for three mediators; see Materials and Methods). Shown in this table are the median group gene copies relative to GAPDH
values for each mediator that are shown in Figs. 1 and 2 as a horizontal bar. For cross comparison with Fig. 3, mediators were grouped as shown in that figure (decreased
=2-fold, changed <2 fold, and increased =2-fold). In response to anti-TB treatment, the majority of lung mediators in TB cases returned to levels similar to those

quantified for patients with OLD and HCW.

affect both Th1 and Th2 immunity (CD80, CD86, and TLR2; Fig.
1C). Overall, of the 17 illustrated immune mediators, 13 were at
significantly higher levels in TB cases when compared with pa-
tients with OLD, and 14 were higher when compared with HCW
(p = 0.05; Kruskal-Wallis test or Fishers’ exact test).

These data demonstrate that TB cases express significantly
higher levels of mediators with anti-inflammatory activity and/or
mediators that may impair Thl immunity (IL-10, TGF-BRII,
IRAK-M, IL-1Rn, SOCS1, SOCS3, and IDO) when compared

FIGURE 4. Schematic illustrating
the down-modulated lung immune
state associated with TB. Based on the
findings of this study, a working
model of the immunopathological
mechanisms associated with TB is
presented. The symbol (X) indicates a
blockade of a pathway or function.
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with the control groups (patients with OLD and HCW) (Fig. 1A).
TB cases were also found to express higher levels of mediators that
promote Thl-type immunity (IFN-vy, IL-12p40, IL-12p35, and
NEMO) when compared with the control groups (Fig. 1B). TNF-«
levels in TB cases were similar to those of controls. Therefore, the
functional effects of proinflammation appear to be more sustained
in TB cases than for either comparison group. Of the molecules
that may promote both Th1-type and Th2-type immunity (Fig. 1C),
TLR2 levels were significantly higher in TB cases whereas the
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FIGURE 5. Gene expression profile of immune modulators following in
vitro challenge with M. tuberculosis (M.tb). Immune modulators previ-
ously studied in lung cells were evaluated in vitro following challenge with
M. tuberculosis H37Rv. Gene expression relative to GAPDH for mono-
cytes (>95% CD14 positive) (A) and PBMC (B) were quantified at des-
ignated times after challenge with M. tuberculosis. Illustrated is one rep-
resentative of two experiments; each condition was tested in duplicate.

CDS86 costimulatory molecule levels were significantly lower com-
pared with the control groups. CD80 costimulatory molecule levels
were similar in all three groups.

Lung immune response of TB patients at initial diagnosis and
in response to anti-TB drug treatment

We next evaluated the lung gene expression of each mediator at
the initial diagnosis and in response to anti-TB drug treatment to
test the hypothesis that anti-TB treatment modified gene expres-
sion (Fig. 2). No obvious trend was observed during treatment,
likely because of the variability in range between patients. To eval-
uate for potential temporal trends, we transformed the mediator
values into fold change for each patient during anti-TB treatment
by dividing the quantified mediator value at days 15, 30, 60, and
180 of anti-TB treatment by the pretreatment value (day 0). After
data transformation and plotting of the median value for each me-
diator in TB cases, three patterns could be grouped by the fold
change in mRNA expression on day 15 of anti-TB treatment: =2-
fold decreased (Fig. 3A), <2-fold change (Fig. 3B), and =2-fold
increased above pretreatment value (Fig. 3C). The application of a
2-fold difference in gene expression is in accordance with the con-
vention used for microarrays, which presumes that a 2-fold gene
expression difference has a biological impact. Of note, mediators
that impair Th1-type immunity either declined by =2-fold (TGF-
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FIGURE 6. Protein levels of select immune modulators following in
vitro challenge with M. tuberculosis (M.tb). In experiments parallel to that
of the in vitro gene expression study, cell culture supernatant from mono-
cytes (A) and PBMC (B) at the designated times following challenge with
M. tuberculosis H37Rv were harvested after cell depletion and TNF-q,
IL-10, and IFN-vy were measured. Illustrated is one representative experi-
ment of three.

BRII, SOCS3, IL1Rn, and IDO; range, 3- to ~1000-fold) or
showed a declining trend as in the case of IL-10 and IRAK-M but
changed by <2-fold. In contrast, mediators that promote Th1-type
immunity increased by =2-fold (Fig. 3C) during anti-TB treatment
(IFN-v, IL-12p40, IL-12p35, NEMO, and TLR2; range, 3- to 14-
fold). The distinct temporal changes in response to anti-TB drug
treatment compared with initial pretreatment lend further support
that these lung mediators are specific to TB. We next applied three
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FIGURE 7. Levels of cytokines in induced sputum supernatants. A and
B, Ilustrated are the mean (+SEM) IL-10 (A) and IFN-vy (B) levels. Com-
parisons between IL-10 and IFN-vy levels in TB cases and healthy volun-
teers (VOL) at times (T) 0 and 15 were statistically different (, p < 0.05;
Mann-Whitney U test). C and D, Illustrated are the individual and median
(horizontal bar) IL-10 (C) and IFN-vy (D) levels quantified in induced spu-
tum for each TB case at diagnosis and during anti-TB treatment. IL-10
levels showed a decreasing trend until 60 days of anti-TB treatment, par-
alleling the bacilli clearance; however, the trend was not statistically sig-
nificant (Student’s ¢ test for repeated measures).
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FIGURE 8. Expression of human NOS2 by lung cells. A, Comparisons
of NOS2 levels between those in TB patients and healthy volunteers (VOL)
are illustrated as the mean (+SEM) percentage of positive cells (alveolar
macrophages) obtained at diagnosis (time (T) 0) and at day 15 of anti-TB
treatment. Statistically significant differences in NOS2 levels were noted
between those TB patients and the healthy volunteers (, p < 0.05; Mann-
Whitney U test). B, Mean NOS2 levels quantified from TB cases at time of
diagnosis to 180 days are illustrated. Of the 15 TB cases studies, the num-
ber of patients with positive NOS2 lung cells at time of diagnosis (T0) and
during anti-TB treatment (days 15, 30, 60, and 180), respectively, were 13,
10, 5, 6, and 3. All of the nine healthy volunteers had NOS2 detected.
Statistical differences in the expressions of NOS2 at different times during
anti-TB treatment are shown (*, p < 0.0; Student’s 7 test for repeated
measures).

statistical methods to analyze the patients’ fold change values for
each mediator represented in Fig. 3 as median mediator values to
determine whether the noted variances were significantly different.
The fold change comparison between mediators in A and C of Fig.
3 by three methods without slope or curve fitting supported the
assertion that variances between mediators were significantly dif-
ferent (Fig. 3, A vs C, p = 0.0001 by ANOVA; p = 0.002 by GEE;
and p = 0.0002 by mixed model).

To investigate whether anti-TB drug treatment was associated
with the normalization of lung mediators, the quantified values of
each mediator relative to GAPDH, assayed for TB cases during
treatment at 15, 30, 60, and 180 days (Fig. 2), were compared with
control groups (HCW and OLD; Fig. 1). Of the 14 mediators that
were at significantly greater levels in TB cases at the time of di-
agnosis compared with those in HCW (Fig. 1), seven declined
during anti-TB drug treatment to levels similar to those in HCW.
The remaining seven mediators did not normalize. Five of the
seven mediators (IL-12p35, IL-12p40, TLR2, NEMO, and IFN-vy)

that promote Th1-type immunity rose >2-fold in response to anti-
TB treatment (Fig. 3) and sustained the heightened levels through-
out treatment when compared with patients with OLD and HCW
(Table III). The remaining two mediators, SOCS1 and IRAK-M,
which impair macrophage activation by IFN-vy or the sensing of M.
tuberculosis ligands by TLRs, respectively, remained persistently
elevated even at the end of treatment with anti-TB drugs at levels
that were significantly greater than those in OLD and HCW (Table
III). These selective changes in immune mediator expression levels
in response to anti-TB drug treatment provide additional support
that the observed findings could be directly attributable to M. fu-
berculosis infection. The interplay of genes with down-modulatory
function and those that promote Thl-type activity is illustrated in
Fig. 4. The consequence of a heightened down-modulatory im-
mune response that impairs Th1-type activity may therefore be the
uncontrolled proliferation of M. fuberculosis and active TB.

Our findings suggest that M. tuberculosis triggered the in vivo
expression of the measured immune genes. To validate that these
immunomodulatory genes are a direct consequence of challenge
by M. tuberculosis, in vitro experiments using naive human PBMC
and monocytes were conducted. As illustrated in Fig. 5, the ex-
pression of a similar set of immunomodulatory genes as that de-
tected in lung cells obtained by induced sputum during active TB
was also up-regulated in monocytes (Fig. 5A) and PBMCs (Fig.
5B) after direct in vitro challenge with M. tuberculosis. Further-
more, TNF-« and IL-10, but not IFN-v, protein levels were also
shown to be greatly induced in human monocytes (Fig. 6A4) and
PBMC (Fig. 6B), thereby confirming that up-regulation of gene
expression is accompanied by protein production. To further con-
firm that the genes up-regulated by cells obtained from induced
sputum were similarly translated into proteins, a subset of the co-
hort with available induced sputum supernatant was evaluated by
ELISA for the presence of IL-10 and IFN-vy. Clearly, control
healthy volunteers (VOL in Fig. 7) do not manifest significant
changes in levels of IL-10 and IFN-vy at entry (time 0) compared
with 15 days later (Fig. 7, A and B, respectively). Healthy volun-
teers also produced significantly lower levels of IL-10 and IFN-y
at entry than TB cases (p < 0.05). In contrast, the IL-10 and IFN-y
quantified for TB patients were both elevated at study entry (time
0) and showed a decreasing trend during the course of TB treat-
ment. The decline was most apparent for the mean IL-10 level

Table IV. Clinical characteristics associated with specific lung mediators®

Median Gene Copies Relative
to GAPDH Level (presence or

Clinical Characteristics Mediator absence of clinical characteristic) Treatment (days) p Value
Cavitation disease 1L-23 (36.2;24.9) 15 thru 180 0.047
1L-23 (36.7;20.5) 180 0.016
IRAK-M (7.8;0.97) 15 0.02
Disease of >1 lobe SOCS3 (226.3; 44.4) 60 0.023
Second episode TB CD80 (0.82;0.11) 60 0.011
NEMO (1746; 5904) 30 0.048

“To discern whether levels of immune mediators correlate with distinct clinical manifestations or treatment outcome, we
relinked the patients’ study numbers with patients’ records to obtain clinical information regarding disease severity (n = 30) and
second episode TB (n = 20). Twenty of the 30 patients and/or their families were located =4 years after treatment completion.
Of the 20 patients, five had a second TB episode within 2 years of TB treatment (several months (n = 1) to 2 years (n = 4).
These data were confirmed by the review of patients’ medical records. The clinical evaluation was performed by clinicians
without knowledge of the mediator levels. The clinical data file was later merged for statistical analyses (Wilcoxon rank sum;
p < 0.05). Levels of each of the mediators with associations appear to have plausible biological function in potentially con-
tributing to the clinical state. For example, IL-23 is associated with hyperinflammatory response in autoimmune diseases, and
a heightened level of IL-23 may lead to more tissue destruction or cavitation disease. Lower anti-M. tuberculosis-specific innate
and adaptive immune responses associated with heightened levels of IRAK-M and SOCS3 may lead to more extensive disease
as indicated by more lung lobes being involved. Most of statistical associations noted here are regarded with suspicion, as they

were significant at only one time point.
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shown for the entire cohort of TB cases (Fig. 7C). We next eval-
uated the expression of inducible NOS by alveolar macrophages as
an indicator of the in situ lung’s state of antimicrobicidal activity.
Importantly, all healthy volunteers had cells expressing NO2, such
that >60% of visualized alveolar macrophages expressed NO2. In
contrast, 13 of 15 TB patients studied had NOS2 detected in their
alveolar macrophages at the time of TB diagnosis with a mean
number of cells expressing inducible NOS of <30% (Fig. 8 and
illustrated in supplemental Fig. 1).> The lower number of NOS2
expressing alveolar macrophages in TB cases compared with vol-
unteers (>60%) underscores the overall immune down-modulated
state of the lung during active TB. The decline in the percentage of
NOS2-positive alveolar macrophages and number of patients with
NOS2-positive cells detected during anti-TB drug treatment fur-
ther support the assertion that NOS2 expression is in response to
M. tuberculosis (Fig. 8B).

To discern whether the levels of immune mediators correlate
with distinct clinical manifestations or a second episode TB, the
patients’ study numbers were relinked with the patients’ records
for disease severity (n = 30) and second episode TB (n = 20). We
found the following associations in TB cases (Wilcoxon rank sum,
p < 0.05; Table IV): 1) cavitation disease associated with higher
levels of IL-23 and lower levels of IRAK-M; 2) disease affecting
more than one lobe associated with higher levels of SOCS3; and 3)
acquisition of second episode TB associated with lower levels of
NEMO and higher levels of CD80. It is important to note that these
associations, with the exception of IL-23, were found at only one
time point and therefore could be due to chance.

Discussion

Progression to active TB in humans is mediated by a combination
of poorly understood microbial and host factors that are the focus
of active investigation. Most studies have relied on murine models
(3, 4), in vitro M. tuberculosis Ag-rechallenged ex vivo human
BAL cells, peripheral blood from TB patients and their contacts
(41, 42), or BAL cells from patients with TB pleurisy (42). Few
studies have comprehensively evaluated the immune profiles of
lung cells from active TB patients during treatment (8). In our
previous study using BAL samples from bacteriologically proven
TB cases, TB cases compared with patients with infectious OLD
and healthy volunteers produced significantly higher levels of IL-2
and IFN-v (18). Concomitant overexpression of IL-10 and TGF-
BRI and TGF-BRII, as well as bioactive TGF-p, led us to posit that
M. tuberculosis products actively promote a down-modulatory im-
mune response to dampen host anti-M. tuberculosis immunity and
thereby allow uncontrolled bacterial replication and overt disease
(18, 36).

In the current study, we used cells obtained from induced spu-
tum to further delineate the immune response in the lung during
active pulmonary TB. The sensitivity of induced sputum for TB
diagnosis is comparable to that of BAL (35). Likewise, the results
of lung immune responses were similar in most studies when sam-
ples obtained from induced sputum or BAL were used (33, 34).
The percentages of cell types obtained by induced sputum in the
current study also appeared similar to those in our previous study
using BAL cells (18). In addition, we previously observed that
levels of IL-10 protein in induced sputum samples of pulmonary
TB patients positively correlated with the amount of CFP32, a M.
tuberculosis Ag, indicating that IL-10 levels correlate with the
failure of immune control M. tuberculosis (37). In the current
study, using lung cells from induced sputum we confirmed and

> The online version of this article contains supplemental material.
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further extended our prior results (18, 37); TB cases expressed
significantly higher levels of mediators associated with Thl-like
immunity (IFN-vy, IL-12p35, IL-12p40, and NEMO) compared
with patients with OLD or with clinically well HCW. Our obser-
vations are supported by other studies that measured IFN-v,
TNF-e, or IL-12 (41, 43) and by microarray evaluation of BAL
cells from TB patients (8, 44). However, immunity in TB patients
remains suboptimally oriented, and so, despite the presence of
proinflammatory signals, competing anti-inflammatory signals
must predominate. Indeed, coincident with the higher expression
of Thl-like mediators, TB patients also expressed significantly
higher levels of IL-10, TGF-BRI, TGF-BRII, IL-1Rn, and IDO
than patients infected with OLD and HCW. These findings are in
agreement with our prior study using BAL cells and with microar-
ray analysis of lung cells from BAL that showed increased expres-
sion of TGF-f3 or a comparable Th2 presence (8, 44). In addition
to TGF-B and IL-10, we report herein that the extracellular sup-
pressors IL-1Rn and IDO and the potent intracellular negative reg-
ulators IRAK-M and the SOCS family members were significantly
elevated in TB cases and likely serve to impair innate as well as
Th1-type immunity. This may be one of the first human studies to
demonstrate that SOCS1, SOCS3, IRAK-M, IL-1Rn, and IDO are
overexpressed by the lung cells of patients with active pulmonary TB
as compared with patients with infectious OLD. Our current obser-
vations conceptually parallel the findings by Raju et al. (8) even
though the mediators classified as Thl or Th2 by that study were not
examined by our study, and many of mediators uncovered by this
report were not detected by Raju et al. as being up-regulated in TB
patients. Potential explanations that account for the differences in our
current findings may include the fact that different methods were used
and that Raju et al. sampled BAL (predominately containing
macrophages) whereas we sampled induced sputum that contains
several cellular immune elements (Table II).

Fig. 4 illustrates both the permissive and the immune suppres-
sive lung environments observed in the present findings that allow
the uncontrolled proliferation of M. tuberculosis in active TB. The
pattern of gene expression noted in patients’ lung cells was simi-
larly found upon in vitro challenge of PBMC and monocytes with
M. tuberculosis (Fig. 5). Moreover, the translation of these genes
into proteins that effect their function were confirmed by the mea-
surement of a limited number of these immune modulators in vitro
and in induced sputum samples (Figs. 6—8). Even though the mac-
rophage was the major cell type, we detected lymphocytes at
~1%. Therefore, the model includes both cell types in interpreting
the data with the following caveats. It should be recognized that
regulatory T cells may be more important in the production of
Th2-type pulmonary responses in humans rather than the canonical
Th2 cells as seen in murine studies. Secondly, we do not know
whether the illustrated innate Th lung environment reflects the im-
mune education that typically occurs in a lymphoid compartment.
Furthermore, neutrophils in the sample may indicate the contribu-
tion of airway cells in addition to that from the alveolar space.
However, in our previous study using lung cells obtained by BAL,
neutrophils were also noted in samples from TB cases (18). There-
fore, this finding may reflect the lung environment in “early” TB
and/or the fact that TB involves not only the alveoli but is a gran-
ulomatous process that encompasses alveoli and airways.

The upper panel of Fig. 4 illustrates the heightened expression
of IL-10, TGF-p ligand, TGF-BRI, TGF-BRII, IL-1Rn, and IDO in
the lung cells of TB cases that act in concert to minimize ThO-type
cell development into Thl-type cells while promoting the expan-
sion of Th2-type cells despite the concomitantly expression of me-
diators that promote Th1-type immunity (IFN-vy and IL-12). Over-
production of IL-10 has been reported to impair Thl-type cell
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development/function and promote the expansion of Th2-type
cells (12, 15, 45, 46). The fact that IL-10 may also underlie the
susceptibility of certain mouse strains to mycobacterial infection
(47) and that the alleles of IL-10 in humans are linked to suscep-
tibility to TB point to the contribution of IL-10 to TB disease (5).
A similar outcome may be expected with the overexpression of the
TGF-p ligand and receptors, because they have been reported to
contribute to a shift toward a Th2-type response (14, 46, 48, 49).
Sustained secretion of IL-10 and TGF-f3 has been reported to result
in a long-lasting hyporesponsive (anergic) state to specific Ags
(45, 46) and is likely in play because PBMC from pulmonary TB
patients manifest bioresponses similar to those induced by IL-10
and/or TGF-B (12, 48, 50, 51). The increased levels of serum
IL-10 and TGF-f detected in TB patients, and the increased in
vitro IL-10 and TGF-f3 secretion by the PBMC and/or monocytes
of TB patients in response to M. tuberculosis Ags, also support a
role for these two immune suppressive mediators (7, 52-54). The
fact that M. tuberculosis can directly induce macrophage IL-10 and
TGF-B production (36, 55) and that the growth restriction of M.
tuberculosis by human monocytes/macrophages is correlated in-
versely with the amount of stimulated IL-10 and TGF-f3 secretion
(36, 56) further underscores their antagonistic role in microbicidal
activity in TB.

High amounts of IL-1Rn may impair ThO development into Th1
cells, because IL-1 promotes Th1-type-mediated inflammation un-
der several clinical conditions (21, 22). In an experimental arthritis
model /L-1/Rn-null mice had a prominent Th1-type immunity with
exaggerated 1L-23, IL-17, and IL-23 blockade (with anti-pl9
mAb) abolished the IL-17 production induced by IL-1 and de-
creased disease severity (57). Another study showed that immune
responses to liparabinomannan, the M. tuberculosis cell wall com-
ponent, appeared to be mediated by IL-1 activity, because /L-/R
null mice showed significantly reduced cell recruitment into the
lung, as well as lower levels of TNF-« in the lung (58). Lastly,
alleles of the /L-1Rn gene have been associated with susceptibility
to mycobacterial infection (5, 6).

Our current data suggest that IDO overexpression may favor
Th2-type immunity through the depletion of the tryptophan needed
by Thl-type cells or via the deletion of Th1 cells by kynurenines,
toxic metabolites resulting from IDO catabolism of tryptophan (23,
24). In addition to the finding that in vitro infection by intracellular
Toxoplasma, Leishmania, and M. tuberculosis induced macro-
phages and/or dendritic cells to express IDO (24, 59), enhanced
IDO expression has been implicated in the pathogenesis of influ-
enza and West Nile virus infection (26, 27). As such, following
influenza infection and treatment with an IDO inhibitor, mice
showed reduced bacterial load and, thus, less severe secondary
pneumococcal pneumonia (26, 27).

CD80 and CD86 costimulatory molecules have been reported to
direct Th1 and Th2 responses, respectively; however, the effects of
CD80 and CD86 on ThO cell development are likely more complex
(60). Depending on the temporal sequence of immune events and
level of expression, CD86, may bias either a Th1 or Th2 response
(61, 62). In this study, we noted that levels of CD80 in TB cases
were similar to those in two control groups, whereas the levels of
CD86 were significantly lower in TB cases than in controls Our
findings may therefore suggest that, in sum, similar CD80 levels in
the context of lower CD86 in TB may promote a biased Th2-type
immunity.

The two lower panels of Fig. 4 illustrate the effect of SOCS1
and SOCS3 overexpression. This schematic of the overexpression
of SOCS provides new insight into why, despite heightened levels
of Thl-type mediators (at levels that were higher than those in
patients with infectious OLD), the lung environment in active TB

cases is permissive for M. tuberculosis proliferation. Heightened
expression of SOCS1 and SOCS3 in human TB shown by this
study is supported by findings from three prior reports: 1) in vitro
infection of murine macrophages by the TB vaccine bacillus
Calmette-Guérin is associated with increased SOCS1 expression
(30); 2) SOCS1, SOCS4, and SOCSS are preferentially up-regu-
lated in the lungs of mice infected with W/Beijing M. tuberculosis
(63); and 3) SOCS3 is up-regulated in human macrophages and
dendritic cells after in vitro infection by M. tuberculosis (59). The
lower right panel of Fig. 4 illustrates SOCS1 and SOCS3 func-
tioning to interrupt one or more steps of the cell signaling cascade
initiated by IFN-v, IL-12, and IL-23 binding to their cognate re-
ceptors (28, 29, 64). The sum effect of the overexpression of SOCS
genes could be limited proliferation and expansion of Thl cells,
less responsiveness to Thl-type cytokines, and, in turn, less pro-
duction of Th1-type cytokines. Supporting this concept is our find-
ing that, subsequent to treatment with anti-TB drugs (and killing of
the tubercle bacilli), lung cells from TB cases produced greater
amounts of IFN-vy (a Thl-type cytokine) than were produced pre-
treatment (Fig. 3C and Table III). Lastly, overexpression of
SOCS3 in Th2-type cells also regulates the onset and maintenance
of Th2-mediated allergic responses and may promote Th2 activity
in TB (65).

As illustrated for macrophages (Fig. 4, left bottom panel), the
increase in SOCS1 may dampen cell activation by IFN-y and min-
imize antimycobacterial activity, thereby permitting uncontrolled
M. tuberculosis proliferation (28, 29, 64). Current data also sug-
gest that participation by SOCS]1 in the negative regulation of TLR
signaling dampens antimycobactericidal activity (28, 64). Another
consequence of the overexpression of SOCS1 in lung macrophages
is an impaired capacity to promote Thl-type immunity, because
enhanced SOCSI1 expression by innate immune cells has been re-
ported to inhibit the acquisition of CD4 and CDS8 T cell adaptive
immunity against a viral agent (66). Consistent with this interpre-
tation is our finding that levels of IL-23p19 in TB cases at the time
of diagnosis were as low as those in HCW and in patients with
OLD. Because IL-23p19 is an output of innate immune cells in-
duced by IFN-v, this finding along with uncontrolled M. tubercu-
losis proliferation supports our hypothesis that lung macrophage
activation by IFN-vy is functionally impaired. Macrophages also
respond to IFN-vy to enhance its antimicrobicidal activity as a con-
sequence of NOS2 expression. Our finding that <30% of alveolar
macrophages expressed NOS2 at TB diagnosis supports the notion
that a lower state of antimicrobicidal activity exists in the lung
during active TB (Fig. 8).

The overexpression of IRAK-M in TB cases may also counter
maximal macrophage activation by pathogen-associated molecular
patterns of M. tuberculosis. IRAK-M normally functions as a neg-
ative regulator of TLR signaling after the ligation of TLR with its
cognate microbial ligand (31, 32). The heightened expression of
IRAK-M in TB may therefore act to dampen the sensing of my-
cobacterial ligands by TLR family members, in particular the
TLR2, TLR4, and TLRO receptors that have a putative role in the
control of M. tuberculosis (67-70). Our finding that IRAK-M is
overexpressed provides another line of data to explain why, despite
M. tuberculosis cell wall components being highly inflammatory
(as shown by Freund’s adjuvant), macrophages lack antimycobac-
terial activity to control M. tuberculosis. TLR2 is also overex-
pressed in TB cases. Increased TLR2 expression may provide M.
tuberculosis another avenue to exploit immune subversion, be-
cause many M. tuberculosis ligands detected by innate immune
cells are apparently sensed by TLR2. These include lipoproteins
and the ESAT-6 protein, each of which has been shown to impair
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immune activation and/or favor the production of more antiinflam-
matory than inflammatory cytokines (36, 71-73). Through a sys-
tematic comparison of innate immune responses after cell stimu-
lation with agonists specific for TLR2, TLR3, TLR4, TLRS and
TLR7, Re and Strominger found that TLR2 stimulation led to the
blockage of subsequent cell activation by TLR3 and TLR4 ago-
nists (74). Moreover, cell activation via TLR2 resulted in the rapid
release of IL-10 that inhibited IP-10 and IL-12p35 induction (74).
In light of these in vitro findings, we speculate that the preferential
signaling via TLR2 in active TB results in a net anti-inflammatory
effect that functionally deactivates macrophages harboring M. fu-
berculosis and thus allows unrestricted proliferation and overt dis-
ease. The notion that M. tuberculosis-mediated TLR2 signaling is
anti-inflammatory was previously posited by Salgame et al. (73,
75). The consequence of heightened expression of SOCSI,
IRAK-M, and TLR2 as well as potent soluble suppressors of mac-
rophage activation such as IL-10 and TGF-B may result in lower
antimicrobicidal activity, as shown by <30% of alveolar macro-
phages expressing NOS2 (Fig. 8).

The temporal changes in the lung mediators in response to anti-
TB treatment further supports our hypothesis that M. tuberculosis
is modulating these factors (Fig. 3 and Table III). Specifically, we
noted that Thl-type immune modulators as a whole increased by
>2-fold (range, 3- to 14-fold) after 15 or more days of anti-TB
treatment, whereas the majority (four of seven) of mediators that
impair Th1-type immunity declined by >2-fold (range, 3- to 1000-
fold). Statistical comparison of mediator levels during anti-TB
treatment compared with those in patients with OLD and HCW
strengthens our claim that these factors are indeed responding to
M. tuberculosis (Table III). The majority of mediators that impair
Thl-type immunity declined to levels that were comparable with
those in patients with OLD and HCW. In contrast, mediators that
promote Thl-type immunity rose and remained at significantly
higher levels than those in patients with OLD and HCW even at
the end of anti-TB treatment at 180 days. Our preferred interpre-
tation regarding changes in modulator expression in response to
anti-TB drugs is that the removal of M. tuberculosis led to immune
improvement. However, we have not excluded the possibility that
changes in cellular constituents may also contribute to our find-
ings. Our finding that in vitro challenge of PBMC and monocytes
elicited the heightened expression of a similar panel of immuno-
modulatory genes favors the former interpretation. Lastly, the de-
cline in the percentage of alveolar macrophages expressing NOS2,
a potent microbicidal effector, further support the assertion that
these genes are responding to the presence of M. tuberculosis and
that the killing by anti-TB drugs led to diminishing expression of
these genes during treatment (Fig. 8).

We also noted in this study that despite the completion of anti-
TB treatment, the levels of expression of SOCS1 and IRAK-M (the
intracellular suppressors of TLR and IFN-yR signaling, respec-
tively) as well as that of TLR2 remained elevated compared with
that of HCW even though all TB patients were cured (based on
clinical and radiological evidence). The residual heightened pres-
ence of these intracellular negative regulators of innate immunity
and cellular activation may reflect continued lung repair, modula-
tion by residual M. tuberculosis Ags, and/or dormant bacilli. Per-
sistence of a down-modulatory state may increase the risk for new
infection by another strain of M. tuberculosis. A similar immune-
suppressed state has been shown subsequent to infection by influ-
enza and the measles virus (26, 76, 77) and results in increased risk
for bacterial pneumonia. Recently, Verver et al. observed a 7-fold
higher risk for subsequent TB in those successfully treated for TB
(78), which led the authors to speculate that M. tuberculosis mod-
ified the lung environment to be permissive for reinfection. Our
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findings provide the immunological data supporting this premise.
Several of the mediators in this study were associated with either
cavitary, more extensive disease, or the acquisition of second ep-
isode TB (Table IV). These preliminary findings were presented
solely to illustrate that certain lung immune mediators, when stud-
ied in a prospective patient cohort with a sufficient sample size,
may potentially provide additional insights into TB disease and
recurrence; this approach is supported by a previous report noting
that the levels of circulating Th1 and Th2 cytokines correlated with
the severity of clinical disease (7).

In summary, our findings in active TB suggest that M. tubercu-
losis promotes down-modulatory lung immune mediators to coun-
teract Thl-type and innate immunity as an immunopathological
strategy. The temporal changes in certain immune factors during
anti-TB treatment substantiate the contention that these mediators
are modulated by M. fuberculosis to transit to active disease. Dif-
ferences in the level of expression of lung immune mediators be-
tween TB cases and patients with infectious OLD and HCW and in
their temporal change in response to anti-TB therapy suggest that
certain mediators have the potential to be surrogate markers for TB
diagnosis and treatment response. Surrogate markers are critically
needed to monitor treatment response to anti-TB drugs, especially
in resource-poor settings that lack the personnel and/or facilities to
perform mycobacterial culture (79, 80). Moreover, having surro-
gate markers will facilitate large multicenter clinical trials for new
anti-TB drugs in regions of high TB incidence that coincidentally
are also resource poor. We recognize that real-time PCR is not
practical in resource-poor regions, but ELISA-based assays have
the potential to be made affordable, rapid, and sensitive. In a proof
of concept, we used Ag capture ELISA to diagnose TB by the
presence of a M. tuberculosis protein, CFP32, in induced sputum
that positively correlated with IL-10 levels (37). Prospective co-
horts with sufficiently large sample sizes and segregated by M.
tuberculosis strain family are needed to confirm our findings that
host proteins can be used as surrogate markers for TB diagnosis
and treatment response, especially in the setting of emerging mul-
tidrug-resistant and extensively drug resistant TB.
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